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ABSTRACT

Trapped ions represent excellent quantum systems for the experimental realization of quan-

tum information processing and communication (QIPC). In this thesis versatile operations

with multi-species ion crystals are presented.

Coherence effects in a Λ system of a 40Ca+ ion are investigated. Zeeman sublevels

are utilized to evoke electromagnetically induced transparencies. The characteristic dark

resonance and line shape alterations are analyzed for varying light field intensities. In

order to show the importance of coherent light fields, spectra created with phase-coherent

and phase-incoherent EIT light fields are compared. Furthermore, EIT spectroscopy is

applied as a sensitive motion sensor for the ion.

New features arise by avoiding all coherences in a Λ system. This is achieved by

exposing the ion to only one single laser light field, going the spectroscopy. Pulsed light

sequences ensure stable cooling and spectroscopy. A quantum mechanical description of

the process is given, revealing the dark-resonance-free shape of the spectrum. This enables

the determination of the Rabi frequency of the applied laser light field as well as the photon

collection efficiency of the imaging system.

In many cases in QIPC, it is important to precisely determine the position of the

ions, for this information obtained from the ions’ fluorescence is utilized. The capability

of the segmented Paul trap to create custom electric potentials is utilized to form time-

dependent potentials with multiple trapping wells. The application of feedback control

allows purposeful movement of a predefined number of ions and position regulation by

altering the trapping voltages. Ion transport over 1 mm with more than 99.8% success

probability is accomplished without any knowledge of the potentials. By means of the

feedback control this allows automated dividing of a linear ion crystal into two distinct

potentials as well as the opposite process of merging.

In order to perform these experiments, several novel techniques for the operation of

an ion trap have been developed. A technique for automatic compensation is introduced

to minimize the RF driven micromotion of the ion crystal. Additionally, a precise method

for simultaneous measuring the oscillation frequencies for individual ions in an ion crystal

is presented. Hereby, the oscillation modes of multi-species ion crystals can be analyzed

for the determination of dopant isotopes.



ii



ZUSAMMENFASSUNG

Isolierte Ionen stellen ausgezeichnete Quantensysteme für die experimentelle Realisierung

von Quanteninformationsverarbeitung und -kommunikation (QIPC) dar. In dieser Arbeit

werden vielfältige Methoden mit gemischten Ionenkristallen präsentiert.

In einem ersten Abschnitt werden kohärente Zustände in einem Λ System von 40Ca+

untersucht. In diesem System werden Zeman Niveaus verwendet, um elektromagnetisch

induzierte Transparenzen zu erzeugen. Analysiert werden die charakteristischen Dunkel-

resonanzen und Änderungen der Linienformen aufgrund unterschiedlicher Intensitäten der

Lichtfelder. Der Vergleich von Spektren mit abhängigen und unabhängigen EIT Licht-

feldern zeigt die Wichtigkeit von kohärenten Lichtfeldern. Außerdem wird dieses Spektrum

als sensibler Bewegungssensor für das Ion eingesetzt.

Indem jegliche Kohärenzen in einem Λ System verhindert werden, erscheinen neue

Besonderheiten. Erreicht wird dies indem das Ion während der Spektroskopie nur einem

Lichtfeld ausgesetzt wird. Dabei wird stabiles Kühlen und Spektroskopieren des Ions

durch gepulste Lichtsequenzen erreicht. Durch eine quantenmechanische Beschreibung des

Prozesses wird die Form des dunkelresonanzfreien Spektrums hergeleitet. Dies ermöglicht

die Bestimmung der Rabifrequenz des Systems Lichtfeld - Ion und die Photonenzählrate

des Abbildungssystems.

In vielen Anwendungen in QIPC ist eine Positionsbestimmung von Ionen wichtig, dafür

wird ihre Fluoreszenz herangezogen. Um zeitabhängige Mehrfachpotentiale zu generieren

wird die Eigenschaft einer segmentierten Paulfalle genutzt im Raum variierende Potentiale

zu erzeugen. Die gezielte Bewegung einer vorbestimmten Anzahl von Ionen und ihre

Positionsregulierung wird durch rückgekoppelte Kontrolle der Fangspannungen ermöglicht.

Ionentransport über 1 mm mit über 99,8% Erfolgswahrscheinlichkeit erfolgt ohne Kenntnis

des Potentials. Dies ermöglicht gezieltes automatisiertes Trennen und Rekombinieren eines

linearen Ionenkristalls.

Für diese Experimente wurden verschiedene neue Techniken entwickelt. Die Mikrobe-

wegung eines Ionenkristalls wird durch automatische Kompensation minimiert. Desweit-

eren wird eine präzise Technik zum simultanen Messen von Schwingungsfrequenzen der

einzelnen Ionen in einem Kristall vorgestellt. Hiermit können die Schwingungsmoden von

gemischten Ionenkristallen analysiert werden um Isotope zu bestimmen.
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1. INTRODUCTION

In 1985 David Deutsch asked whether a quantum computer can solve problems more

efficiently than a classical computer. The basic idea of a quantum computer is that its

processor relies on the laws of quantum mechanics and the fundamental entity is the qubit

(quantum bit). In contrast to the classical bit, which possesses the two logic states zero

and one, a qubit can be set in an arbitrary superposition of |0〉 and |1〉:

|Ψ〉 = α|0〉+ β|1〉

By considering two qubits A and B, conjoint superposition states are possible. Important

two qubit states are the so called Bell states which feature entanglement, one of those can

be written as

|Ψ+〉 =
1√
2

(|0〉A|1〉B + |1〉A|0〉B) .

Characteristic is the complete knowledge of the total system while no information is present

of the individual systems A or B. This entangled state can be created for example with

two entities like atoms. A measurement performed to one entity changes the state of the

second entity. The measurement outcome is correlated, independent of the inter-entity

distance. This feature is the core-idea of the novel quantum computer and is utilized to

gain quantum-parallelism and thus accelerating processing time. In 1989 Deutsch revealed

a mathematical problem for which quantum computation would in fact be superior to

classical computation [Deu89].

However it took 5 more years before Peter Shor discovered the first universal quantum

algorithm in 1994 which enables the fast factorization of integers [Sho94]. This algorithm

requires resources, which scale in a polynomial order with the size of the problem using

a quantum processor, where a classical processor shows exponential scaling. Hence this

quantum algorithm provides an enormous advantage in runtime compared to any classical

algorithm. Since classical encryption methods, such as RSA [Riv83], are based on the

fact that that it is impossible to factorize large integers efficiently, these methods are

threatened by the development of a universal quantum processor. Since then, the interest

of implementing such new algorithms in a physical system has attracted many scientists

and raised the question of the basic conditions for such a system. The goal was, and still

is, to build this novel computer [Häf08].
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However, the completion of a functional universal quantum computer requires most

likely several more decades. Nevertheless, in order to gain insight into unexplored quan-

tum systems, quantum simulations have been suggested. Herewith, the behavior and time

evolution of an otherwise impenetrable quantum system is accessible with simulations and

novel characteristics are explorable. Already in 1982, Richard Feynman realized that sim-

ulating mechanical systems on classical computers evokes fundamental difficulties [Fey82].

For example the universal quantum state of 50 particles each provided with two internal

states is given by 250 numbers, and the evolution matrix comprises
(
250
)2

entries1 resulting

in the impossibility to simulate this system on a conventional computer.

Due to superposition and entanglement arising in many body quantum systems, most

tasks in quantum physics are not efficiently computable on a classical processor. These

difficulties can only be circumvented by simulating on a system based on the laws of

quantum mechanics. This is achieved by simulating the properties of one quantum system

by controlling and observing another well controllable quantum system and by deducing

thereof statements about the first quantum system. Therefor, both physical systems have

to be described by an identical underlying mathematical model. This means that for

example a spin can emerge in the considered systems in different physical representations

but shall be described with the same mathematical framework. Quantum spin simulations

of spin-1
2 particles can be performed for example by a substitution with atomic two level

systems. External magnetic or light fields implement tunable spin-spin interactions.

Models of interacting spins have attracted significant interest since the formulation

of the classical Ising model [Len20, Isi25] which accounts for interaction between nearest

neighbored spins. Werner Heisenberg extended this model to spins with more than two

components [Hei28]. A quantum mechanical description of the Ising model has been stated

by Pfeuty [Pfe70]. A small two spin model has been emulated concerning phase transitions

using trapped ions [Fri08]. However, since any quantum system can be simulated with a

universal quantum computer, it would provide a universal quantum simulator.

The basic requirements for the physical realization of a universal quantum computer

are summarized by the following criteria, itemized by DiVincenzo [DiV00].

1. Initialization of a qubit state to a simple defined state, such as |000...〉

2. Much longer decoherence time than gate operation time.

3. A measurement of the result.

4. A universal set of quantum gates.

5. A scalable physical system with well characterized qubits.

1
(
250

)2
= 1, 267, 650, 600, 228, 229, 401, 496, 703, 205, 376
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Two additional criteria are added to ensure scalability and stability of the device:

6. Consistent transmittance of flying qubits between specified locations.

7. Interconverting stationary and flying qubits.

At the present time, the two major tasks to be solved to create a universal quantum

computer are fault tolerance of the quantum algorithms and scalability to many qubits

[Häf08]. Since a single error in the computational sequence can invalidate the results in a

quantum computation, error correction is essential. In order to deal with errors occurring

during gate operations, quantum error correction has to be applied repeatedly with high

fidelity. Since a quantum processor dealing with 40-50 qubits would enable tasks which

are unsolvable with a state of the art classical computer, the currently utilized systems

have to be scaled up to reach at least this target.

Several physical systems compete to comply with the above stated demands. These

include neutral trapped atoms [Pel95, Neg11], photons [Kni01], nuclear spins [Ger97],

quantum dots [Los98] and trapped ions, amongst others. Each system has its advantages

and disadvantages concerning each requirement and the progress to fulfill them conse-

quently is in different development stages.

Focusing on the state of the art experiments with trapped ions and comparing with

DiVincenzo’s criteria as a standard, criterion 1 (the initialization [Win80]), criterion 2

(comparable long decoherence times [Bol91]) and criterion 3 (the readout [Nag86]) have

been fulfilled experimentally. Furthermore, several universal quantum gate operations

[Sac00, DeM02, SK03] which fulfill criterion 4 and quantum algorithms such as the

Deutsch-Josza algorithm [Gul03] and the Grover’s search algorithm [Bri05] have been

realized. Even deterministic quantum teleportation [Rie04] and first quantum error cor-

rection techniques [Sch11] have been performed experimentally. Multi-particle entangled

Greenberger-Horne-Zeilinger (GHZ) states of the form |Ψ〉 = 1/
√

2 (|0...0〉+ |1...1〉) have

been reported with up to 14 ions [Mon11]. This list of successes renders trapped ions cur-

rently as one of the most promising candidates for the realization of quantum information

processing.

Naively, an ion based system is scaled by increasing the number of ions and thereby

incrementing the number of well characterized qubits. However, the complexity of con-

trolling a large ion crystal in an ion trap increases rapidly with the number of ions. Hence

one approach is to divide the ion trap into processing regions and storage regions. This

requires a highly reliable technique to send the ions from point A to point B in the trap

and to separate and merge the ion crystal [Row02]. Junctions are essential to rearrange

the ions in a desired way - ion shuttling through an X junction is reported in [Bla09].

Theoretical calculations were performed to yield the optimal time dependent potential for
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fast ion transport [Hub08]. For these transports the trap geometry has to be considered,

which deviates from the real trap due to manufacturing imperfections. Additional patch

charges on the trap electrodes alter the situation in reality.

Fig. 1.1: Automatic separation and reunification of a three ion string. The first three pictures

show the automatic separation process of two ions into an additional transit potential

being on the left of the illustration (not visible). The fourth picture shows the single

remaining ion, the other ions being in the transit potential. In the final picture the

ion crystal is reunified by merging the two potentials to a single one (see chapter 6 for

details).

This thesis presents an approach for controlling an ion crystal taking experimental

imperfections into consideration, with the claim to automate operational building blocks.

Techniques for automatic ion loading and determination of the number of loaded ions

are presented. The real time information gained from the ions’ fluorescence is utilized to

feedback control the trap potentials in a robust way. The first asymmetric ion crystal

splitting is reported, where one ore more ions are kept fixed and a predefined part of

the ion crystal is shuttled into a remote potential. By rejoining the two potentials to a
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single one, the reunification of ion crystals is demonstrated, see Fig. 1.1. In addition, this

method allows the generation of a self-learning sequence for the required process, which

offers the opportunity to run the operations at a higher speed. These techniques facilitate

the operation of a future ion based quantum processor.

In addition to the application of ion crystals in a Paul trap for quantum computa-

tional tasks, they serve as a well known physical system to simulate quantum spin models.

The advantages include state preparation, long coherence times and state readout of the

individual ions. Two internal states of a trapped ion serve as an effective spin-1
2 system.

Introducing ions with large spin parameters allows for direct spin-spin interaction if ma-

nipulated with magnetic fields [Iva11]. A suitable ion is 50Mn+ with spin 3 for which the

read-out and sympathetic cooling is ensured by co-trapped 40Ca+ ions. The ionization

of different atom species necessitate a pulsed laser light source to transfer enough energy

to the atoms for a multiphoton ionization process. Investigations with pulsed light of

wavelength 355 nm and 532 nm are performed in section 4.6.

The experimental verification of dopant ions in a mixed two ion crystal is achieved by

determining their characteristic oscillation modes [Dre04]. The various oscillation modes

occurring in longer multi-species ion crystals are investigated in chapter 2, the theoretical

part of this thesis. Depending on the crystal composition and inner arrangement charac-

teristic oscillation frequencies appear. The technique to measure these modes in frequency

and space resolution is introduced in chapter 4. This allows us to determine the mass of

an dopant ion in an ion crystal by studying the eigenmodes and eigenfrequencies. This is

demonstrated experimentally in section 4.4.

In addition to the loading and verification of multi-species ion crystals, a further pre-

requisite for performing spin simulations is an ion crystal which possesses low motional

energy. Automated compensation of the driven motion is presented in section 4.1. Several

techniques are common to minimize the energy of ions in a Paul trap, which is directly

related to its temperature. Due to its simplicity, the most utilized method is the Doppler

cooling technique. Sideband cooling [Die89] is usually applied to attain even lower energies.

Disadvantageous are the facts that only one mode can be cooled efficiently at the same

time and a complex experimental setup is necessary. Electromagnetically induced trans-

parency cooling (EIT cooling) [Mor00, Roo00] enables to minimize the phonon number

in several modes simultaneously. Thus it is predestined to cool multi-species ion crystals.

Again this technique is conjugated with a complex experimental setup which requires a

resolved sideband technique with a narrow bandwidth laser light field to adjust the cooling

laser light fields.

In chapter 5 a method is introduced which manages frequency and intensity adjustment

of the EIT cooling laser beams without the complex resolved sideband technique. In this
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scheme, probing and cooling alternates in a pulsed mode to gain information about the

spectrum above the center of the resonance. The actual probing is implemented with two

coherent light fields consisting of a frequency fixed pump field and a variable probe field

scanning across desired frequencies. This enables the resonance structure around the dark

resonance with the relevant sharp resonance feature to be revealed. By probing this Fano

spectrum with different Rabi frequencies and frequency detunings, the laser light fields can

be adapted to the demands. These are mainly dictated by the ion trap and its basic axial

and radial oscillation frequency and by the number and type of trapped ions. Furthermore,

the application of the electromagnetically induced transparencies as a micromotion sensor

is demonstrated. In the second part of chapter 5, a novel method of extracting the Rabi

frequency, which characterizes the light-atom interaction of a transition in a three level

Λ-system, is presented.

The techniques to verify dopant ions in a multi-species ion crystal and to split this linear

crystal are fundamental for the novel single ion implantation technology [Sch09b, Sch10].

Here a 40Ca+ crystal will be utilized as a host to sympathetically cool further ions such

as nitrogen. After their detection in the 40Ca+ ion crystal and their separation, they will

be shot out from the trap into a diamond substrate to form negatively charged nitrogen

vacancy (NV−) color centers [Mei05]. Such a NV− center possesses a discrete energy level

system which is comparable to an atomic level system. Due to a long coherence time and

easy state readout, this NV− center provides a spin based qubit for a solid state quantum

computer [Gre09].
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The thesis layout is structured as follows.

Chapter 2 gives an introduction to fundamental aspects of trapped ions, with the

emphasis on the derivation of the various oscillating modes of mixed ion crystals.

Chapter 3 describes the experimental setup. In particular, the improved segmented

ion trap with DC- and RF-voltage supplies and FPGA-control are introduced. Laser

systems with improved frequency- and intensity stabilization for the coherent addressing

of the ions are presented.

Chapter 4 introduces novel experimental techniques. These include the automatic 3-

dimensional compensation, which guarantees for minimized micromotion of the ion crystal

and the technique for probing the complete spectrum of the S1/2 ↔ P1/2 transition of

40Ca+, amongst others. The latter is fundamental to gain spectroscopic information of

coherent phenomena described in chapter 5.

Chapter 5 first investigates the coherence effect electromagnetically induced trans-

parency in a multilevel system of 40Ca+. Second, a study of a pulsed technique to gain a

dark-resonance-free spectrum in a three level Λ system is introduced and experimentally

applied.

Chapter 6 deals with feedback-optimized operations with ions. Particular interest is

the automation of procedures, e.g. the splitting and reunification of an ion crystal.

Chapter 7 concludes with a short summary and outlook.
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2. SELECTED THEORETICAL CONSIDERATIONS

The essential theoretical background to comprehend the experiments in this thesis is de-

picted in this chapter. The first section introduces basic ideas of ion trapping, the axial

and radial modes of ion motion in the trapping potential and subsequent a technique

to determine the masses of the trapped ions. Various interactions between atoms and

light are considered in the second section, starting with the ionization of neutral atoms to

generate singly charged ions and to load the Paul trap. The relevant part of the energy

level scheme of 40Ca+ is shown and additionally the transitions are considered, which

are employed to cool the ion crystal and to observe the light of even single ions. The

effect of electromagnetically induced transparency, a genuine quantum interference effect,

is depicted. Finally, two techniques to decrease the motional energy of trapped ions, the

Doppler laser cooling and the EIT cooling, are explained.

2.1 Ion crystals in a Paul trap

2.1.1 Confining ionized atoms

Confining charged particles in free space with electric fields requires dynamic trapping

voltages, implicated by the Maxwell equation div E = 0. This has first been realized and

experimentally accomplished in 1958 by Wolfgang Paul [Pau58].

The following ansatz for a confining potential Φ comprises static DC-voltages and

time-dependent sine shaped voltages with radio frequency Ω:

Φ(x, y, z, t) =
1

2

(
αx2 + βy2 + γz2

)
UDC (2.1)

+
1

2

(
α′x2 + β′y2 + γ′z2

)
cos(Ωt)URF. (2.2)

An additional constraint for the six parameters is given by the Laplace equation ∆Φ = 0

which results in the following conditions for the geometric factors,

α+ β + γ = 0 (2.3)

α′ + β′ + γ′ = 0. (2.4)

Different solutions are possible. A linear confinement of the ions is given by the solution

α + β = −γ and α′ = −β′ and γ′ = 0, used in linear Paul traps. Therewith a dynamical
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Fig. 2.1: Ion crystal varying arrangement during increasing axial potential depth, while the radial

confinement is kept constant. The transition from a linear crystal to the zig zag config-

uration is visible (left column downwards then right column downwards). A theoretical

description of the structural phase transition can be found in [Fis08].

confinement in the xy-plane is combined with a static DC confinement along the z-axis. A

possible schematic layout of the electrode arrangement with associated voltages is given

in Fig. 2.2.

The equation of motion mr̈ = −q gradΦ for a single ion with mass m and charge q in

an electric potential Φ has to be solved for parameter sets providing stable confinement

of the ion. With the potential ansatz (2.2) this classical equation of motion results in the

standard form of the Mathieu differential equation. The spatial coordinates are decoupled,

thus only the x-direction is discussed here:

d2x

dζ2
+ [ax − 2qx cos (2ζ)]x = 0, (2.5)

with the substitutions

ζ =
Ωt

2
, ax =

4ZqUDCα

mΩ2
and qx =

2ZqURFα
′

mΩ2
. (2.6)

A general solution of the Mathieu equation follows from the Floquet theorem

x(ζ) = Aeiβxζ
∞∑

n=−∞
C2ne

i2nζ +Be−iβxζ
∞∑

n=−∞
C2ne

−i2nζ , (2.7)
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x
y

z

RF

+DC

-DC

Fig. 2.2: Schematic layout of a linear Paul trap. A sine shaped RF-voltage applied to the blue

electrodes confines charged particles in the radial dimensions (x-y-plane). The axial

confinement in z-direction is accomplished by applying positive voltages to the outer

segments (dark grey) relative to the inner segments (light grey).

where βx and C2n depend only on ax and qx. Factor A and B are used to normalize a

particular solution or may be adapted to given boundary conditions. A recursion relation

is found for βx and C2n, hence numerical values can be estimated. Possible combinations

of ax and qx for stable confinement can be seen in diagram 2.3

a

q

(a) (b)

X

q
X

X

aX

Fig. 2.3: (a) Stability diagram for a linear Paul trap. (b) First stability region (Fig. from [Gos95]).

The ion trajectory x(t) for the lowest-order approximation (|ax|, q2
x << 1)) is

x(t) ≈ 2AC0 cos

(
1

2
βxΩt

)[
1− 1

2
qx cos(Ωt)

]
. (2.8)

The trajectory is a superposition of two harmonic oscillations. A main secular motion at
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frequency ν = 1
2βxΩ and a micro motion with the frequency of the driving field Ω and an

amplitude which is a factor of qx/2 smaller.

The static harmonic potential in the z-direction yields the oscillator frequency

ωz =

√
qUDCγ

m
. (2.9)

An effective harmonic pseudo potential for the radial confinement can be defined as

Φeff(r) :=
gradΦ(r)2

4mΩ
, (2.10)

where the potential Φ(r) is generated by a constant voltage URF on the radio frequency

electrodes.

2.1.2 Potential simulation

A purely harmonic potential with a minimum in the trap center is only generated by the

ideal Paul trap. This perfect Paul trap would be constructed with hyperbolically shaped

end caps and a ring electrode. Realistic Paul traps differing from this surface shape lead

to a nontrivial potential. An example is a Paul trap consisting of multiple segmented

electrodes. The advantages are the possibility to generate tailored time dependent po-

tential distributions as well as the easier manufacturing techniques for the non-hyperbolic

surfaces. Potentials with different depths and even with several minima, depending on the

voltage distribution on the segments are possible.

In order to calculate the location and the depth of the confining potential the boundary

element method (BEM) is utilized [Poz02, Sin10]. The potential at any desired location

in space can be calculated from Coulomb’s law by integrating out all charge contributions

caused by surrounding elements. The integral can be replaced with a sum by segmenting

the surrounding electrodes into N small distinct surface elements each carrying a homo-

geneous charge. Thus the potential can be written as

Φ =
1

4πε0

N∑
i=1

Qi
xi
. (2.11)

Choosing a proper size of surface elements guarantees accurate results and justifiable

computation time. Each surface element possesses a voltage, generated by superposition

of all surface charges σi = ∂Φ(xi)/∂n and weighted by the Coulomb law. Thus, the

relation between voltages and surface charges can be written in a matrix equation
U1

U2

...

UN

 = Ĉ ·


σ1

σ2

...

σN

 , (2.12)
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Fig. 2.4: Simulation of a double potential in our segmented Paul trap (compare section 3.1): Dis-

tances along the z-axis of the trap are given relative to the right potential trough. The

distance between the two potential minima equals 1 mm. The inset displays the impor-

tant region around the potential troughs. Total potential depth amounts to 244 meV, the

relative depths of the two created potentials are 6,8 meV and 13 meV (arrows indicate

the potential depths).

where the matrix Ĉ represents the Coulomb weighting factor. The voltages applied

to the trap electrodes define the surface charge distribution which can be evaluated by

inverting matrix Ĉ. The potential can be calculated with the use of Green’s second identity

[Sin10]

Φ(x) = −
N∑
i=1

αi(x)
∂Φ(xi)

∂n
+

N∑
i=1

βi(x)Φ(xi), (2.13)

where ∂
∂n is the derivative with orientation to the outward pointing normal relative to

the surface.

Figure 2.4 displays a simulated potential in the segmented Paul trap which is utilized

in this thesis. The simulation allows for example to reveal the locations of the minima

along the z-axis of the trap, an estimation of the trapping depths and the frequencies.

2.1.3 Axial modes of motion

Having several ions in the Paul trap, additional oscillation modes have to be considered.

These modes occur due to the shared confining potential, the mutual repulsion and the

restricted mobility of the ions. An ion crystal consisting of N ions, all of positive charge
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0

-0.62996 0.62996

-1.0772 0 1.0772

-1.4368 -0.45438 0.45438 1.4368

-1.7429 -0.8221 0 0.8221 1.7429

-2.0123 -1.1361 -0.36992 0.36992 1.1361 2.0123

-2.2545 -1.4129 -0.68694 0 0.68694 1.4129 2.2545

-2.4758 -1.6621 -0.96701 -0.31802 0.31802 0.96701 1.6621 2.4758

-2.6803 -1.8897 -1.2195 -0.59958 0 0.59958 1.2195 1.8897 2.6803

-2.8708 -2.10003 -1.4504 -0.85378 -0.2821 0.2821 0.85378 1.4504 2.10003 2.8708

Tab. 2.1: Scaled equilibrium positioning of single ions in a linear string, confined in a harmonic

potential. From one ion (top row) to ten ions (bottom row). The real positions relative

to the crystal center are that ones, multiplied with the length scaling factor l [Jam98].

q, is considered here. Its confinement is given by a harmonic three-dimensional potential

with a radial confinement stronger than the axial one. The z-axis is considered to be along

the axial confinement thus pointing along the crystal. The axial potential can be written

as Φ(z) = 1
2qa0z

2 with the constant a0 displaying the potential strength. The total energy

of the N ion crystal is [Jam98, Mar03]

V (z1, ..., zn) =
1

2
qa0

N∑
i=1

z2
i +

q2

8πε0

N∑
i,j=1
i 6=j

1

|zi − zj |
. (2.14)

The first term is due to the static confining potential, the second is due to the inter

ion Coulomb interaction. The equilibrium positions can be determined by minimizing

equation 2.14: [
∂V

∂zi

]
zi=z

(0)
i

= 0 (2.15)

Normalizing the ion positions by ui = zi
l with length scale l = 3

√
q

4πε0a0
leads to the

following recursion relation:

ui −
i−1∑
j=1

1

(ui − uj) 2
+

N∑
j=i+1

1

(ui − uj) 2
= 0, i = 1, ..., N (2.16)

This set of equations can be analytically solved for N ≤ 3 [Jam98]:

N = 2 : u1 = −(1/2)2/3, u2 = (1/2)2/3, (2.17)

N = 3 : u1 = −(5/4)1/3, u2 = 0, u3 = (5/4)1/3 (2.18)

With larger ion crystals, only numerical estimated numbers can be stated [Jam98]. Equi-

librium position for up to ten ions are listed in Tab. 2.1.
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Due to the non-zero temperature of the ion crystal oscillations qi(t) around the equi-

librium positions occur: zi(t) = lui+qi(t). Depending on the crystal size N the number of

the axial modes is N . In the Center Of Mass mode (COM mode), all ions move in phase

in the axial direction with equal oscillation amplitudes. The COM mode frequency of an

N crystal ion coincides with the axial frequency of a single ion ωz [Näg98]. Additional

axial modes possess higher frequencies compared to the COM frequency. Starting with

N = 2 ions the second axial mode emerges, the so called breathing mode, in which the

ions oscillate 180◦ out of phase with the frequency

ωbreath, N>1 =
√

3ωz. (2.19)

The breathing mode for three ions is illustrated in Fig. 2.5. One auxiliary axial mode

emerges with different frequency for each additional ion in the trapping volume.

Fig. 2.5: An ion crystal consisting of three 40Ca+ ions being in the breathing mode oscillation.

The outer ions oscillate out of phase in the axial direction while the center ion does not

oscillate, always being at point of the center of the mass of the whole crystal.

N ions axial oscillation modes

1 ωz

◦ →
2 ωz

√
3ωz

◦ → ◦ → ← ◦◦ →
3 ωz

√
3ωz

√
29/5ωz

◦ → ◦ → ◦ → ← ◦ ◦ ◦ → ← ◦ ◦ →← ◦

Tab. 2.2: Oscillation modes for up to three identical ions. Frequencies are depicted rela-

tively to the basic COM modes ωz

Assuming that all ions have the same charge, the potential is independent of the mass

of the ions. Hence the equilibrium positions are equal for different atomic elements. In the
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following an N ion crystal with (N − 1) ions of mass m and one additional dopant ion of

mass M is considered. The mass ratio is given by µ = M
m . Assuming small oscillations qi(t)

so that a harmonic oscillation behavior can be assumed, the Lagrangian is [Kie00, Rot03]

L =
m

2

N∑
i=1
i 6=nM

q̇2
i +

M

2
q̇2
nM
− 1

2

N∑
i,j=1

∂2V

∂zi∂zj

∣∣∣∣
{qi}=0

qiqj (2.20)

=
m

2

N∑
i=1
i 6=nM

q̇2
i +

M

2
q̇2
nM
− 1

2
qa0

N∑
i,j=1

Aijqiqj , (2.21)

with matrix elements

Aij =


1 + 2

N∑
k=1
k 6=i

1
|ui−uk|3

, i = j

−2
|ui−uj |3

, i 6= j.

(2.22)

With a normalized time T = ωzt and normalized oscillation amplitudes Qi = qi
√
qa0,

i 6= nM and QnM = qnM

√
qa0µ the Lagrangian can be rewritten as

L =
1

2

N∑
i=1

(
dQi
dT

)2

− 1

2

N∑
i,j=1

A′i,jQiQj , (2.23)

with matrix elements

A′ij =


Aij , i, j 6= nM

1√
µAij , i or j = nM , i 6= j

1
µAij , i = j = nM .

(2.24)

The axial normal modes are given by the eigenvalue equation

A′ · ~ν(c,k) = ζc,k~ν
(c,k) k = 1, ..., N (2.25)

with frequencies ζc,k and eigenvectors ~ν(c,k). The configuration number c indicates the

position of the atom with different mass M .

The modes can be solved analytically for the case of a three ion crystal with the center

one having different mass (thus the configuration number c is equal 2) [Kie00]:

ζ2,1 =

√
13

10
+

1

10µ

(
21−

√
441− 34µ+ 169µ2

)
(2.26)

ζ2,2 =
√

3 (2.27)

ζ2,3 =

√
13

10
+

1

10µ

(
21 +

√
441− 34µ+ 169µ2

)
(2.28)

Due to the above normalization in time (t → T ), these mode frequencies are normalized

to ωz. The frequency of the kth mode for ion configuration c is ζc,kωz.
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Fig. 2.6: Three ion crystal situated in an electric potential including one dopant ion with mass M

and two 40Ca+ ions. Doppler heating and recooling leads to configuration changes which

are shown in the three CCD images.

In the case of the breathing mode, the center ion of an the crystal with an odd number

of ions is not oscillating. Thus, for ion crystals with an odd number of ions and the ion

of different mass situated in the middle of the crystal, this frequency is independent of

µ. For three ions the mode is given by 2.27. In Fig. 2.7 (top) this mode is indicated by

the horizontal line. The longer the ion crystal, the more modes being independent of µ

occur, see Fig. 2.8 (top) and 2.8 (bottom). The number of these modes in dependence of

the crystal size N is

N − 1

2
, N = 1, 3, 5, 7... (2.29)

The total number of occurring frequencies for an N ion crystal with one different ion

amounts to

2N2 +N −N(−1)N

4
(2.30)

(see also Tab. 2.3). The number is decreased in the case of degeneracy. For example if

µ = 1 the splitting due to the configurations c is canceled and only N modes remain.
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N ion configurations configurations normal modes total mode number

2 • ◦ / ◦ • 1 2 2

3 • ◦ ◦ / ◦ ◦ •
◦ • ◦ 2 3 6

4 • ◦ ◦ ◦ / ◦ ◦ ◦ •
◦ • ◦ ◦ / ◦ ◦ • ◦ 2 4 8

5 • ◦ ◦ ◦ ◦ / ◦ ◦ ◦ ◦ •
◦ • ◦ ◦ ◦ / ◦ ◦ ◦ • ◦

◦ ◦ • ◦ ◦ 3 5 15

6 • ◦ ◦ ◦ ◦ ◦ / ◦ ◦ ◦ ◦ ◦ •
◦ • ◦ ◦ ◦ ◦ / ◦ ◦ ◦ ◦ • ◦
◦ ◦ • ◦ ◦ ◦ / ◦ ◦ ◦ • ◦ ◦ 3 6 18

7 • ◦ ◦ ◦ ◦ ◦ ◦ / ◦ ◦ ◦ ◦ ◦ ◦ •
◦ • ◦ ◦ ◦ ◦ ◦ / ◦ ◦ ◦ ◦ ◦ • ◦
◦ ◦ • ◦ ◦ ◦ ◦ / ◦ ◦ ◦ ◦ • ◦ ◦

◦ ◦ ◦ • ◦ ◦ ◦ 4 7 28

Tab. 2.3: Linear configurations of a linear N ion crystal consisting of N − 1 ions with equal mass

(◦) and one different mass (•). Equivalent configurations are displayed side by side.

The total mode number is obtained by multiplying the configuration number with the

number of normal modes occurring in the N ion crystal.
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Fig. 2.7: Normalized axial mode frequencies of an ion crystal containing one different ion situated

at different places. Vertical lines indicate the mass ratios µ = 0.35 for one nitrogen atom

in a calcium crystal (left line) and µ = 1.45 for one nickel atom in the crystal (right line).

Top figure: Three ion crystal. Blue lines indicate the configuration with the different

ion in the middle (◦ • ◦). Note that one mode thereof is independent of µ being the

breathing mode. Black dashed lines show the other cases with the different ion at the

border of the string (• ◦ ◦ or ◦ ◦ •).
Bottom figure: Four ion crystal. Black dashed lines show the cases with the different

ion at the border of the string (• ◦ ◦ ◦ or ◦ ◦ ◦ •). Blue lines indicate the configurations

with the different ion in the middle left and middle right (◦ • ◦ ◦ or ◦ ◦ • ◦).
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Fig. 2.8: Normalized axial mode frequencies of an ion crystal containing one different ion situated

at different places. Vertical lines indicate the mass ratios µ = 0.35 for one nitrogen atom

in a calcium crystal (left line) and µ = 1.45 for one nickel atom in the crystal (right

line). Top figure: Five ion crystal. Blue lines: ◦ ◦ • ◦ ◦. Note that two modes thereof

are independent of µ showing a non-oscillating center ion. Black dashed lines: ◦ • ◦ ◦ ◦
or ◦ ◦ ◦ • ◦. Green dotted curves: • ◦ ◦ ◦ ◦ or ◦ ◦ ◦ ◦ •.
Bottom figure: Seven ion crystal. Blue lines:◦◦◦•◦◦◦. Note that three modes thereof

are independent of µ showing a non-oscillating center ion. Black dashed lines: ◦◦•◦◦◦◦
or ◦ ◦ ◦ ◦ • ◦ ◦. Green dotted curves: ◦ • ◦ ◦ ◦ ◦ ◦ or ◦ ◦ ◦ ◦ ◦ • ◦. Red dot-dashed curve:

• ◦ ◦ ◦ ◦ ◦ ◦ or ◦ ◦ ◦ ◦ ◦ ◦ •.
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2.1.4 Radial modes of motion

In addition to the axial modes, presented in the last section, radial modes occur with the

oscillation direction perpendicular to the trap axis. In analogy to the last section, an ion

crystal of N ions, all of charge q, is considered. The radial confinement is given by

1

2
χ cos (Ωt)

(
x2 − y2

)
, (2.31)

with χ being a constant. By time averaging over one RF period the effective radial

potential is 1
2mω

2
r0(x2 + y2), with the radial frequency ωr0 = qχ√

2Ωm
for a single ion with

mass m. Including the effect of the static potential results in the potential

1

2
mω2

r

(
x2 + y2

)
, (2.32)

assuming equal frequencies in x- and y-direction, denoted as

ωr = ωr0

√
1−

(
ωz

2ωr0

)2

. (2.33)

The static confinement thus weakens the radial one.

Dependent on the number of ions N in the trapping volume, the ions can oscillate in

various modes. For each trapping direction N oscillating modes exist. Usually the radial

frequencies in x- and y-direction coincide, thus there are 2N radial modes in addition to

the N axial modes.

In the radial center of mass mode (COM), all ions move in phase in the radial direction.

The radial COM mode frequency of an N crystal ion coincides with the radial frequency

of a single ion ωr. In contrast to the axial mode frequencies, radial modes possess lower

frequencies compared to the radial COM mode. Starting with N = 2 ions, the second

radial mode emerges, called the rocking mode, in which the ions oscillate symmetrically

to the crystal axis with opposite phase and the frequency

ωrock, N>1 =
√
ω2

r − ω2
z . (2.34)

Both one auxiliary axial- and one auxiliary radial mode emerges with different frequen-

cies for each additional ion in the ion crystal. All radial oscillating modes with appropriate

frequencies for an number of up to three ions are depicted in Tab. 2.4.

In the following an N ion crystal with N −1 ions of mass m and one additional dopant

ion of mass M is considered. The ratio between the oscillation frequencies is defined as

ε = ωr0
ωz

. Assuming small oscillations ri(t) so that a harmonic oscillation behavior can be

assumed, the Lagrangian is

L =
1

2

N∑
i=1

(
dRi
dT

)2

− 1

2

N∑
i,j=1

B′ijRiRj , (2.35)
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N ions radial oscillation modes

1 ωr

◦ ↑
2 ωr

√
ω2

r − ω2
z

◦ ↑ ◦ ↑ ◦ ↑ ◦ ↓
3 ωr

√
ω2

r − ω2
z 0.93ωr

◦ ↑ ◦ ↑ ◦ ↑ ↑ ◦ ◦ ◦ ↓ ↑ ◦ ◦ ↓ ◦ ↑

Tab. 2.4: Radial oscillation modes for an number of up to three identical ions. Frequencies

are depicted relatively to the basic radial COM mode ωr and the basic axial

COM mode ωz.

with normalized oscillation amplitudes

Ri = ri
√
qa0, (i 6= nM ) Rnm = ri

√
qa0µ. (2.36)

The matrix elements are given by

B′ij =



ε2 − 1
2 −

N∑
k=1
k 6=i

1
|ui−uk|3

, i = j 6= nM

ε2

µ2
− 1

2µ −
1
µ

N∑
k=1
k 6=i

1
|ui−uk|3

, i = j = nM

1
|ui−uj |3

, i 6= j 6= nM

1√
µ

1
|ui−uj |3

, i 6= j = nM .

(2.37)

The radial normal modes are given by the eigenvalue equation

B′ · ~ν(c,k) = ζc,k~ν
(c,k) k = 1, ..., N (2.38)

with frequencies ζc,k and eigenvectors ~ν(c,k). The configuration number c indicates the

position of the atom with different mass M . Again these frequencies are normalized to

the axial frequency ωz of a single ion with mass m. The mode frequencies as a function

of the mass ratio of the ions are shown in Fig. 2.9 for a three and a four ion crystal and

in Fig. 2.10 for a five and a seven ion crystal. The diagrams are plotted with ε = 3√
2

indicating a stable linear ion configuration with single ion radial trap frequency twice the

size of single ion axial trap frequency.

Note that in contrast to the axial mode case only one radial mode is independent of µ

showing a non-oscillating center ion.
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Fig. 2.9: Normalized radial mode frequencies of an ion crystal containing one different ion situated

at different places. Vertical lines indicate the mass ratios µ = 0.35 for one nitrogen atom

in a calcium crystal (left line) and µ = 1.45 for one nickel atom in the crystal (right line).

Top figure: Three ion crystal. Blue lines indicate the configuration with the different

ion in the middle (◦ • ◦). Note that one mode thereof is independent of µ showing a

non-oscillating center ion. Black dashed lines show the other cases with the different ion

at the border of the string (• ◦ ◦ or ◦ ◦ •).
Bottom figure: Four ion crystal. Black dashed lines show the cases with the different

ion at the border of the string (• ◦ ◦ ◦ or ◦ ◦ ◦ •). Blue lines indicate the configurations

with the different ion in the middle left and middle right (◦ • ◦ ◦ or ◦ ◦ • ◦).
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Fig. 2.10: Normalized radial mode frequencies of an ion crystal containing one different ion situ-

ated at different places. Vertical lines indicate the mass ratios µ = 0.35 for one nitrogen

atom in a calcium crystal (left line) and µ = 1.45 for one nickel atom in the crystal

(right line). Top figure: Five ion crystal. Blue lines: ◦◦ •◦ ◦. Note that in contrast to

the axial mode case only one mode thereof is independent of µ showing a non-oscillating

center ion. Black dashed lines: ◦ • ◦ ◦ ◦ or ◦ ◦ ◦ • ◦. Green dotted curves: • ◦ ◦ ◦ ◦ or

◦ ◦ ◦ ◦ •.
Bottom figure: Seven ion crystal. Blue lines: ◦◦◦•◦◦◦. Note that in contrary to the

axial mode case only one mode thereof is independent of µ showing a non-oscillating

center ion. Black dashed lines: ◦◦•◦◦◦◦ or ◦◦◦◦•◦◦. Green dotted curves: ◦•◦◦◦◦◦
or ◦ ◦ ◦ ◦ ◦ • ◦. Red dot-dashed curve: • ◦ ◦ ◦ ◦ ◦ ◦ or ◦ ◦ ◦ ◦ ◦ ◦ •.
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2.1.5 Determination of the mass of dopant ions

An experimental setup for ion trapping is usually based on trapping and observing one

certain kind of ionized atom. This is due to the complexity and the number of required laser

light systems. Many ions do not even possess the internal energy structure to be cooled by

laser light and to be fluorescent. In this work the setup is laid out for observing the calcium

isotope 40Ca+. Other ions are only indirectly observable. By means of sympathetic cooling

these additional ion species are cooled by the laser cooled 40Ca+ ions via Coulomb forces.

These dopant ions are non-fluorescent for the applied laser light wavelengths and are only

displayed by dark regions among the light emitting 40Ca+ ions. Thus, they are also called

”dark ions”.

A possibility to gain information about the nature of the dopant ion inside an ion crys-

tal is to excite common oscillation modes and to deduce herewith the mass of the invisible

atom [Dre04]. The common method is to measure the COM frequency of the mixed two

ion crystal along with the axial frequency of a single ion and by thereof concluding the

mass ratio of the two ion species.

In the following a new technique to determine the unknown ion species is introduced,

exhibiting several advantages.

For each linear arrangement c of N ions with mass m including one different ion with

mass M there exist k normal modes. The frequency is given by

ωc,k = ζc,k(µ) · ωz, (2.39)

containing the two variables µ = M
m and the axial center of mass frequency ωz of an

unmixed ion crystal. By measuring unequal axial frequencies of two modes ωc,k, both

µ and ωz can be deduced by calculative means. Basically it is a calculation with two

equations containing two variables. The mass M of the unknown ion is determined by

knowing mass m. For most ion configurations the function ζc,k(µ) is non-algebraic. Hence

an analytical solution cannot be provided for the unknown. This is a negligible problem

since nowadays computers calculate it without any effort.

Depending on the size of the crystal, different modes are preferable. The frequencies

of the axial center of mass modes for different configurations are narrowly spaced, thus

exhibiting low accuracy in the mass determination. Higher axial modes or radial modes

are preferable since they are more distant, resulting in higher accuracy (compare with

graphs in section 2.1.3).

This technique possesses several advantages:

• The measurement can be applied in situ - no change of the trap content is necessary,

• hence it requires only a fast scan of the excitation frequency.
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• The technique is immune against altering patch charges, which alter the trapping

potential and consequently the oscillation frequencies. Since a shift in the axial

confining affects both frequencies in similar way, while the ratio is depending on the

mass ratio.

• It possesses the accuracy to identify atom species.

• The axial oscillation frequency ωz is simultaneously obtained by calculative means.

Hence this method allows studies with different ions also in miniaturized ion traps

which show potential changes due to patch charge effects. This effect can for example be

induced by intense laser pulses, which are necessary to ionize the different atom species

(for more patch charge inducing effects see section 4.1).

In principle the radial modes can also be utilized to find the mass of the dopant

ion. Disadvantageous is the additional parameter ωr0 which describes the basic radial

oscillation frequency of a single ion. Thus, instead of two frequencies in the axial case,

three radial frequencies have to be measured to obtain three equations to solve for the

three variables. The advantage stems of the fact that additional to the identification of

the unknown atom both basic oscillation frequencies ωz and ωr0 are obtained.

The mode stimulation is experimentally accomplished by applying a sine shaped volt-

age on an ion trap segment which is not used for the creation of the confining potential

(see section 4.3 for a detailed description of the measurement technique to gain the exact

value of the oscillation frequency). This electric field couples to the motion of the ion

crystal if the coupling frequency is appropriate chosen. Depending on the mode, different

excitation amplitudes are necessary where the center of mass mode requires the fewest

amount of amplitude. Additionally, the breathing mode requires a field gradient to get

stimulated.

2.1.6 Requirements for quantum simulations with mixed ion crystals

Many quantum physical problems are intrinsically impossible to be solved on a classical

computer. A quantum computer could be used to solve those problems but is itself only in

an early stage of development. Another possibility is to choose a well understood and well

controllable quantum system which is described by the same Hamiltonian as the quantum

system to be investigated to gain insights in this system. An important research field is the

investigation of interacting spins which is for example fundamental to describe phenomena

in condensed matter physics [Joh09b, Sch09a, Wun09, Kim10, Iva11, Wel11].

An ion crystal in a Paul trap is a well controllable quantum system which offers several

advantages such as very well state preparation, long coherence times and state readout of
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the individual ions. Here an insight to the possibilities of simulations with the spins of

a mixed ion crystals according [Iva11] is given. The considered linear crystal consists of

N − K spin-1
2 ions with mass m each occupying two Zeeman spin sublevels |↑〉 and |↓〉

(for instance 40Ca+) and K spin-3 ions with mass M each possessing seven spin sublevels

|m〉 with magnetic quantum number m = −3, ...,+3 (for instance 50Mn+). The Zeeman

splitting is proportional to the applied magnetic field B0

ω0 =
gJµB
h̄

B0, (2.40)

with the Landé factor gJ and the Bohr magneton µB (see section 2.2.2 for Zeeman sublevels

of 40Ca+). Utilizing a space dependent magnetic field allows individual Zeeman splitting

for each ion.

Inter ion spin-spin interaction

The creation of an effective interaction among the ion spins is obtained by applying an

oscillating magnetic field gradient with frequency ω

~B = zBz cos(ωt)~ez

(
+ ~Bconst

)
, (2.41)

where the field alignment coincides with the axis of the ion crystal. From now the constant

term is neglected due to its irrelevance in the evolution.

The Hamiltonian describing the interaction between the ion crystal and the applied

oscillating magnetic field can be written as H = H0 + HI , where the interaction free

Hamiltonian is given by [Wun09]

H0 =
h̄ω0

2

N−K∑
j=1

σzj + h̄ω0

K∑
k=1

Szk + h̄
N∑
n=1

ωn,zâ
†
n,zân,z. (2.42)

The first two terms describe changes in the spin states and the third term describes

alterations in the crystal phonon number. In particular σzj represents the Pauli matrix

for the spin-1
2 ions and Szk the spin operator for the spin-3 ions (Szk |m〉 = m|m〉). The

phonons with frequency ωn,z are characterized by the creation and annihilation operators

â†n,z and ân,z. Furthermore, the displacement of the j-th ion along the z-direction can be

stated as

ẑj =
N∑
n=1

νzj,n∆zn

(
â†n,z + ân,z

)
, (2.43)

with the normal mode eigenvectors νzj,n (n = 1, 2, ..., N) in z direction (compare with the

eigenvalue equation 2.25 in section 2.1.3) and the extent of the ground state wave function

is ∆zn(x) =
√
h̄/ (2ωn,z · x) with x = m orM .
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The Hamiltonian describing the interaction between the magnetic dipole moment of

the ions and the magnetic gradient field is

HI = −~̂µ ~B, (2.44)

where the relevant z-component of the magnetic dipole for a spin-1
2 ion is µ̂z = (γ/2)σz

and for a spin-3 ion µ̂ = γSz (with γ = µBgJ). Transforming HI in the interaction picture

and performing time-averaging of the fast oscillating parts yields

Hz
eff = h̄

N−K∑
j,j′=1
j>j′

J
(l,z)
j,j′ σ

z
jσ

z
j′ + h̄

K∑
k,k′=1
k>k′

J
(2,z)
k,k′ S

z
kS

z
k′

+ h̄
N∑

j,k=1

J
(3,z)
j,k σzjS

z
k + h̄

K∑
k=1

Azk (Szk)2 . (2.45)

The coupling terms J and Azk (see [Iva11]) basically consist of the magnetic field Bz,

γ, the normal mode eigenvectors νzj,n, the magnetic oscillating frequency ω, the collective

phonon frequency ωn,z, the mass of the ion and constants. This Hamiltonian reveals the

spin-spin interaction between the ions in the crystal, induced by the oscillating magnetic

field gradient with frequency ω. In detail the first part of 2.45 features the coupling

among spin-1
2 ions, the second part the coupling among spin-3 ions and the third part the

coupling among different ion spins. The last part reveals the single ion anisotropy for ions

possessing a spin > 1
2 and which quantifies the non-linear Zeeman shift of the sublevels of

the spin-3 ions.

By varying the oscillation frequency ω the coupling terms change both magnitude and

sign and different ion interactions such as ferromagnetic, antiferromagnetic or frustrated

can be created, see Fig. 2.11 for an example with three ions.

J < 0 J < 0

J < 0

J > 0 J > 0

J > 0 and J < 0

J < 0 J < 0

J > 0

(a) (b) (c)

Fig. 2.11: Spin formations in a three ion crystal consisting of one centered spin-3 ion with two

neighbored spin- 12 ions. The magnetic oscillating frequency ω is increased from (a) to

(c), showing ferromagnetic - (a), antiferromagnetic - (b) and frustrated interactions (c).

Each spin formation occurs in a second variant by inverting each spin (The figure is

related to [Iva11]).
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By applying additionally magnetic field gradients perpendicular to the ion crystal axis

in x- and y-direction, analogue spin-spin couplings as Hamiltonian 2.45 features can be

constituted.

The Ising model and its ground states

The spin model used here is the quantum transverse Ising model [Pfe70] described by the

Hamiltonian

HTI = Hz
eff − h̄B0

x

N−K∑
j=1

σxj
2

+
K∑
k=1

Sxk

 . (2.46)

The second term is accomplished experimentally by applying an oscillating magnetic field

~B0 = B0 cos(ω̃t)~ex and driving transitions between the ion spin states such that ω̃ equals

ω0.

In the following a three ion crystal formed by a centered spin-3 ion with two outer

spin-1
2 ions is examined. The middle picture in Fig. 2.6 exhibits such a mixed ion crystal

consisting of 40Ca+ ions as spin-1
2 systems and another ion species in the middle. The

technique to identify the dopant ions in such a crystal is described in section 2.1.5 and

makes use of the conjoint oscillation modes which are excited externally and which depend

on the individual masses.

Depending on the oscillating magnetic field frequency ω different interactions can be

induced, see Fig. 2.11. Thus, various ground states belonging to the Hamiltonian 2.46 are

possible. For example with ferromagnetic interactions, that is all couplings J < 0, and

B0
x → 0 the ground state is a coherent superposition of |↑↑〉|3〉 and |↓↓〉| − 3〉. In the case

of antiferromagnetic interactions, that is all couplings J > 0 and ω < ωz the ground state

is a superposition of two ferrimagnetic states: 1√
2
|↑↑〉|−1〉+ |↓↓〉|1〉. Here the spins of the

different ions are anti-parallel. Depending on the value of ω and thus altering single-ion

anisotropy A, several additional ground state configurations are possible. With higher ion

number the complexity of spin-spin interactions increases and therefore the ground state

is more difficult to describe.

Spin-dependent Zeeman resonance shift

The presence of a static magnetic field gradient ~B = ~B0 + bz~ez along the ion crystal

generates a space dependent shift of the Zeeman states. Therefore, each ion possesses

individual resonance frequencies ω′0 = ω0 + γbz/h̄.

An atomic magnetic moment associated with a spin situated in a magnetic field ex-

periences a force ~F = 〈(~µ · ~∇) ~B〉. This force [Joh09b] acting in z-direction on the spin-1
2
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ions can be expressed here as

Fz = h̄∂zω〈Sz〉+ (h̄/2)∂zω〈σz〉. (2.47)

As a result of this force the equilibrium position of the specific ion is shifted by

dz =
Fz
mω2

z

. (2.48)

Due to this shift dz the frequency of the spin resonance is modified to ω′1 = ω1 + γbdz/h̄.

With an axial trap frequency of ωz = 2π · 100 kHz and a magnetic gradient of b = 20 T/m

a frequency shift of ∆ω = |ω′1 − ω1| ≈ 174 kHz can be created. This frequency shift can

be detected experimentally by scanning the wavelength of an applied laser light field first

across the original resonance and second across the shifted resonance [Joh09a]. Individual

addressing of ions in an ion crystal is shown in [Wan09]. Here field gradients of 23 G/mm

lead to an average frequency splitting of 310(2) kHz for two ions which are separated by

4.8 µm.

State initialization and measurement sequence

The second part of the Hamiltonian 2.46 reduces in the case of the above described three

ion arrangement with one spin-3 ion and two spin-1
2 ions to

H0
TI = −h̄B0

x

(
σx1
2

+ Sx2 +
σx3
2

)
. (2.49)

The well-defined three ion state initialization is accomplished via an auxiliary ion in

the following way. With means of optical pumping the state |↓↓〉|ΨS ↓〉a including the

undefined state |ΨS〉 of the spin-3 ion is created. Then the static magnetic field gradient

is created to induce spin-dependent forces.

Illuminating the auxiliary ion with laser light of frequency ω′1 which acts on transition

|↓〉a ↔|↑〉a causes fluorescent light only in the case of |ΨS〉 = |m = −3〉. If the auxiliary

ion does not show this fluorescent light, the spin-3 ion was not in the state |m = −3〉 and

the control measurement has to be repeated until state

|↓↓〉| − 3〉 (2.50)

shows up. An additional π/2 rotation creates the ground state

|Ψ0〉 = e−iπ/4σ
y
1 e−iπ/4S

y
2 e−iπ/4σ

y
3 |↓↓〉| − 3〉 (2.51)

of the Hamiltonian 2.49.

After this state initialization the experimental sequence proceeds with the desired

spin-spin interactions induced by the oscillating magnetic field gradient. Finally, the spin

readout is accomplished via one or several spin-1
2 ions by means of fluorescence detection

via a photomultiplier or a camera.
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w1 w'1

FZ

1/2

-1/2

magnetic field gradient

Fig. 2.12: The auxiliary ion experiences a spatial shift dz due to the spin-dependent force Fz

induced by the spin states of neighbored ions. The magnetic field gradient originates a

space dependent Zeeman shift from ω1 to ω′1. Fluorescent light is only generated if the

laser light field frequencies adapt to the desired Zeeman states.

2.2 Ion light interaction

2.2.1 Ionization of single atoms

Ionization of atoms in a Paul trap can be accomplished with different methods. For-

mally utilized techniques such as electron impact ionization are outdated due to several

disadvantages. For instance perturbing charges on insulators induced by the electron

bombardment cause alterations in the trapping potential. The state of the art ionization

method is the multi-stage photoionisation process called REMPI (Resonant Enhanced

Multi-Photon Ionisation) induced by laser fields. Advantages are element and isotope se-

lective ionization where multiple electron split off is avoided. Furthermore, the ionization

rate is 4-5 orders of magnitude larger. Another technique is the multiphoton ionization

which requires an intense laser light field. Since its ionization behavior does not distinct

between elements it has the advantage of ionizing any desired atom or even molecule.

Resonance enhanced multi-photon ionization

In the REMPI ionization scheme the laser light energies have to coincide with the energies

of internal atomic transitions. The excitation has to start from the atomic ground state

and can be accomplished via different routes in the atomic level scheme. Each sequence
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requires specific laser wavelengths and is thus more or less favorable due to the laser

availability [Kja00, Gul01].

Ionization of calcium with a single laser light field implies a wavelength which is smaller

than 248 nm. A multiphoton process is preferable since light sources at 248 nm are hardly

available furthermore the process is not isotope selective. Two possible schemes are de-

picted in Fig. 2.13.

Ca40

4  S0

5  P1

3 D2

672 nm

272 nm

1

1

1

19 ns

3 ns

423 nm

4.6 ns
4  P1

1

456 nm

272 nm

374 nm

Continuum

Fig. 2.13: Part of the level scheme of atomic Ca important for photon ionization. Two possible

multiple photon processes are depicted, where the highlighted scheme in blue with

wavelength of 423 nm and 374 nm states the situation applied here.

Using laser light at 272 nm excitation is stimulated to state 4 1P1. Spontaneous emis-

sion causes conversion to the meta stable state 3 1D2. A Similar wavelength stimulates

the electron to split off to the continuum [Kja00].

Another two photon ionization scheme which is applied here is performed with two laser

sources. The first excitation step to state 4 1P1 is accomplished with light of wavelength

423 nm. The final ionization step to the continuum can be realized with a wavelength

smaller than 389 nm. Laser light at λ = 374 nm, not being frequency stabilized is utilized

here.

Multiphoton ionization

The ionization energy Ei is the energy to separate electrons from an atom or a molecule and

depends on the atomic species. This energy mainly depends on the Coulomb force between

the outermost electron and the remaining atom. The energy is increasing within the same
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main quantum number until a noble gas is reached due to the increasing proton number.

An energetic drop occurs after each noble gas due to the effect that the additionally joined

electron is placed in a larger distance to the nucleus. The ionization energy for several

elements to remove one electron is depicted in Fig. 2.14.

In order to remove additional electrons even higher energies are required. If the atom

absorbs more than the required number of photons the free electron gains additional kinetic

energy. This effect is called above threshold ionization.
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Fig. 2.14: First ionization energy Ei to remove one electron from an element. Note that the

ionization of the noble gases requires most energy compared to neighbored elements

(data can be found in atomic data basis like [NIS]).

The multiphoton ionization process takes place by the absorption of several photons.

The energy which has to be transferred to the atom to separate one electron is

Nh̄ωlaser > Ei, (2.52)

with the photon number N . An overview of the required photon number in dependence

of the utilized light field for several elements is listed in table 2.5.

The probability to ionize an atom utilizing N photons from a laser with light field

intensity I is [Bar82]

Pion = σNI
n, (2.53)

where σN is the generalized cross section for a N photon ionization with units cm2N sN−1.

Values of cross sections are� 1, thus the ionization rate decreases with increasing number
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Element (ionization energy) 266 nm 355 nm 532 nm 1064 nm

Ca (6.11 eV), Cr (6.77 eV), Ti (6.83 eV) 2 2 3 6

Mn (7.42 eV), Ni (7.64 eV) 2 3 4 7

C (11.26 eV) 3 4 5 10

N (14.5 eV) [N2 →N (9.76 eV)] 4 [+3] 5 [+3] 7 [+5] 13 [+9]

Tab. 2.5: Number of required photons N to ionize the specific elements for different wave-

lengths. In the case of nitrogen (the only listed element which occurs molecular

in standard conditions) the number of required photons for the dissociation pro-

cess is additionally given in brackets

of photons N . Nevertheless the rate can be kept constant by increasing the laser intensity.

Consequently, an N photon ionization is accomplished for any number N if the light field

intensity is high enough. Experimental investigations are presented in section 4.6.

If the goal is to obtain ions from atoms which occur molecular under standard condi-

tions the dissociation energy Ed has to be considered additionally. Dissociation energies

for common gaseous molecules are Ed(H2) = 4.52 eV [Her60], Ed(O2) = 5.16 eV [Ved62]

and Ed(N2) = 9.76 eV [Bro54]1. The increasing energy is due to the increasing number

of involved electrons which account for the inter-atomic bonds. From a chemical perspec-

tive H2 possesses a single bond, O2 a double bond and N2 a triple bond. Therefore, the

dissociation of the latter molecule requires the highest energy.

There exist two ways to obtain atomic ions from molecules. On the one hand by

dissociation of the neutral molecule with subsequent ionization or on the other hand by

first ionizing the molecule with following dissociation. The predominant process leading

to N+ from the initial N2 molecule is the predissociation [Bar82].

2.2.2 Level scheme of 40Ca+

The level structure of 40Ca+ is very similar to neutral alkali atoms. This is due to the

property of having a single valence electron. 40Ca+ has no hyperfine structure since

it has no nuclear spin. Calcium ions display fine structure splitting with total angular

momentum J =L+S , being the sum of the orbital momentum L and the spin momentum

S . Therefore, the quantum number J is in the range |L−S| ≤ J ≤ L+S. The eigenvalue

of JZ is mJ h̄ and the magnitude of J is
√
J(J + 1)h̄

All relevant transitions are depicted in Fig. 2.15. Vertical orientation indicates in-

creasing energy (not to scale). The lowest energy level in 40Ca+ is the ground state 42S1/2

1 Usually dissociation energies are given in units of kJ/mol, the unit conversion is 1 eV =

96.485307 kJ/mol.
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Fig. 2.15: Relevant levels of 40Ca+. Vertical orientation indicates increasing energy (not to scale)

[Lin07].

(spectroscopic notation2).

Both Doppler cooling and fluorescence excitation by laser light is accomplished via

the dipole transition near 397 nm. About 1 out of 12 decays from the 42P1/2 end up in

level 32D3/2. Because this level has a lifetime of about 1.2 s, eight orders larger than the

fluorescence transition, the ion ends up in a virtually non-fluorescent state. By repumping

the population back to 42P1/2 with light at 866 nm the ion population is back in the cycle

transition. Together with the ground state 42S1/2 these levels offer a Λ system in which

two lower (meta-)stable levels are connected via a conjoint upper level.

We observed in our experiment that also the 32D5/2 level may be populated at a rate

of about 1 in 10 seconds. This is prevented by repumping with light with a wavelength

near 854 nm. Together with the ground state this is a second Λ system.

The nuclear momentum I is zero for 40Ca+ such that each fine structure level contains

2J + 1 Zeeman substates. Common notation of these substates is the labeling with the

magnetic quantum number m with −J ≤ m ≤ J . By applying an external magnetic field

these Zeeman substates undergo an energy splitting in dependence of the magnetic field

strengthB

∆E = gJµBmB , (2.54)

2 Spectroscopic notation: n2S+1LJ , principal quantum number n of the valence electron, the superscript

includes the spin angular momentum S, the letter references the orbital angular momentum L (i.e., S ↔
L = 0, P ↔ L = 1, D ↔ L = 2 and so on) and the final subscript is equal to the value of J .
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with Bohr’s magnetron µB and the Landé factor gJ

gJ = 1 +
J(J + 1) + S(S + 1)− L(L+ 1)

2J(J + 1)
. (2.55)

Both the Landé factors and the quantum numbers m for the relevant levels are listed

in the following table.

S1/2 P1/2 P3/2 D3/2 D5/2

gJ 2 2/3 4/3 4/5 6/5

m -1/2, 1/2 -1/2, 1/2 -3/2, -1/2, 1/2, 3/2 -3/2, ... 3/2 -5/2, ... 5/2

In section 5.1 the Zeeman splitting is utilized to create a suitable level scheme to

investigate electromagnetically induced transparency effects. A second application are

S1/2 Zeeman qubits [Pos10a, Pos10b].

2.2.3 Doppler cooling with laser light

The most efficient method to cool ion(s) is cooling with laser light, where the momentum

transfer between laser beam photons and the ion is utilized to decrease the energy. Due

to the oscillatory motion with frequency ω in the harmonic potential the laser light with

frequency ω0 acquires sidebands for the ion(s) with ω0 ± nω (n ∈ N). Depending on the

linewidth Γ of the utilized transition and the trap frequency, two cooling methods are

differentiated.

Doppler cooling is realized in the regime Γ > ω. Applicable for hot ions but with

the disadvantage of reaching ”only” temperatures in the order of µK. In section 4.5 the

determination of the heating rate of calcium ions in our setup is given. In the case of ω > Γ

resolved sideband cooling can be realized. Temperatures reach the motional ground state

which is the quantum mechanically lowest energy.

Utilizing the 397 nm transition in 40Ca+ which possesses a natural linewidth of about

21 MHz and having typical ion oscillation frequencies of up to 1 MHz yields Doppler cool-

ing. Thermal motion inside the trapping volume leads to a broadened emission- and

absorption profile compared to the natural linewidth. In order to achieve cooling, the

frequency of the Doppler laser with a line width of about 1 MHz is red detuned (lower

energy) relative to the 397 nm transition frequency. The ideal detuning for efficient cooling

is Γ/2. But for initial cooling, when Doppler broadening is present, the frequency is set

some more 100 MHz red detuned. After that the frequency is set to about Γ/2 and the

laser light is desaturated as well.
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2.2.4 Electromagnetically induced transparency with single ions

Fundamental changes in the optical properties of a gas-phase medium or in detail of

single atoms are induced by coherent preparation. Specifically laser induced coherence of

internal atomic levels leads to quantum interference between the excitation possibilities.

Electromagnetically Induced Transparency (EIT) is the cancellation of absorption and

refraction near resonance of an atomic transition [Bol91, Lou92, Fle05]. This coherent

effect is utilized for efficient cooling of ions [Roo00, Mor03]

The dressed states approach explains the appearance of dark states and energy shifts of

these dressed states. Basically these dressed states occur due to the light-atom interaction.

EIT can quantitatively be described by the first-order susceptibility χ(1) where the

absorption is characterized by the imaginary part Im
[
χ(1)

]
and the real Part Re

[
χ(1)

]
determines the refractive index.

G31 G32

1
 2

3

D1
D2

wP wC

Fig. 2.16: Λ type system applicable for EIT investigations with probe and coupling field frequen-

cies ωP and ωC. Field detuning from resonance is characterized with ∆1 and ∆2 (dashed

lines). Radiative decay rates from upper level |3〉 to lower levels |1〉 and |2〉 are denoted

with Γ31 and Γ32, respectively.

A generic atomic level system wherein EIT effects can be studied is the Λ scheme.

Two energetically low lying levels are connected to a conjoint upper level via laser fields,

see Fig. 2.16. Both levels are either ground states or possess decay rates which can be

neglected for relevant time scales in the experiment. The probe field with frequency ωp

and Rabi frequency Ωp is detuned by ∆1 from atomic resonance, the coupling field with

frequency ωC and Rabi frequency Ωc is detuned by ∆2.
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Dressed states approach

In order to obtain the laser-dressed eigenstates of the three-level Λ system its Hamiltonian

has to be considered. The total Hamiltonian H = H0 + Hint is the sum of the bare

atomic Hamiltonian H0 and the interaction Hamiltonian Hint between laser and atom.

Hamiltonian Hint = µE is expressed via the Rabi frequency Ω = µE0/h̄. E0 being the

amplitude of field E, and µ the electronic dipole moment. The resulting Hamiltonian can

be written in a rotating frame in matrix notation as

Hint =
h̄

2


0 0 ΩP

0 −2(∆1 −∆2) ΩC

ΩP ΩC −2∆1

 .

Usually the eigenstates of this Hamiltonian are described via the angles θ and φ, that

depend both on the Rabi frequency and the single photon detuning ∆ = ∆1, where the

two photon detuning is defined as δ = ∆1 −∆2. In the case of equal detuning (∆1 = ∆2)

the angles are defined as

tan θ =
ΩP

ΩC
(2.56)

tan 2φ =

√
Ω2
P + Ω2

C

∆
. (2.57)

By using these angles the dressed states as a function of the undisturbed atom states

|1〉, |2〉 and |3〉 read

|a+〉 = sin θ sinφ |1〉+ cosφ |3〉+ cos θ sinφ |2〉 (2.58)

|a0〉 = cos θ |1〉 − sin θ |2〉 (2.59)

|a−〉 = sin θ cosφ |1〉 − sinφ |3〉+ cos θ cosφ |2〉. (2.60)

State |a0〉 solely consists of state |1〉 and |2〉 with no contribution from the upper

state. Being in this state there is no way to excite the atom to state |3〉 with following

spontaneous emission of a photon. Hence this state is called the dark state. The laser

field evolution in time specifies the actual state population, being a mixture of the dressed

states or a pure dark state.

Note that in contrast to state |a0〉 which remains with zero energy, states |a±〉 possess

an energy shift dependent on the detuning and the Rabi coupling by

h̄ω± =
h̄

2

(
∆2 ±

√
∆2

2 + Ω2
P + Ω2

C

)
. (2.61)
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Master equation and susceptibility

A quantitative description of EIT is obtained by a semiclassical approach which utilizes

classical light fields interacting with the three level Λ atomic system [Fle05]. The inter-

action between light field and the Λ system is described in the interaction picture by the

semiclassical Hamiltonian

Hint(t) = − h̄
2

[
ΩP(t)σ̂31e

i∆1t + ΩC(t)σ̂32e
i∆2t + H.c.

]
, (2.62)

with σ̂ij = |i〉〈j| being the atomic projection operator (i, j = 1, 2, 3).

Including spontaneous emission, the dynamics of this laser-driven atomic system can

be described by the following master equation

dρ

dt
=

1

ih̄
[Hint(t), ρ]

+
Γ31

2
[2σ̂13ρσ̂31 − σ̂33ρ− ρσ̂33]

+
Γ32

2
[2σ̂23ρσ̂32 − σ̂33ρ− ρσ̂33]

+
γ2deph

2
[2σ̂22ρσ̂22 − σ̂22ρ− ρσ̂22]

+
γ3deph

2
[2σ̂33ρσ̂33 − σ̂33ρ− ρσ̂33]. (2.63)

With the atomic density operator ρ and decay rates Γ31 and Γ32 from upper level |3〉 to

lower level |1〉 and |2〉, respectively. Furthermore, energy-conserving dephasing processes

with rates γ2deph and γ3deph are included. The coherence decay rates are herewith defined

as γ31 = Γ3 + γ3deph, γ32 = Γ3 + γ3deph + γ2deph and γ21 = γ2deph.

In the case of a small field strength, the electromagnetic light field E induces a time

dependent polarization

P(t) = ε0χE(t) (2.64)

in the atomic ensemble, where the dielectric constant ε0 and the susceptibility χ describe

the atomic ensemble properties. The polarization appears as a source term in Maxwell’s

equation and determines the dynamics of the electromagnetic field. With the assumption

of equal atomic response to the light field the expectation value of the polarization reads

as

P(t) = −
∑
i

〈eri〉
V

(2.65)

=
Natom

V
[~µ13ρ31e

iω31t + ~µ23ρ32e
iω32t + c.c.], (2.66)

where the exponentials are due to conversion to the Schrödinger picture. The polarization

is determined by calculating the relevant density matrix elements and using a rotating
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wave approximation to eliminate fast time dependencies. An equivalent description is

given by the linear susceptibility χ(1)(−ΩP,ΩP) with the probe laser frequency ωP which

defines the relative detuning from resonance.

χ(1)(−ΩP,ΩP) =
|µ13|2ρ
ε0h̄

· (2.67)[
4δ(|ΩC|2 − 4δ∆)− 4∆γ2

21

| |ΩC|2 + (γ31 + i2∆)(γ21 + i2δ) |2

+ i
8δ2γ31 + 2γ21(|ΩC|2 + γ21γ31)

| |ΩC|2 + (γ31 + i2∆)(γ21 + i2δ) |2

]
.

A quantitative view of EIT is gained by inspecting this linear susceptibility. The real part

predicts dispersion, where the imaginary part reveals absorption in the atomic medium.

Both the imaginary and the real part vanish in the ideal limit γ21 = 0 in the case of equal

detuning ∆1 = ∆2 of the light fields. The otherwise opaque medium gets completely

diaphanous. Additionally enhanced absorption appears in proximity of the transmission

dip. The integral of Im[χ] as a function of the detuning ∆1 is conserved with varying ΩC.

This is displayed in Fig. 2.17 (a) with a total drop in the absorption. Increasing coupling

field causes wider Autler-Townes splitting.
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Fig. 2.17: Absorption behavior revealed by the linear susceptibility equ. 2.68 with zero detuning of

the coupling laser. Decay rates are those of 40Ca+. (a) Constant decay rate γ21 = 0 MHz

and different values of coupling field: ΩC/2π = 5 MHz (black), ΩC/2π = 20 MHz (blue)

and ΩC/2π = 40 MHz (red). (b) Constant coupling field ΩC/2π = 20 MHz and different

decay rates of the |2〉 ↔ |1〉 transition: γ21/2π = 0 MHz (black), γ21/2π = 6 MHz (blue)

and γ21/2π = 20 MHz (red).
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The effect of a non-zero dephasing decay rate γ21 is shown in Fig. 2.17. The complete

elimination of the absorption decreases to a partial dip. In the case of γ21 � γ31 the

minimum disappears. Important EIT features can be investigated in experiments with

non-vanishing γ21 with the following condition for the Rabi frequency of the coupling

laser field

|ΩC|2 � γ31γ21. (2.68)

Additional variation of the coupling laser detuning ∆2 is depicted in a contour plot

Fig. 2.18. In the case of a large positive or negative detuning ∆2 the absorption profile

Im[χ] consists effectively of a broad two level resonance and a narrow Raman peak near

the two photon resonance ∆1 = ∆2. Both are shifted apart by the energy

h̄ω± =
h̄

2

(
∆2 ±

√
∆2

2 + Ω2
P + Ω2

C

)
. (2.69)

Due to the fact that this shift is induced by an alternating electromagnetic field this energy

shift is called AC-Stark shift.

Fig. 2.18: Imaginary part of susceptibility Im[χ(1)] in contour plot as function of light field detun-

ing ∆1 and ∆2. Bright areas correspond to large absorption, dark to low absorption.

The diagonal with equal detuning reveals the induced transparency, accompanied with

a narrow Raman peak for larger detuning of ∆2
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2.2.5 Laser cooling with electromagnetically induced transparency

The idea of ground state laser cooling by taking advantage of an electromagnetically

induced transparency has first been introduced by [Mor00]. The emergence with various

characteristics of an electromagnetically induced transparency is shown in section 2.2.4.

By setting the coupling light field to a positive detuning ∆2 and probing the atomic

resonances with the probe light field with detuning ∆1 an asymmetric profile is established.

It is constituted by a broad resonance and a dark resonance with a nearby sharp resonance,

see Fig. 2.19.
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Fig. 2.19: Left: Absorption profile for the probe light field with coupling laser being positive

detuned from the atomic resonance. Zero absorption indicates equal detuning ∆1 = ∆2

of both light fields. The right picture focuses this relevant area, showing the change in

phonon number depending on position (the figure is related to [Mor00]).

The phonon number n is introduced to consider the harmonic motion as well. In the

case of equal detuning of coupling and probe light the transition |1, n〉 → |3, n〉 is canceled

due to zero absorption, this is the first cooling setting:

∆1 = ∆2 (2.70)

By setting the Rabi frequencies of the probe and coupling light field such that the

difference in frequency between dark resonance and sharp resonance equals the vibration

frequency ω, the phonon number of this mode reduces. This is the second cooling setting:

0.5

(√
∆2

2 + Ω2
2 + Ω2

1 − |∆2|
)

= ω. (2.71)

The advantage compared to other ground state laser cooling methods such as for

example sideband cooling is that this technique offers the possibility to cool several modes
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simultaneously. This is accomplished by creating a sharp resonance which fits to the mode

frequencies that are to be cooled.

The first experimental EIT cooling has been shown with a single Ca+ ion in a Paul

trap [Roo00]. In the case of cooling two different modes the ground state probability has

been 58 % and 74 %.
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3. EXPERIMENTAL SETUP

Experiments with single ionized atoms require an elaborated experimental setup. The

gained benefit is a versatile tool to explore flexibly various different experiments. In

this thesis these are mainly photo-ionization studies, determination of oscillation modes,

spectroscopy and automatic feedback control.

Starting from the core component, the segmented ion trap with appropriate DC- and

RF-voltage supplies, this chapter elucidates the vacuum setup including the vacuum appa-

ratus, the magnetic field coils and the atom sources. Thereafter, the utilized laser systems

are introduced also describing specifically developed frequency and intensity stabilizations.

The fluorescence detection including imaging lenses and photon count devices is presented.

Finally, the experimental control is described which allows for the complete experimental

execution via a computer. Both via direct user input and via programmed instruction

commands. The automated mode facilitates e.g. the execution of feedback controlled

operations or microsecond precise laser pulse sequences.

3.1 The segmented ion trap

Fig. 3.1: The segmented Paul trap with lateral retaining frames which keep the golden plated trap

blades in their proper position. The copper wires supply each segment with an individual

voltage.
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The linear Paul trap utilized in this thesis has been developed in order to fully control

the constituted axial potential distribution. Therefore, the DC control electrodes are

segmented in many single addressable elements, which allow for sensitive molding of the

confining potential [Sch10]. Additionally, due to the open geometry versatile optical paths

for laser beams and fluorescence detection optics are possible.

A photograph of the built trap with trap holders and voltage supply cables can be seen

in Fig. 3.1. Further improvements compared to previous versions [Sch09b] are a surface

flattening treatment and an additional gold layer.

3.1.1 Trap layout

Four blades arranged such as an X with no center part form the fundamental geometry

of the trap when observed along the trap axis, see Fig. 3.2 b. The layout of each blade

is geometrically similar, featuring a height of 24 mm and a length of 63 mm. Carrier

material and simultaneously being insulator material of these trap blades is polyimide

with a thickness of 410µm. The flats are plated on both sides with a layer of copper with

thickness of 18µm1. Individual segments are structured with standard lithography and

etching techniques2. Additionally, the inner front edge of each blade is coated with 22µm

copper and forms an individual electrode.

Fig. 3.2: Trap layout: a) Sketch of the segmented linear Paul trap with DC-electrodes (white)

and RF-electrodes (blue). Segment numeration is specified relatively to the middle seg-

ment M, where most ion experiments take place. From segment M both left and right

segments are numbered incrementally with increasing numbers {L1, L2,..} and {R1,

R2,..}, respectively. Compensation electrodes (colored in light grey) allow for the move-

ment of the ion in the complete plane perpendicular to the trap axis. b) Front view

showing that the RF-electrodes (blue) only cover two front faces of the blades.

1 Isola AG
2 micro pcb AG
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The isolating distance between adjacent segments equals 100µm. The surface is

electro-chemically improved and coated with gold, see section 3.1.2 for details.

The retaining frame, which is fixed to the top flange, consists of two stainless steel

holders with millings for enhanced optical access. Four stainless steel rods between these

holders support the stability. Copper blocks press the blades against the holder and

provide for their accurate alignment.

Fig. 3.3: Single trap blade with three 2.8 mm wide segments on the left, one tapered segment

in the middle, followed by eight 700µm segments and again one wide segment. The

front edge at the bottom (not visible because of the perpendicular orientation) can be

utilized either to provide the radio frequency for radial confinement or as compensation

electrode. The holes at the top are employed to solver the voltage supply wires to each

segment. The bottom front edge is contacted by a voltage supply at the hole situated at

the bottom left. Insulator parts are depicted in black.

Being assembled, the trap consists of two different trapping regions, see Fig.3.2 a. A

wide area with a face to face distance of 4 mm between opposing blades and a narrow area

with a distance of 2 mm, respectively. The crossing between these areas is accomplished

using a tapered segment with a width of 2.8 mm. Three segments with a width of 2.8 mm

are arranged along with a long secluding segment in the wide area. The narrow area

consists of eight electrodes each with an extent of 700µm. A wider segment of 2.8 mm

and a long secluding segment finish the trap (see Fig. 3.3).

All voltage supplies for the trap segments are accomplished with insulated copper wires

soldered3 to the electrode points most apart from the trapping region.

The RF-voltage for the radial confinement of the ions is supplied to two opposing front

faces of the trap. The remaining two front electrodes are supplied with compensation

voltages and allow for an ion movement in one dimension perpendicular to the trap axis.

The second compensation dimension is accomplished with a second compensation voltage

which is added on the DC electrodes on one blade with the RF on the front face, and

subtracted on the opposing electrodes. Together, these two compensation voltages enable

a movement of the ion in a plane perpendicular to the trap axis. Hence, optimal com-

3 Stay-Brite, 505 Neutral Flux, Harris
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pensation due to trap geometry imperfections and electric stray charges is possible (see

section 4.1 for automatic compensation technique).

The ultra-high vacuum compatibility of the utilized trap materials is confirmed im-

pressing with a pressure better than 10−12 mbar. In particular, the behavior of the carrier

material polyimide was not completely assured before but showed to be unproblematic.

3.1.2 Trap surface improvements

The surface of the copper coated pcb boards is not perfectly planar. Scratches and defor-

mations of the surface cause aberration in the trapping potential. Furthermore, oxidation

of the copper alters the initial pure metallic properties of the trap. All these effects lead

to an enhanced heating effect (see also section 4.5).

The method of choice to flatten a metallic surface is electro-polishing. It is an electro-

chemical technique to remove peaked deformities and to level the surface, based on removal

of material. Highest field gradients occur at peaks, that’s why the material is removed

predominantly at protruded parts. A slightly modified method to [Shi07] is used. The

acid bath consists of 1 l ortho-phosphoric acid (85% concentration), 5 ml glycerol and 0.1 ml

pure acetic acid.

Fig. 3.4: Trap surface improvements: Part of the copper coated pcb without surface treatment

(left) and after electro-polishing (right). Note that this is a test chip with shortcuts

between the RF-rail and DC-segments.

The copper on the pcb board acts as anode, a flat piece of copper as cathode. In

order to ensure a homogeneous distribution of the electrical field, the cathode has to be

placed perpendicular to the surface which shall be electro-polished. Dirt and oxide layer

is removed by the acid bath without any applied voltage. This is performed ∼5 min long

with a moving bath solution. The actual electro-polishing is performed with a voltage of

1.2 V between cathode and anode. It is important to limit the exposure time of the bath

to avoid the removal of too much copper. Tests have shown that a timespan of 30 min

for the electro-chemical process serves to be a good compromise. In Fig. 3.4, microscope
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photos of the trap surface condition before and after this process are displayed.

In order to permanently improve the surface and to avoid afresh oxidation, the pcb

boards are further processed. After the electro-polishing, the copper on the pcb boards

has to be galvanically coated with gold4 as soon as possible, see Fig. 3.1.

3.1.3 DC voltage supply and compensation

In contrast to conventional Paul traps, a segmented trap requires not only one DC voltage

for the axial confinement but many DC supplies depending on the number of segments.

Additionally, for automated control, the voltage supplies have to be controllable fast via

computer. These requirements are achieved with digital to analog converters (DAC88145)

which are controlled via a parallel port interface. Joining 8 DACS, each having four

devices, on a circuit board results in 32 PC controllable channels.

The addressing is accomplished with 7 channels of the parallel port. Each is settable

according via TTL either to 0 V or to 5 V, resulting in 14 bits. Three channels are used to

choose one of the 8 DACS. The fourth channel is the clock, the fifth is the data channel,

the sixth terminates the data transfer. The seventh channel emits the saved values from

the DACs to the segments of the Paul trap (via low passes).

The first two bits of the data channel dial one out of the four devices on the DAC. Then

16 bits are transferred to set internally the value for the voltage. Each action is terminated

by a clock bit. After that, the channel for the data transfer termination is activated. In

this way, all DAC devices can be set internally. Finally, with the emit channel set the

DACs set their values externally. The output voltage ranges from -10 V to 10 V. Therefore,

with a resolution of 216 bit, the smallest voltage step is 305µV (20 V/216).

The four compensation electrodes are supplied in the same way as those segments

which are responsible for the axial confinement, only being different in software control.

One opposing pair of electrodes allows aimed displacement of the ion in the direction

which is given by the electrode orientation. Independent compensation voltages for the

compensation directions are defined in x- and y-direction. Each compensation voltage

controls one opposing compensation electrode pair.

The aimed displacement of the ion in one direction is accomplished by supplying one

compensation electrode with the halved compensation value, while providing the opposing

compensation electrode with the halved negated compensation value. This is accomplished

for the x- and y-direction, leading to the possibility to move the ion(s) in a plane per-

pendicular to the trap axis. This accurate control of the compensation electrodes is a

prerequisite for proper compensation of the ion(s) (see section 4.1).

4 workshop university of Ulm
5 Burr-Brown products from Texas Instruments
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Fig. 3.5: Sectional view perpendicular to the trap axis. Arrows indicate the direction of ion move-

ment due to increasing compensation voltage x and compensation voltage y, respectively.

The compensation electrodes allow for ion movement in this plane.

Low pass filtering of the DC voltages is crucial for stable ion trapping with low heating

rates (see section 4.5). Therefore, a high voltage low pass6 for each segment supply is

installed straight before the DC voltage feed through. With this DC voltage control,

the molding of potentials is possible, not only allowing for trapping ions in one axial

trap region but also in two separated areas. Furthermore, the trap voltages can be set

sensitively enough to separate an ion crystal in parts (see chapter 6).

A second high voltage supply mode allows deeper axial potentials, resulting in higher

axial trap frequencies. A high voltage module7 provides us with seven positive voltage

channels which are controlled via PC. Each voltage can be set independently ranging from

20 V to 1 kV. In the case of a negative high voltage supply, the DAC control described

above is used with an amplification of the negative range with a self-built module (see A.1

for electronic circuit). The ion is trapped above one segment with a high negative voltage,

whereas adjacent segments are set to a high positive voltage.

This high voltage trapping mode also allows stable confinement of ions, despite of

having large disturbing stray charges somewhere on the isolators.

6 The Butterworth low pass layout consists of a 22 Ω resistor and two capacitors with 1 nF and 200 µF

arranged parallel. Each element is chosen to bear 50 V. The 1/e cut-off frequency is 265 Hz, the 1/e2

cut-off frequency is 1.50 kHz
7 Iseq EHQ 8210p-F
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3.1.4 RF voltage supply

The sinusoidal radio frequency at ω/2π = 13.4 MHz and a power of -16 dBm for the radial

confinement of the ion is generated via a signal generator8 and is amplified by an amplifier9

with fixed gain of 44 dB.An afterwards installed helical resonator exaggerates the voltage

and matches the impedance to prevent reflection of the sine signal. The helical resonator

is soldered directly to a separate vacuum feed through to minimize absorption of stray

radio frequency fields. The RF edges of the segmented trap are connected directly to this

feed through from the vacuum side of the vacuum can.

The helical resonator consists of a copper tube with diameter D in which a copper

helix with N loops is soldered at one end. The other end of the helix is soldered to the

vacuum feed through. Proper helix diameter is to be chosen as d = 0.55 ·D. An estimation

of the resonance frequency of this unloaded resonator is given by [Mac59]

ω0 =

(
48260

N ·D

)
MHz mm. (3.1)

Our helical resonator setup consists of a copper tube with diameter D = 72 mm and a

helix consisting of N = 19 turns and diameter d = 40 mm. Thus, the resulting unloaded

resonance frequency is ω0/2π = 35 MHz.

The pick up to the helix is accomplished with a metal clamp on the first or second

coil. Proper position of the clamp can be determined by minimizing the reflected signal.

With the helical resonator connected to the trap, the resonance frequency changes.

This is due to additional capacitances and inductivities caused by the trap, but also by

the wire connections. The total resonance frequency ω can be estimated with the relation

1

ω
=

1

ω0
+

1

ωloaded
. (3.2)

The helical resonator acts as an unwanted antenna, thus it is surrounded with a

grounded metal shielding. This prevents from disturbing laboratory electronics such as

sensitive laser locks from excessive RF pick-up.

In order to measure the frequency as well as the amplitude going to the RF-edge of the

trap, a probe with a capacitance divider10 is soldered directly to the feed through after

the helical resonator. The signal, which is divided by a factor of 10 by the probe and by

a factor of 100 by the capacitance divider results in a total ratio of 1 to 1000 which is

measured using an oscilloscope. Having a very low capacity of 5.1 pF, the disturbance of

the total system caused by the capacitance divider is negligible. Measurements up to 1 kV

and 200 MHz are possible.

8 SMS 2, RhodeSchwarz
9 ZHL-5W-1, Mini-Circuits

10 electronical workshop, university ulm
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Stable trapping of ions is accomplished with VRF > 200Vpp. Tight potentials with

voltages up to VRF = 800Vpp have been created. Higher voltages have not been used to

prevent the segmented trap from possible damages.

3.2 Vacuum setup

Trapping single ions in a Paul trap implies several environmental prerequisites. An ultra-

high vacuum (UHV) ambience is one of the most essential premises to successfully trap

single ions. In the case of normal air pressure or low vacuum, the collisions with environ-

mental molecules would impede lasting trapping of the ions.

Magnetic field coils, placed on the outside of the vacuum apparatus, allow for magnetic

field compensation. Additionally, they control the Zeeman splitting of the 40Ca+ levels.

The atom sources and an associated oven shutter are presented in the last part of this

section.

3.2.1 Vacuum apparatus

The vacuum apparatus which is made of stainless steel consists of a cylindric basic building

block with flanges in the lower part, which are mainly used for vacuum pumps and vacuum

measurement, see Fig. 3.6. The flanges on the upper part are equipped with windows or

inverted view ports for optical access.

Initial gas evacuation is performed with a turbo molecular pump11 via a DN63CF

valve12. The combination of an ion pump13 and a titanium sublimation pump14 with

water cooled cryoshroud allow for silent operation of the setup with a vacuum pressure of

better than 10−12 mbar.

In order to obtain a good UHV environment, the whole vacuum apparatus is heated

up to 180◦C for five days. Consequently water and dirt can be removed. The turbo

molecular pump is permanently removed for continuous operation of the experiments,

with the advantage of having no vibrations caused by moving elements of a pump. A

pressure < 10−12 mbar is achieved some days after the bake out process. This shows the

very good UHV compatibility of the utilized materials inside the vacuum system including

the trap blade material polyimide.

The trap holder is mounted on the top flange. Additionally, the same flange carries the

electronic feed-throughs for the RF- and DC-supply of the trap and the current supplies

11 Leybold Vakuum GmbH
12 VAT Vakuumventil AG
13 DN63CF 65l/s StarCell, Varian inc.
14 tectra GmbH
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Fig. 3.6: Vacuum apparatus: The eight flanges on the upper part are for horizontal optical access.

In order to obtain a vertical optical access, a window in the top flange, a flange in

the lower part and a mirror inside the apparatus are installed. The pump systems are

connected to the flanges on the lower part.

for each atom source. This comprises the advantage to build up the trap setup with ovens

and voltage supplies outside of the vacuum apparatus.

Eight optical access ports in the horizontal plane allow for many beam configurations.

Three of those are equipped with inverted view ports15, which allow for the positioning of

optical elements close to the trap. One is used to have the imaging lens near the ion to gain

a high numerical aperture. The imaging system is orientated perpendicular to the trap

axis. The others can be used to place a focusing lens near the trap to gain a small laser

beam waist in the order of few µm. The optical access in the vertical direction is accessed

via a window in the upper flange and a mirror. This mirror is located beneath the trap and

reflects the beam through a window positioned in the lower part of the trap apparatus.

Hence an optical access in all three dimensions is ensured. Both the flat windows and the

windows of the inverted view ports are made of fused silica. The glass surfaces are coated

with an anti-reflection coating for the wavelengths 397 nm and 729 nm16.

15 UKAEA
16 Tafelmaier Dünnschicht-Technik GmbH
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3.2.2 Magnetic Fields

High accuracy experiments including Zeeman split states presume the control of the mag-

netic field in all three spatial dimensions. Furthermore, a low fluctuation of the magnetic

field is essential to get stable Zeeman levels. The first prerequisite is accomplished with

two pairs of magnetic field coils for two dimensions perpendicular to each other in the

horizontal plane and one coil for the vertical axis. The coils are made of insulated copper

wire which is winded on cylindrical aluminum holders17. These holders are fixed to the

window flanges. The coils for the horizontal fields consist of N = 210 loops of copper wire

with a diameter of 1.2 mm. The radius of the coils equals r = 60 mm at a distance of

350 mm.

Fig. 3.7: FFT of the current through the magnetic field coils indicates the noise distribution of

the magnetic field. Diagrammed are the cases with the sole power supply (blue) and the

combination of the regulator and the power supply (black). Both a decrease of the peaks

and a decrease of the baseline noise is apparent.

The field coils in the horizontal plane are arranged in a Helmholtz configuration such

that the generated magnetic field encloses an angle of 45◦ with the trap axis. The Biot-

Savart law allows for an estimation of the magnetic field at the trap center [Dem99]:

B =
µ0N

(5/4)3/2 r
· I (3.3)

17 Workshop university ulm
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For our setup the relation is

B = 31
Gauss

A
· I. (3.4)

The vertical component of the field is accomplished with one coil on the top flange,

consisting of 280 loops of copper wire with a diameter of 1.1 mm. This coil configuration

allows for magnetic field compensation at the position of the ion crystal as well as a

manipulation of the magnitude of the Zeeman splitting.
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Fig. 3.8: Measured dependence of the magnetic field parallel to the quantization axis versus the

applied current at the position of the ion and linear fit. The estimation of the vectorial

magnetic field at the position of the ion is obtained by placing a flux gate magnetometer19

in the vacuum apparatus with closed top flange.

In order to obtain low magnetic field drifts as well as little noise on the field, the

current supply has to be stabilized. The current signal-to-noise ratio20 of the commercial

power supply21 is 75. In order to gain lower noise, the current from this supply is stabilized

with the electric circuit diagram depicted in section A.5. The current signal-to-noise ratio

with this additional regulator equals 890, which is an improvement by a factor of 12. This

20 In order to obtain the magnitude of the noise on the current, an instrumentation amplifier (Ina 103KP

65MD54W, Burr Brown) with low noise (1 nV/
√

Hz), low distortion and high GBW (100 MHz at G=1000)

is utilized to measure the voltage decrease across a 1 Ω-resistor (ATE RB25 1RO J1508, Brose) which is

connected such as a four pole resistor. Hence, the measured voltage is equal to the current.
21 Statron 3250
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regulator allows simple changing of the current going through the coils. The Fourier

transformation of the time-dependent current for the sole power supply as well as for the

combination of power supply and regulator is displayed in Fig. 3.7.

The linear dependency between the magnetic field parallel to the quantization axis and

the applied current is given by

B(I) = 1.6
Gauss

A
· I − 0.5 Gauss, (3.5)

see Fig. 3.8. In order to gain the required magnetic field, the applied current has to be a

factor of 20 larger compared to the theoretical calculation (equation 3.4). This is due to

the vacuum vessel made of stainless steel which alters and decreases the magnetic field.

Since the flux meter measures magnetic fields only up to 2 Gauss, the straight line showing

the dependency is extrapolated for higher current values. The offset of 0.5 Gauss is due

to additional external fields, mainly the earth magnetic field. Therefore, compensation is

essential to obtain a magnetic field parallel to the quantization axis at the location of the

ions.

3.2.3 Atom sources

In order to obtain single ions, the atoms have to be first available in the gaseous phase.

If the atom species is present in solid phase at normal conditions it has to be sublimated.

Calcium as well as chromium and nickel are solid states at room temperature and under

normal pressure. Hence, they have to be heated up to be partial sublimated.

The calcium oven consists of a stainless steel tube pointing to the trapping region.

This tube is partly filled with neutral calcium powder. A tantalum stripe is welded to this

tube to have a large resistance at a selective point on the tube, see Fig. 3.9. By sending

a current22 through this serial arrangement, a heat up of this selective point is achieved.

Typically we use a current of 5.5 A to gain a proper loading rate.

Because the oven points onto the trap, the calcium is deposited partial on the trap

segments. This leads to a change of the trapping potential and on longer time scales

to short cuts of the segments. During experiments with high probability of ion loss or

consciously ion shoot out, the oven has to be turned on permanently to ensure fast ion

reload since the oven is not ready for service until the current is applied for ∼ 7 min.

The calcium reacts during contact with air to CaO, Ca(OH)2 and similar molecules. This

cannot be avoided completely during the assembly of the setup. Hence, a layer of non-pure

calcium covers the atomic calcium in the oven. This layer has to be broken up with higher

currents - with this setup up to 9 A - which causes a high atomic and molecular flux to

the trap surface.

22 Statron
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Fig. 3.9: Arrangement of the trap with trap holder, the ovens and the oven shutter. This setup is

mounted to the top flange (picture bottom) hence the arrangement is rotated by an angle

of 180◦ round a horizontal axis in the vacuum apparatus. The Cr Ni-oven is displayed

on the left. The calcium oven is right above the trap, the according movable shutter is

on the right. This shutter can be moved magnetically from exterior via the iron plate

below in the front.

These problems can be minimized by a mechanical shutter which is placed in front of

the calcium oven and blocks the molecular beam between the oven tube and the trap. The

oven shutter is swivel-mounted to open and close the calcium oven fast. A fixed stainless

steel tube acts as a holder for the shutter post to obtain a swiveling arrangement, where

the vertical part of the =-shaped shutter rotates in the fixed tube. The actual shutter is a

thin plate made of stainless steel welded to one end of the shutter post. A plate made of

magnetizable iron is welded to the other end of the shutter post. This iron blade is close

to the top flange of the vacuum apparatus. By moving a magnet23 above the top flange

outside of the vacuum setup, the iron plate can be moved inside the apparatus. Hence,

the shutter post rotates in the fixed steel tube and the shutter plate is moved in front of

the calcium oven and away again. This shutter arrangement is displayed in Fig. 3.9 right

ahead with the iron plate at the bottom in the front. Because all parts of the setup are

23 www.supermagnete.de
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stainless steel or aluminum except of the iron blade, this is the only part affected by the

external magnet.

This oven shutter allows total blocking of the calcium beam and circumvents unnec-

essary vaporizing of the trap blades with calcium. No additional mechanical or electrical

connection with costly shutters is necessary.

The chromium-nickel oven consists of a piece of wire24 which is supported by two

ceramic holders25 and connected to a current supply26. A current of 1 A causes red glowing

of the wire. In order to prevent unnecessary vaporizing of the trap segments the wire is

housed in a cube. In order to collimate the beam into the trap center, a tube is welded

on this cube, see Fig. 3.9.

3.3 Laser and stabilization techniques

Fig. 3.10: Experimental setup with vacuum chamber surrounded by optical devices mounted on

an elevated optical board. Laser beams are visible due to a long exposure time of the

camera and a piece of paper which is carried along the beam paths.

The purposeful excitation of internal levels of atomic calcium as well as ionized calcium

requires frequency-stable laser light of various wavelengths. All utilized diode laser systems

24 Chromium-nickel alloy, Cronix 80E, Krupp VDM GmbH
25 macor
26 Statron
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are commercially available27. Their setup is based on a modular system which contains

different elements depending on individual requirements for the wavelength, the linewidth

and the power of the emitted light.

Laser systems driving transitions in 40Ca+ are additionally frequency locked on exter-

nal cavities for higher stability on different time scales and for the purpose of altering the

wavelength by changing the cavity length. The laser light of the amplified and frequency

doubled system is additionally intensity stabilized for power sensitive measurements.

3.3.1 Diode laser design

The master oscillator is composed of a laser diode and a collimating lens completed with a

grating being built up in Littrow configuration. The laser diode consists of a pn-junction

including an optical resonator, made up of a reflecting rear facet and a partially reflecting

front face. Divergent emitted light from the diode is focused onto the grating, where the

grating reflects the first diffraction order back into the laser diode, leading to a power

amplification of this wavelength. The rear facet of the diode and the grating constitute a

second resonator. The laser is forced to a default wavelength which is given by the angle

α of the grating and the grating constant d.

sinα =
mλ

2d
, (3.6)

with m being the order of diffraction. By that, the achieved linewidth is roughly 1 MHz

which corresponds to an improvement by a factor of 100 compared to a free running laser

diode.

Frequency-altering is accomplished by changing the back reflection angle of the grating.

In order to avoid induced beam migration, a mirror with fixed connection to the grating

holder is installed. In the case of a larger continuous wavelength range without mode hops

a slight variation of the diode current is coupled to the change of the grating angle. In

order to avoid demolition of the laser diode by back reflected light and to ensure stable

operation a Faraday rotator is placed after the master oscillator. Typical laser powers built

up in this setup are between 10 mW and 50 mW depending on the output frequency. These

properties of the Littrow-grating based laser systems allow for accurate manipulation of

the dipole transitions.

The laser systems for the wavelengths at 854 nm, 866 nm and one laser for 397 nm are

built in this manner. The laser system for the wavelength of 374 nm renounces even for

the grating stabilization because the light excites to the continuum and therefore does not

presume a narrow line.

27 Toptica Photonics
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Fig. 3.11: Schematic layout of the Littrow-based setup of the master oscillator. The zoom depicts

the functionality of the grating.

Light with a wavelength of 423 nm and light of a second laser with 397 nm is constituted

with the above described master oscillator and an additional frequency doubling stage, see

Fig. 3.12 for schematic layout. The system for light at a wavelength of 397 nm additionally

includes an amplifier stage between the master oscillator and the resonator. The amplifier

is built up of a tapered pn-junction which is seeded by light of the master oscillator.

Infrared laser light emitted by the master oscillator is mode matched with lenses to

the ring resonator which consists out of four mirrors. The basic geometrical setup is based

on theory of Boyd and Kleinmann [Boy63]. The length of the ring resonator is matched to

the fundamental wavelength by generating a Pound Drever Hall error signal and adapting

the length by a piezo-electrical steered mirror (see section 3.3.3 for details). This scheme

working on comparable slow time scales is superposed by a fast regulation scheme where

the error signal is additionally fed to the current control of the laser diode.

In order to produce Second Harmonic Light (SHG) in the UV region a non-linear

crystal is placed inside this resonator. The generated UV light is decoupled from the

resonator by a partial UV transmitting mirror. The divergent light output is focused with

a cylindrical lens.

The advantage of the SHG laser at 397 nm light compared to the simple master oscil-

lator at a wavelength of 397 nm is the by a factor of 15 higher power of emitted light. A

disadvantage of the dual locking scheme with laser current stabilization and cavity length

regulation is a frequency drift of the laser light. In order to obtain anyhow high frequency
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Fig. 3.12: Schematic layout of a SHG laser system including a tapered amplifier and a frequency

doubling stage with second harmonic generation by a crystal. Cavity length variation

is accomplished via a piezo electrical driven mirror.

stabilization and control of a SHG-laser system, an additional external cavity is necessary.

3.3.2 Wavelength measurement

All relevant wavelengths of the laser systems are measured via a wavelength meter28. A

fiber switch virtually allows the simultaneous measurement of eight wavelengths. The

functionality of the wavelength meter is based on six Fizeau interferometers which differ

in finesse and free spectral range. By correlating the results of the distinct interferometers

and comparing with saved calibration measurements, a relative accuracy of 3 · 10−8 is

achieved. This corresponds to an absolute accuracy of 10 MHz for 350 THz.

This large accuracy is due to a non-movable setup of optical components, thermal

isolation and progressive analyzing software. Measurable are wavelengths between 350 nm

and 1120 nm with beam powers between 0.06µW and 15µW.

28 WSU-30, High Finesse GmbH
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The regularly recommended calibration is accomplished via a stabilized HeNe laser. An

absolute calibration is realized with FMTS (Frequency Modulation transfer spectroscopy)

on calcium. This Doppler free method utilizes the 41S0 ↔ 41P1 transition of atomic

calcium in a vapor cell to determine the frequency. An absolute calibration accuracy of

500 kHz is ensured with this technique [Ebl06].

3.3.3 Frequency stabilization

Laser frequency stabilizations in experimental setups dealing with neutral atoms are usu-

ally built up with vapor cells, offering a precise frequency reference [Ebl07]. Ion experi-

ments include laser frequencies which are usually not covered by atomic transitions acces-

sible with vapor cells. Therefore, laser systems driving transitions in 40Ca+ are frequency

locked on external Fabry-Pérot cavities for higher stability on different time scales. This

includes the advantage of easily altering the wavelength by changing the cavity length.

The cavities are built up by two mirrors on a glass ceramic Zerodur cuboid with a

cylindrical hole, acting as holder and spacer. Zerodur possesses the property of zero

thermal expansion at the room temperature domain. This ensures minimized frequency

drift due to temperature alterations. One mirror is glued directly to the ceramic block

while the according second mirror is connected via two independent ring shaped piezo

transducers and ceramic29 holders to the other side of the spacer. The fixed mirrors are

plano-concave with a curvature of 250 mm, the movable mirrors are plano-plano. The

mirror reflectivity of 99.1 % and the inter mirror spacing of 10 cm leads to a Free Spectral

Range (FSR) of 1.5 GHz and a finesse of F ≈ 250.

In order to gain extended frequency tuning, one piezo of each cavity is controlled via a

high-voltage module30. The second piezo is addressable via computer using a high voltage

amplifier31, thus ensuring fine adjustment of the wavelength of each laser system. Four

cavities are placed together on one Zerodur cuboid.

The whole setup including the mirrors, piezos and the holder is built up in a stainless

steel vacuum can in order to thermally isolate from the environment as well as to prevent

the system from an altering air pressure. Optical access is guaranteed by four fused silica

windows on each side. The first evacuation is accomplished by a turbo pump via an all

metal valve. After its withdrawal, an ion getter pump32 creates a pressure of 10−7 mbar.

Thermal exchange with the environment is reduced to thermal radiation.

An additional acoustic isolation is obtained by enclosing the vacuum can with wooden

29 Macor
30 EHQ 8210p-F, iseg Spezialelektronik GmbH
31 miniPiA 103, TEM Messtechnik GmbH
32 2 l/s, Varian Inc.
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shielding including internal noise insulation.
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Fig. 3.13: Schematic layout of the Pound Drever Hall based laser lock. The modulated laser light

is partially reflected by the cavity and detected via the left photodiode. The error signal

is generated by mixing this signal with the original modulation signal. Laser wavelength

is stabilized with this error signal. The cavity transmission signal is monitored via the

right photodiode and a camera.

The error signal generation according to the method of Pound Drever Hall [Bla01]

(PDH) is based on the phase-dependent cavity reflection of a modulated laser beam. Sine

shaped modulation of the master laser current via a bias-T constitutes sidebands with

multiples of the modulation frequency. The sideband distribution depends on the power

of the modulation and can be explained with Bessel functions. The power should be cho-

sen as small as possible, so that the disturbance of experiments by sideband frequencies

is minimized but with the claim that the stabilization is still stable. Best choice to avoid

this problem is to modulate only the light towards the cavity with an Electro Optical

Modulator (EOM). This is applied in some cases in our laboratory. Different light po-

larizations are utilized to bring maximal light to the cavity and all reflected light to the

photodiode.

The cavity transmission depends on the frequency of the light. In the case of a TEM00

mode, the transmission is maximized where the reflection is minimized. Sidebands of

order +1 and -1 possess a difference of π in the phase. Therefore, by detecting the

reflected signal with a fast photodiode and mixing this signal with the initial modulation
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frequency, the PDH error signal with zero crossing for maximal transmission is generated.

The error signal shape is optimized with proper phase between the photodiode signal and

the modulation.

Actual frequency locking is achieved by feeding this PDH error signal into PID reg-

ulators which act either on the laser current or on the grating and regulate the laser to

maximal cavity light transmission. Consequently the laser frequency is fixed to a dedicated

cavity mode. Both a camera and a photodiode are installed after the cavity to facilitate

optimal beam alignment across the cavity. The schematic layout of the locking scheme

including the PDH error signal generation is depicted in Fig. 3.13.

All laser systems acting on 40Ca+ levels are frequency-stabilized with this PDH scheme.

The laser systems including an internal frequency-doubling stage possess a frequency

lock on the internal ring cavity. Being variable in total length and additionally not being

thermally and acoustically isolated, the laser frequency possesses a drift of ∼ 1 MHz/min.

Thus, the total locking scheme is changed by including an external cavity and to renounce

on a part of the internal lock.

The master laser is locked in the same way as the simple non frequency doubling

systems to the external cavity. The same modulation frequency is utilized for the PDH

error signal generated from the internal ring cavity and for the error signal constituted

by the external cavity. The internally generated PDH error signal is solely utilized to

adapt the ring resonator length to the master laser wavelength. Due to removing the fast

internal lock including variation in the laser current, the total system is more sensitive

concerning acoustic noise or vibrations.

Advantages are both a frequency stable and a frequency controllable laser system. This

external locking scheme is applied to the frequency doubled laser system for generating

light at a wavelength of 397 nm

3.3.4 Intensity stabilization

Both experiments dealing with coherent processes and spectroscopic experiments presume

constant Rabi frequencies. Therefore, the power of the laser light has to be stable in time.

Commercially acquired laser systems comprise drifts and fluctuations of the emitted light

power on very different time scales. An external stabilization is necessary to minimize the

fluctuations.

A unit which allows for the fast alteration of light power is the Acousto Optical

Modulator (AOM). Therein, a crystal is modulated via a piezoelectric transducer with a

sine shaped voltage causing a propagating sound wave passing the crystal. A laser beam

irradiated perpendicular to this wave is refracted into distinct orders. Basically, it is a

four-wave mixing process among photons and phonons. The magnitude of refracted light
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with order n ≥ 1 depends on the amount of RF power transmitted through the crystal.

Thus, active light power stabilization is possible using the first order of refraction with an

active feedback loop acting on the RF power.

AOM

experiment

laser

amplifier

variable
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1.order

0.order
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sinusodial
voltage

feedback
regulator

PID

-1.order

Fig. 3.14: Layout of laser intensity stabilization. The first diffraction order of an acousto-optic

modulator is feedback-controlled via a fast variable attenuator.

A schematic layout of the intensity stabilization is depicted in Fig. 3.14. Radio fre-

quency, originated with a voltage-controlled oscillator33 with fixed frequency, passes a

variable attenuator34 and is routed amplified to the AOM crystal. About one percent of

the first order refracted light is detected via a fast photodiode, whereas the major part

heads to the experiment. The PID regulator receiving the photodiode signal and acting

on the variable attenuator regulates for constant light in the first order of the refracted

light.

An electrical circuit diagram depicting the PID regulator with integrated output am-

plification can be found in appendix A.4. Because the variable attenuator requires up to

100 mA of current the integrated power amplification is essential for proper service. The

variable attenuator is actually a phase detector35 which acts as a fast attenuator with a

step response of 300 ns, being two orders of magnitude faster than the step response of

20µs of a typical attenuator36.

Th method of choice for the characterization of fluctuations and drifts on very different

time scales of the light power is the Allan variance, see appendix B for the C++ code. The

33 Minicircuits MCL POS-150P
34 Minicircuits ZRPD-1
35 ZRPD-1. Proper connection of the phase detector is: R - RF input, I - control voltage, L - regulated

RF output
36 Minicircuits TFAS-2
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Fig. 3.15: Laser light stability with (blue squares) and without (black dots) active intensity sta-

bilization depicted by calculated Allan Variance. The improvement with stabilization

is up to two orders of magnitude for time scales of about 1 s.

only prerequisite for the analysis of this type is an equidistantly arranged set of data points

νi in time t. The Allan variance is defined as

σ2
y =

1

2

〈
(yn+1 − yn)2

〉
, (3.7)

where the mean values of each data sector yn is calculated by

yn =
1

k

(n+1)k−1∑
i=nk

νi . (3.8)

The variable k is the number of subdivisions of the data which is varied for different n

showing the behavior of the data for different time scales.

In order to carry out Allan variance measurements, the laser light which is normally

guided to the experiment is recorded via a fast photodiode. The Allan variance is calcu-

lated for light without intensity stabilization and with regulation, see Fig. 3.15. Largest

improvement in stability is indicated for time scales of about 1 s. Here, the stabilization

improves roughly by two orders of magnitude.
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3.3.5 Pulsed laser light source

Non-resonant ion generation requires laser light with high intensity. The utilized laser

system providing this light intensity is a Q-switched Nd:YAG laser37. Herein a single

YAG rod is flash lamp pumped. The basic laser light with 1064 nm is achieved after the

stable invar resonator. The generation of higher harmonics is achieved with frequency-

doubling or -tripling crystals which can be internally installed. Consequently, wavelengths

with 532 nm, 355 nm and 266 nm are additionally available. The maximal energy of 28 mJ

is obtainable with the highest wavelength of 1064 nm. The generation of higher harmonics,

that is shorter wavelengths, is interconnected with a lower energy output. The frequency-

doubled light offers an energy output of 12 mJ, the frequency-tripled light 4 mJ and the

frequency quadrupled light 2 mJ. The basic pulse width amounts to 5-7 ns, the multiplied

frequencies offer a pulse width of 3-5 ns. The repetition rate is adjustable from 1 to 15 Hz.

A second Nd:YAG laser38 was temporarily available, offering the same harmonics but

with a multiple of the energetic output. The energy output for the basic wavelength is

450 mJ, for the higher harmonics 200 mJ, 100 mJ and 60 mJ, correspondingly.

3.3.6 Laser beams

Laser beams of the ionization light near 423 nm and 374 nm are superimposed via a fiber

and collimated together into the trap center where the excitation and subsequent ionization

of neutral calcium takes place. The laser beam direction along the SE-NW direction and

its relative orientation to the calcium oven beam shifts the wavelength of the atomic

resonance 41S0 ↔ 41P1 of calcium slightly due to the Doppler effect and amounts here to

a wavelength of 423.58410 nm.

The light fields for basic cooling, fluorescence excitation and repumping of the ions

at a wavelength of 397 nm, 866 nm and 854 nm are superimposed via a photonic fiber39.

This photonic fiber allows the simultaneous transmittance of ultraviolet and infrared light.

An achromatic lens40 behind the fiber collimates the light to a parallel beam. A second

achromatic lens41 focuses the beams to a minimal size of 75µm diameter for 397 nm and to

a size of 80µm diameter for 866 nm and 854 nm at the location of the ion(s). Superimposing

the light fields via fibers ensures proper hitting of the ions.

An additional laser beam at a wavelength near 397 nm, which is orientated perpendic-

ular to the other beams and traversing the trap vertically, allows Doppler cooling and ion

37 Continuum Minilite
38 Continuum Surelite
39 LMA-10-UV, Crystal Fibre
40 AC254-250-A1, Thorlabs
41 AC127-030-A1, Thorlabs
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Fig. 3.16: Schematic drawing of the horizontal laser paths; a compass card clarifies the beam

orientation. The magnetic field coils are placed NE, SE, SW and NW on the outside

of the vacuum vessel. The magnetic field along the NE-SW direction provides the

quantization axis.

movement detection in this direction.

The magnetic quantization direction is chosen along the NE-SW axis through the

trap. Thus, the light beam at a wavelength near 397 nm with σ effect is also aligned to

the NE-SW axis. The orientation of the π-light beam is perpendicular to the σ-beam

and the magnetic quantization axis. The σ as well as the π light beam traverses its

corresponding AOM twice to gain proper frequency shift and to minimize beam migration

during frequency scans.

Fluorescence of the ion(s) is collected perpendicular to the trap axis either for imaging

the ion(s) or counting the fluorescence.

3.4 Fluorescence detection

A dipole transition is utilized to visualize single ions in a Paul trap, see also Fig. 2.15 in

section 2.2.2. This transition is excited via laser light with energy corresponding to the

energy difference of the transition. The decay creates a photon of equal energy. Having a

short lifetime, this dipole transition causes 109 photons per second which are emitted in

all directions.

A proper imaging lens system is essential to collect the photons space resolved. This

lens system collimates the beams and images the ions onto the camera and/or the photo-

multiplier. Two modes of detection are used. Either by having total light on the camera

or detecting the light simultaneously with the photomultiplier and the camera, respec-
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tively. This is achieved by a partially transmitting mirror42 which can be moved in front

of the camera, then reflecting part of the light to the photomultiplier. The first mode

is used during ion search processes and during EMCCD assisted feedback control of ions

(see chapter 6). The latter mode is applied for experiments which require fast but not

spatially resolved readout of fluorescence. The EIT-spectra and the auto compensation

are acquired in this way.

The total imaging system is mounted on a translation board43 which allows the move-

ment in all three dimensions. Accurate adjustment is obtained with an xyz-translation

stage44. This ensures simple focus and position setting.

3.4.1 Imaging systems

Lens system for 397 nm

The lens system45 is designed for imaging light at a wavelength of 397 nm and for focusing

at 729 nm. Therefore, it consists of five fused silica lenses. A technical drawing is depicted

in Fig. 3.17.

Fig. 3.17: Lens system for collecting and imaging light at a wavelength near 397 nm. Exemplarily

depicted light paths starting divergent from the ion, which is situated on the left in the

vacuum. The light of the ion is focused after the window by the lens system outside

the vacuum chamber and detected either via a PMT or a camera.

In order to increase the numerical aperture, the lens is located in an inverted view

port, achieving an ion distance of 61 mm. This ensures a good vacuum because all optical

elements are outside the vacuum vessel. The inverted view port window is included in the

lens system optimization.

42 The partitioning is 90:10 (r:t) for a 45° incident beam. In this setup, the incident angle is 80° and the

share of the reflected light is 0.6.
43 composed of different item modules, item Industrietechnik GmbH
44 PT3/M XYZ, Thorlabs
45 Sill Optics
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The focal length of the lens system equals 66.8 mm, the numerical aperture is 0.26.

The magnification can be determined by imaging the segments of the trap and comparing

the image size with the trap size. The immediate magnification is 11.5 and the optical

resolution allows for the clear differentiation of single ions which are separated by 5µ m.

Lens system for 313 nm

A lens system suitable for imaging the fluorescence of Beryllium+ has been designed and

built up. Either the 2S1/2 ↔2 P1/2 transition or the 2S1/2 ↔2 P3/2 transition can be

utilized as fluorescence transition of Be+. The wavelength of the emitted light is 313 nm,

where the frequency difference among both transitions amounts to 200 GHz. The demand

on the lens system is the spatial resolution of single ions in an ion crystal. Typical ion-ion

distances equal 15µm. Most imaging lens systems for single ions are designed such that

parallel beams from the image side of the system are focused in one point in the object

plane.

Fig. 3.18: Lens system for 313 nm: Complete overview of the lens system with simulated ray course

at the top. Beneath are parts zoomed. Going from left to right: Light emitting spots,

separated by 50µm. The blue spot is on the image axis. Ray trace is carried out with

the inverted view port window and four lenses. The rays which emerge in the image

plane are shown on the right. Distances between image spots equal 500µm, resulting

in a total magnification of ten.

In order to obtain the best imaging resolution, this lens system is designed for the

imaging of single separated objects. In the simulation, objects are placed with a distance
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of 50µm covering an object area with a diameter of 200µm, see Fig. 3.18. In order to get

a large numerical aperture (NA) value, lenses with a diameter of two inch are chosen. To

achieve good transmission of radiation at 313 nm, the lens material is fused silica. Each

lens is coated with an anti-reflex coating46 for 313 nm to avoid photon loss at the surfaces.

First examinations indicated that a minimum of four lenses is needed for proper imag-

ing. The usage of five or more lenses results only in insignificant improvements. In order

to avoid additional photon loss, the number of four lenses is chosen. As a starting point,

the lens configuration is equal to the lens configuration presented by Alt [Alt02], but with

light at a wavelength of 313 nm.

The window of the inverted view port is included into the calculation to obtain best

results. The first lens of the lens system is located close to the window to receive a large

numerical aperture. The variables to alter during the optimization process are the lens

radius, the distances between the lenses and the distance between the lens system and the

image plane.

The optimization process with the simulation program47 is carried out alternately in

two steps: First by introducing bigger changes and improvements by hand and second by

finding the optimum automatically with the simulation program. Then, to keep costs at

a minimum, the lenses are adapted stepwise to commercial lenses48. In the end, only the

inter-lens distances are changed to finally optimize the system. The resulting lens radii,

lens thicknesses and distances are listed in table 3.1. The mounted lens system is displayed

in Fig. 3.19.

Fig. 3.19: Mounted lens tube system for 313 nm

46 Tafelmaier Dünnschicht-Technik GmbH
47 Zeemax
48 Thorlabs
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radius / mm thickness / mm

object 0

55.235

ivp window ∞ 8

∞ 16.55

lens 1 -135.3 7.8

-46.5 0.1292

lens 2 -193.4 6.6

-63 3.083

lens 3 136.8 7.8

-136.8 7.278

lens 4 -69 4

∞ 800

image 0

Tab. 3.1: Lens radius, lens thickness and distances

The numerical aperture is defined as

NA = n sin
α

2
, (3.9)

where n is the index of refraction and α is the angle of the cone-shaped light emerging from

the object and hitting the first aperture. The NA of the developed lens system amounts

to 0.2782. The effective focal length is 74.33 mm.

In order to build up the lens system, a commercial lens tube acts as a holder. The

distances between the lenses are fixed with aluminum tubes49 which just fit into the lens

tube. To avoid pollution of the surfaces with dust particles, the assembly of the parts has

been accomplished in a dust free area under a flow box. In order to test the lens system

close to reality, a micro led [Sun04, Sun06] emitting light with 316 nm is used as the object

instead of Be+. In Fig. 3.20(a), a micro led with a diameter of 10µm is imaged showing

the high resolution of the lens system. The high resolution for off axis light is shown in

Fig. 3.20(b) with a micro led of 500µm diameter.

3.4.2 Photon detection and collection efficiency

EMCCD (Electron Multiplying Charge-Coupled Device) cameras combine single photon

sensitivity with spatial resolution. These qualities predestine for imaging single fluorescent

ions.

49 workshop university Ulm
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Fig. 3.20: Lens system test: Images of micro leds emitting light at a wavelength of 316 nm. The

active chip area in the left picture features a diameter of 300µm and the right picture

a diameter of 10µm. Note that the pictures are scaled differently.

An array of silicon sensors constitute a CCD. Each semiconductor reacts on incoming

photons by absorbing the energy and constituting electron-hole pairs. These charges are

separated with an external electrical field and are stored separately in each sensor. The

read out is accomplished by shifting the accumulated charges line per line into a sort-out

register. After that, each amount of charge is amplified to gain signal-to-noise ratio. An

analog-to-digital converter translates the signal into counts.

The electron multiplying takes place between the sort out register and the a/d con-

verter. Here, a high electrical potential accelerates the charges and generates additionally

charges caused by the avalanche effect. This technique improves the signal-to-noise ratio.

The EMCCD-camera50 used in these experiments possesses an array of 1004 x 1002

pixels, each of size 8 x 8µm2. This comparable high resolution predestines this camera for

the camera-assisted moving of ions.

The detector chip can be cooled to -70◦C using a peltier element. With addition-

ally water cooling, the minimal reachable temperature is -90◦C. The low temperature

suppresses thermally induced electron-hole pairs which would add noise. The quantum

efficiency is wavelength dependent and amounts to 0.4 for a wavelength of 397 nm.

A photomultiplier detects photons very fast. Therefore, it is the first choice for spec-

troscopic measurements which require a good time resolution. Furthermore, the analysis

of the count rate is easier compared to the analysis of a camera image. The signal-to-noise

ratio can be increased up to ∼7 by placing a two-dimensional slit accurately into the image

plane such that the scattered light from the trap electrodes or reflections from the win-

dows are removed from the detection. The count rate equals 42,000 1/s with laser powers

of P397nm = 33µW and P866nm = 1.5 mW. A novel method to determine the collection

efficiency is given in section 5.6.3.

50 Andor iXon DV885
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The photomultiplier51 features a quantum efficiency of 0.27 for the fluorescent light

of 397 nm from 40Ca+, meaning that approximately every fourth photon which hits the

photomultiplier is actually counted. A two-dimensional mechanical slit in front of the

multiplier is adjusted for a maximal signal-to-noise ratio.

TTL pulses produced by the photomultiplier feature a length of 15 ns. In order to

detect those pulses with the NI-card52, they have to be lengthened electronically to ap-

proximately 30 ns. The circuit diagram for this device can be found in appendix A.3.

The fluorescence of the excited S1/2 ↔ P1/2 transition of 40Ca+ is emitted into the

total spatial angle 4π. The portion detected by the lens system for 397 nm is given by

dΩ

4π
=

1

2

[
1−

√
1− 1

1 + (2s/deff)2

]
, (3.10)

with the working distance s = 61 mm being the distance between the ion and the lens

system. The parameter deff is the effective diameter of the lens system, wherein the

photons are transmitted through the lens system. In the case of the Sill-lens system,

the effective diameter equals 0.8 times the entrance diameter. This factor is due to the

consecutively ordered single lenses which alter the beam. The factor is calculated with an

optic analysis software53. The effective diameter amounts to deff = 33 mm. The photon

collection efficiency of the lens system is therefore dΩ
4π = 0.017± 0.001.

Even though the five lenses of the lens system possess an anti-reflection coating, part

of the light is absorbed or reflected. A measurement with laser light of wavelength at

397 nm indicates a transmission of 96 %, see [Mai06] for details.

In front of both the camera and the photomultiplier, a filter transmits most of the

397 nm dipole light of 40Ca+ but blocks light from other sources such as laser light at

866 nm or 854 nm or environmental stray light. The transmission rate for the camera fil-

ter54 is 52.9 % and for the PMT filter55 92.8 %. The lower transmission value for 397 nm

of the camera filter is due to a pronounced blocking characteristic for the ionization wave-

length at 374 nm and 423 nm. This allows an enhanced ion search process since the ion-

ization and fluorescence excitation can be applied simultaneously.

Multiplying all relevant factors leads to the detection efficiency as the ratio between

emitted photons of the ion and registered counts on the PMT or the EMCCD camera. This

overall photon collection efficiency (pce) by using the photomultiplier is pcepm = 0.0023.

In the case of the EMCCD camera two modes have to be distinguished. With the partial

51 electron tubes, model P25PC
52 National Instruments, NI-7053E
53 Zeemax
54 Chroma D 405/30m
55 A Semrock FF01-395
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beam splitter in front of the EMCCD chip, the efficiency is pce’EMCCD = 0.0014. With all

light being directed onto the camera an efficiency of pceEMCCD = 0.0035 can be achieved

3.5 Experimental control

The various experiments presented in this thesis require a modular experimental control

system. Basal is a central control unit with an interconnection to all relevant elements.

A modular extensible software on a commercially available personal computer acts as the

central control unit. Depending on the exact experimental application, various control

systems have been set up. Here, the focus is laid on the main three experimental control

systems.

The first system is the setup to control and to perform spectroscopic measurements,

see Fig. 3.21. Data acquisition is obtained via the photomultiplier. Short timed TTL

pulses are generated via a FPGA. These TTL pulses allow accurate laser light switching

and the photomultiplier timing as well. Accurate frequency scanning of the laser beams

is accomplished via acousto-optical modulators driven by signal generators. This system

is mainly applied for experiments presented in section 5.

FPGA
personal computer-
Master Control Program

laser wavelengths
397 nm, 866 nm, 397 nm SHG

NI-7053E

PMT

TTL

mini PiA

cavity piezos

DAC-8814

EHQ-8210

laser switch 
397 nm, 866 nm, 
854 nm,  397 nm 
SHG: p, s, Doppler

trap segment voltages

NI-GPIBSML01
signal generators

laser wavlengths 
397 nm SHG: p, s

AOM drive

RC-lowpass

TTL

DAC-8814

ethernet

Fig. 3.21: Overview of the experimental control for spectroscopic measurements.

The second control system is utilized to measure oscillation modes and to study photo-

ionization, see Fig. 3.22. The controlled excitation stimulation is accomplished via a signal

generator, the read-out is done via the camera.

The third important system is the basis for feedback-controlled experiments with single

ions, see Fig. 3.23. An interactive experimental control system is required. The master
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personal computer-
Master Control Program

laser wavelengths
397 nm, 866 nm, 397 nm SHG

EMCCD camera

mini PiA

cavity piezos

DAC-8814

EHQ-8210

trap segment voltages

NI-GPIBSML01
signal generator

trap segment 
ion oscillation stimulation

RC-lowpass

Andor PCI

DAC-8814

Fig. 3.22: Overview of the experimental control for measurements of oscillation modes and for

photo-ionization studies.

personal computer-
Master Control Program

laser wavelengths
397 nm, 866 nm, 397 nm SHG

EMCCD camera

mini PiA

cavity piezos

DAC-8814

EHQ-8210

trap segment voltages

RC-lowpass

Andor PCI

DAC-8814DC Motor
Controller

3-axis 
stage

camera
lens position

Fig. 3.23: Overview of the experimental control for automatic feedback control. A motor con-

trolled 3-axis stage allows to move the lens-camera system to observe the ions at differ-

ent location in the trap.
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control program as the central control unit interconnects the read-out of the ion’s state

with the trap segments as potential molder and the laser wavelengths and beam blocks

for ion control. This system is mainly applied in section 6.

3.5.1 Control software

The computer control over an experiment dealing with ion crystals presumes a versatile

software tool. The most important requirements are the addressing and / or the read out

of external devices, data processing and manipulation and a modular shapeable graphical

user interface.

Fig. 3.24: Screen shot of the control program including an ion video stream. Currently the video

function is running, which is signalized by the red emphasized button. Several other

control functions can be seen where those which expect parameter values are grouped

automatically together with the entry fields in a box. The two white lines above and be-

low the ions indicate a rectangular box inside which photon counts are further computed.

The resulting total count rate versus time is plotted as a graph. Another application of

the box is the selection of a region of interest around the ions for feedback-optimized

operations with ions.
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The program fulfilling those demands has been developed in our group56. The software

is written in C++ and allows for function calls via the graphical user interface, see Fig. 3.24.

The function parameters required for internal operations or for experimental control can

be set here as well.

The modular layout allows both the expansion and the modification of the graphical

surface and the underlying control algorithms. This matches to the demands required in

a laboratory dealing with quantum information tasks. Input data as well as output data

are processed with this master control program. In addition, the user sets variables via

the graphical user interface, the input data mainly arise from the EMCCD camera and

the photomultiplier which both extract information about the current state of the ion.

The EMCCD camera data can be displayed as a video stream, as single photos or can be

simultaneously utilized for further data processing.

The output data can be correlated to the input of the user or to the read out of

the camera. Consequently, the system can react on external alterations (see section 6 for

experiments). This action can be executed by modifying the voltages on the trap segments

which generate the trapping potential, by adjusting the wavelength of the laser beams, by

blocking and deblocking the light beams via switches and by moving the camera lens to

image different regions inside the segmented Paul trap, see Fig. 3.23 for an overview.

3.5.2 Pulse generation

Experiments in quantum information processing and modern spectroscopy often require a

fast control unit which allows for the generation of pulsed light sequences with changing

properties. This is achieved by generating pulse sequences with a Field Programmable

Gate Array (FPGA) unit and hand down as logic 5 V TTL pulses, allowing for the parallel

output of 20 TTL control sequences. Single pulse lengths down to 10 ns are attainable.

Flexible coding of pulse series is carried out with C++ in the master control program. The

addressing of the FPGA is accomplished via giga-bit Ethernet. These TTL pulses drive

switches which control the driving RF power of the AOMs.

Furthermore, the FPGA is used to clock the PMT read out. The detected photons

are counted by a NI-card57. In order to define count summation time spans, the NI-card

receives TTL clock signals. Summation is performed between two succeeding rising pulses

and interpreted via the PC. Having RF signals in the MHz regime, switching in a fast pulse

mode, requires proper electrical termination of 50 Ω of all wire endings. This prevents from

reflecting signals and spurious counts.

Fast switching and frequency detuning of laser beams is accomplished by AOMs with

56 Major software parts have been created by K. Singer, G. Huber and R. Maiwald
57 National Instruments, PCI-6035 E
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a rise time of 55 ns. Two different operating modes are employed. In single pass mode

the light beam transverses the crystal once and acquires a frequency offset of n times the

radio frequency for the nth diffraction order. A moderate light power decrease is achieved

with the disadvantage of a change in the diffraction angle in dependence of the radio

frequency. This can be circumvented with the double pass arrangement, where the nth

diffraction beam is reflected back into the AOM after the first transit. By arranging the

back reflection such that the beams overlap for different frequencies, the migration of the

beam can be minimized. By transmitting the light twice through the AOM, the total loss

is squared compared to the single pass arrangement.
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Fig. 3.25: Calibration relation for the AOM control to obtain constant light power in the first

diffraction order for different frequencies. The polynomial function allows automatic

accommodation in frequency scans.

The setup of an AOM includes a resonator to enhance the RF voltage for the piezo.

The resonance curve of this resonator specifies the input power in dependence of the

frequency. Therefore, the power of the light diffracted to the nth order is dependent on

the frequency. This effect is negligible in the case of a frequency detunings below 1 MHz.

In cases wherein a wide frequency scan is essential, for example the EIT probe beam, the

driving power has to be adapted.

Keeping the optical power constant for different frequencies is achieved by manually

adapting the AOM control power for several frequencies to achieve equal light power in
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the first diffraction order. By fitting a polynomial function of fourth order, a relation is

acquired for continuous frequency, see Fig. 3.25. This polynomial is used to automatically

adapt the power in dependence of the frequency, enabling for AOM scans over a range

of 40 MHz. A total light frequency scan range of 80 MHz with constant light power is

possible in the case of a double pass setup.

Actual switching of laser light is achieved by controlling the RF modulation of the

crystal. A switch58 is used for fast RF switch-off. The control is accomplished via 5 V-

TTL pulses. Total light blocking is impossible with this setup because the switch transmits

part of the RF in the off-state mode. A power of about 0.1 % of the original value is still

present while being switched off.

Mechanical shutters are utilized in cases where the laser light has to be blocked com-

pletely and fast switching times are not mandatory. Basically, these shutters are built

up with modified loud speakers [Sin02] and allow for the blocking and deblocking of laser

beams within 1 ms. This shutter mode is used for the ionization laser beams, the Doppler

laser beam during recool measurements and for switching between the horizontal and

vertical Doppler laser beam whilst auto compensation measurements.

58 Minicircuits, ZYSW-2-50DR



4. TECHNIQUES AND AUTOMATION ROUTINES

FOR THE OPERATION OF AN ION TRAP

Several novel or further developed experimental techniques are presented in this chapter.

Automatized compensation of ions in the trapping potential is the basis for almost every

performed ion experiment in this thesis. Thereafter, the complete line spectroscopy tech-

nique enables the experimental approach to the high frequency part of an ion transition

which is utilized for cooling. This method is fundamental for the study of electromagnetic

induced transparency spectra described in chapter 5.

The automatic determination of the ion oscillation frequency enables statements both

about the trapping potential and the trapped ions. A specific property of the segmented

trap setup is the heating rate which is obtained by the use of Doppler recool measurements.

Finally, the multiphoton ionization of atoms with different pulsed laser sources is presented

which leads to the multiphoton ionization cross section of singly ionized calcium ions.

4.1 Automatic 3-dimensional compensation

All ion experiments gain with well cooled ions. A prerequisite to achieve this condition,

is to minimize radio frequency driven oscillations. Not being in the RF-minimum of

the confining potential results in micromotion and thus in a heat up of the ion(s). Any

deviation of the perfect trap geometry causes a shift of the ion’s position away from the

radio frequency minimum. Additional potential changes can be caused by one or more of

the following reasons (graded according importance):

• Ionization and deformation of parts of the trap surface by the pulsed laser.

• Partial heat up of the trap by the applied RF-voltage lead to slight deformations of

the trap geometry.

• The first item also appears in a weakened form with the UV light of the REMPI

lasers and the 397 nm lasers.

• Charged areas on the trap surface can be created by calcium depositions from the

oven which react with residual gas to oxide or nitride layers.
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• The charge distribution on the isolator between the electrodes can be changed by

sizable DC-fields.

• Trap copper can diffuse through the thin gold layer to the surface and react with

residual gases to oxide or nitride layers.

These additional DC-fields lead to extra micromotion. Being a driven motion it cannot

be reduced by laser-cooling. The only way to minimize the micromotion is to shift the ion

into the RF-potential minimum [Raa00]. The above described effects change the effective

potential at the position of the ion on different time scales and in different magnitudes.

Therefore, it is important to find out the RF-minimum with a measurement technique

that is simple and fast enough to provide a useful every-day calibration tool.

Crude compensation is accomplished by observing the position of the ion on the camera

picture while varying the RF-amplitude. In the case of higher RF-amplitudes the ion is

forced to move closer to the RF-minimum. In that way the compensation voltages can be

roughly adapted.

Another method which offers higher accuracy is the correlation measurement between

detected photons of the ion at the PMT and the phase of the confining RF-field. This

measurement is mainly based on the Doppler effect. Ions having micromotion oscillate with

the frequency of the RF. Therefore, they scatter the incoming laser light mainly during

one phase of their oscillation, depending on the relative detuning of the laser light. Hence

the number of emitted photons is sensitive to the motion of the ion and can be detected

phase dependent with the PMT. If this signal shows sine shaped behavior with frequency

of the RF, the ion is not well compensated. By varying the compensation voltages this

oscillation and consequently the micromotion can be minimized.

A third method takes advantage of the broadening of an optical transition due to

the micromotion. The natural lineshape of an optical transition is of Lorentzian shape.

Several broadening effects alter this lineshape [Ebl06]. Here the focus is restricted on the

micromotion effect and the laser power broadening. The ion’s micromotion constitutes

sidebands at integers of the radio frequency with amplitudes according to the n-th Bessel

function. Therefore the micromotion altered lineshape is the sum of all sidebands. The

relative strength of the sidebands is given by the modulation index in the Bessel function

and depends on the magnitude of the micromotion.

In Fig. 4.1 an optimal lineshape with no micromotion is plotted with a micromotional

broadened line. Both lines show power broadening with a linewidth of γ = 25 MHz. It

can be clearly seen that the frequency dependent fluorescence is different for the two lines.

This fact is exploited for accurate compensation. A poorly compensated ion features a

fluorescence behavior where the spectrum is broad and flat. The laser detuning has first
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to be set to the value where the photon count rate is halved relative to the maximum.

By proper alteration of the compensation voltages, the photon count rate can be reduced,

leading to a compensated ion (see arrow in Fig. 4.1).
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Fig. 4.1: (a) Micromotional broadened line (black line) together with a compensated line shape

(blue line). The arrow indicates photon count rate alteration during compensation. (b)

The micromotional broadened line is constituted by a sum of generated sidebands with

distances equal the radio frequency of 13.5 MHz (non-black lines). The modulation index

indicates the motional amplitude of the ion and is chosen here as β = 1.

This proceeding has to be accomplished for at least two laser beam directions, to

minimize the micromotion in all dimensions. The general voltage setting is usually found

in a time consuming iterative way. Major changes occur in the compensation voltages

from time to time. Thus the procedure is automated in the following way. Furthermore,

the resulting compensation voltages possess higher accuracy since a subpixel resolution is

gained via extrapolation of the data.

Only oscillations parallel to the laser beam can be detected by this method. Therefore,

a vertical beam accounts for vertical ion movements and a horizontal beam for horizontal

oscillations. The ion trap possesses compensation electrodes which allow to move the ion

into a plane perpendicular to the trap axis. The applied voltages are labeled compensation

voltage x and compensation voltage y and are controlled via computer. By changing these

voltages stepwise, the ion is moved in a rectangular area perpendicular to the trap axis

(see section 3.1.3).

Fluorescence is recorded via the PMT for each point in this area. The resulting photon

count rate distribution for the vertical and for the horizontal laser beam is depicted in

Fig. 4.2. In both cases a distinct valley crosses the picture which is framed by exaltations
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Fig. 4.2: Photon count rate distribution for varying compensation voltages for the case with hori-

zontal laser beam (left) and with vertical beam (right). White lines indicate determined

minima.

on two sides. Because of its low fluorescence, the bottom of these valleys indicate a

well compensated ion (compare Fig. 4.1). Outside the elevations, the photon count rate

decreases again. This is due to the fact that the oscillation of the ion exceeds the point

above which the count rate gets smaller again.

In order to find the bottom of the valleys, the data are analyzed column by column.

An example can be seen in Fig. 4.3(a). The total column data can not be fitted with a

regular function, therefore only the region between the maxima is chosen to fit with a

polynomial function of order 6. The minimum of this function is determined with higher

accuracy than the compensation voltage step size. The determination of the minimum is

accomplished for each column.

The determined compensation voltage combinations for each column are depicted in

Fig. 4.3(b). For each laser beam configuration the points follow a line which is determined

by fitting a polynomial function. Best compensation voltage combination is given by

the point of intersection of the two minimum lines. Here, the ion possesses the fewest

oscillation energy. In this way, the ion acts like a sensitive probe for the RF-minimum.

4.2 Complete line spectroscopy

The S1/2 ↔ P1/2 transition of 40Ca+ is utilized for Doppler cooling as well as fluores-

cence source for optical detection. Typically, one laser source is applied for both demands.
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Fig. 4.3: (a) Photon count rate column taken from the distribution in Fig. 4.2 (right) for compensa-

tion voltage x = 4.68 V. Determination of the minimum is accomplished via a polynomial

fit between the two maxima. (b) Determined compensation voltage combinations for

each laser beam. The lines are fitted polynomial functions. The point of intersection in-

dicates optimal compensation voltage x = 4.756 V and compensation voltage y = 0.8626 V.

The circle shows the minimum determined by the fit in (a).

Doppler cooling is achieved only with a red detuned1 wavelength relative to the transi-

tion, where most efficient cooling takes place with a red detuned wavelength of γ/2 with

γ representing the transition linewidth. Spectroscopic information of the transition is ob-

tainable only for the red side of the transition with this one laser setup. By tuning the

laser on resonance and further to the blue side2 of the resonance, the ion(s) is (are) heated

up and lost from the Paul trap. The blue side of the resonance is not accessible with

this basic setup. In Fig. 4.5 (blue circles) the S1/2 ↔ P1/2 transition is spectroscopically

recorded in this manner. In order to keep the laser saturation moderate, the power of the

spectroscopy laser is 6µW. With this small power, sufficient cooling is not guaranteed, so

that the ion heats up and causes spikes in the line shape.

In order to gain also information of the higher frequency domain relatively situated

to the transition (the blue side), a second tunable laser light field is necessary for this

frequency range. The first laser beam Doppler cools the ion with a fixed wavelength, red

detuned from the transition by γ/2. A second tunable laser beam is frequency scanned

via the transition, to gain spectroscopic information. The two beams are switched on

alternately where fluorescence information is collected by the PMT only during the spec-

1 ”red detuned” means smaller frequency, hence minor energy.
2 ”blue side” is the domain with higher frequency relative to the transition.
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PMT

cooling
397 nm laser

spectroscopy
397 nm laser

tcool

tspect

Fig. 4.4: Timing diagram for complete line spectroscopy. The laser beams for cooling and spec-

troscopy are switched on alternately. Fluorescence detection with the PMT is synchro-

nized with the spectroscopic pulses.

troscopic measurements, see Fig. 4.4 for pulse timing diagram. The lengths of the spectro-

scopic pulses are in the order of 10µs. In order to gain satisfying signal-to-noise ratio, the

pulse sequence is applied ∼1000 times. Spectroscopic information is obtained by stepwise

changing the tunable laser after each looped sequence.

Having two laser sources with a wavelength of 397 nm, different frequency scanning

modes to obtain the complete line are possible:

• Two laser mode: The wavelength of the cooling laser is fixed by an external cavity

(see section 3.3.3) to γ/2. The spectroscopic laser wavelength is tuned over the

resonance either by an external alterable cavity or by tuning the frequency applied

to an acousto-optic modulator (AOM) (see section 3.5.2).

• One laser mode: The laser beam is divided in two parts, where the cooling laser

passes an AOM, to gain a positive frequency shift. The frequency scan is obtained

by either scanning the laser with an external alterable cavity or by scanning the

AOM. In the first case the cooling efficiency is also changed by scanning. In the

second mode only the frequency range accessible with the AOM is obtained.

Depending on the experimental goal, a different mode is preferable. Having two lasers

with a wavelength near 397 nm in the laboratory, the two laser mode is utilized in most

cases for this work. A complete line recorded in this way is shown in Fig. 4.5 (open black

squares). The spectroscopy laser power is P397 = 6µW, such as in the non-pulsed scheme,

the power of the cooling laser is P397 = 54µW, and the power of the repump laser is

P866 = 20µW, to reduce dark resonance effects.

In order to achieve well cooled ions during spectroscopy on the blue side, two ratios

have to be adapted. The first ratio is the proportion of the power of the spectroscopy- to
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Fig. 4.5: Spectroscopic recording of the S1/2 ↔ P1/2 transition of 40Ca+. Only part of the red

side of the resonance is obtained without cooling the ion with laser light. The ion is

heated up and lost near the resonance (blue circles). With the pulsed cooling sequence

the whole lineshape is obtainable (black squares). Transition frequency and linewidth are

determinable much more precisely. A Lorentzian profile is fitted to the complete line. The

laser power for the spectroscopy laser is in both cases P397 = 6µW and P397 = 54µW

for the cooling laser in the case of the complete line.

the cooling beam. Being below the value of one for the power ratio is necessary for these

measurements. The second ratio is the proportion of the spectroscopy pulse length tspect

to the cooling pulse length tcool. Line shapes for different pulse length ratios are displayed

in Fig. 4.6. A hump on the blue side of the line appears for higher ratios, indicating longer

spectroscopy pulses. This increase in fluorescence is caused by a poorly cooled ion which

oscillates in the trap volume (see also Fig. 4.1 in section 4.1). Additionally, the absolute

length of the spectroscopy pulse is limited for accurate measurements.

The possibility to obtain the complete line allows preciser measurements of the transi-

tion frequency and the linewidth. Additionally induced line changes on the blue side of the

transition are obtainable with this technique. For example, electro magnetically induced

transparency effects can be studied on the blue side of the transition (see section 5).
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Fig. 4.6: Complete line with variable ratios between spectroscopy duration and cooling time. Spec-

troscopy lengths vary from 20µs over 70µs and 110µs to 130µs. The hump on the blue

side of the line is more developed for larger ratios. Power of the spectroscopy- and the

cooling beam are 6µW and 54µW, respectively.

4.3 Oscillation frequency determination

Confining harmonic potentials generated by ion traps are usually characterized with fre-

quencies for the axial direction ωax and the radial directions ωr. These frequencies indicate

the oscillation of a single ion or the COM-mode of an ion crystal. In Paul traps, the two

radial frequencies are mostly degenerated. With the knowledge of the trap frequencies

and the ion energy, information about the phonon number can be received [Näg98].

A second important experimental technique utilizes the knowledge of two oscillation

frequencies of an ion crystal including an unknown mass to determine this mass (see

section 2.1.5).

General prerequisite is the exact knowledge of the oscillation frequency. A low error

in this measurement allows differentiation between distinct trapped isotopes.

In the following a method for exact oscillation frequency determination is introduced.

The oscillation stimulation is accomplished by applying a sine shaped voltage on a dis-

tantly located segment which is not used for the creation of the confining potential or for
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Fig. 4.7: Oscillation modes: Center of mass mode with medium excitation amplitude (left picture)

and large amplitude (middle picture). Radial oscillation is depicted on the right. The

applied RF-field for the radial confinement amounts to 580Vpp. Axial confinement is

achieved with following segment voltage distribution (see section 3.1 for segment num-

bering): L1 = 44 V, M = -22.6 V and R1 = 48 V.

compensation. The oscillatory voltage is generated by a signal generator3 which is control-

lable via computer, allowing automatic alterations of frequency and absolute amplitude.

Having compatible stimulation frequencies and proper amplitude, the trapped ion is

stimulated to oscillate in the direction of the potential of this frequency. The excursion

of the ion can be detected by the camera. Both, to gain frequency sensitivity and to

automate the procedure, the camera pictures are analyzed automatically via software.

By defining a rectangular region of interest around the ion(s), the computational effort

is minimized. The photon count numbers are added up column per column, to enhance

the signal-to-noise ratio of axial oscillations. This results in a one dimensional count rate

distribution. In the case of radial oscillations, the sum is created row per row.

Two vertical count rate distributions are depicted in Fig. 4.8(a). The narrow line

originates from a non-oscillating ion with off resonant stimulation. The lower and broader

line stems from an oscillating ion which is stimulated resonantly. Thus, the widths of these

lines show the extent of ion oscillation. By fitting Lorentzian functions to these lines, the

widths are determined and correspond to the oscillation strength of the ion. The integral

of the different Lorentz fit functions is equal within ±5 %.

The excitation resonance is detected by scanning stepwise the stimulation frequency

and by evaluating the linewidth after each step. On the other hand the excitation ampli-

tude is chosen such that the ion excursion on resonant is limited and the ion is not lost.

Large ion excursion is determined in the case of being on resonance, see Fig. 4.8. In this

example the radial frequency is 2π · 753.56±0.22 kHz.

This novel camera assisted technique to measure the oscillations of an ion crystal in

3 Rhode&Schwarz Signal Generator SML01



90 4. Techniques and automation routines for the operation of an ion trap

0 2 0 4 0 6 0 8 0 1 0 0
0

1

2

3

4

5
0 2 0 4 0 6 0 8 0 1 0 0

7 5 2 7 5 3 7 5 4 7 5 5
8

1 2

1 6

2 0

��	��������	�������

 

ph
oto

n c
ou

nts
 / 1

0 0
00

 s

����������
�

 

�

ion
 ex

cu
rsi

on
 γ  

Lo
ren

tz
�������������

γ���������

�	� �
�

Fig. 4.8: Determination of the radial trap frequency. (a) Vertical count rate distributions for off-

and on resonant stimulation (black squares and blue dots, respectively). (b) Determina-

tion of exact oscillation excitation by plotting the widths of the Lorentzian fits versus

the stimulation frequency.

time- and space-resolution is applied in the next section

4.4 Isotope identification in multi-species ion crystals

The method to identify a dopant ion in a multi-species ion crystal is introduced in section

2.1.5. Here, an example of a three ion multi-species ion crystal is given. Two different

configurations exist in a linear three ion crystal containing one dopant ion. The dopant ion

can either be situated in one of the outer positions (• ◦ ◦ / ◦ ◦ • → c = 1) or in the center

(◦ • ◦ → c = 2). The two different situations, with the dopant ion being located either

right or left, are considered as one single configuration, because of their similar oscillation

frequency.

The general correlation between the oscillation frequencies ωc,k and the masses of the

ions is given by

ωc,k = ζc,k(µ) · ωz (4.1)

(see section 2.1.5 for details). The normal mode considered here is the center of mass mode

k = 1. Having two relations from the two configurations c = 1, 2 allows the elimination of
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ωz:
ω1,COM

ζ1,COM (µ)
=

ω2,COM

ζ2,COM (µ)
(4.2)

The analytical solution for ζ2,COM is

ζ2,COM =

√
13

10
+

1

10µ

(
21−

√
441− 34µ+ 169µ2

)
(4.3)

(see section 2.1.3). However, ζ1,COM is only numerically obtainable. Still, with the knowl-

edge of the two oscillation frequencies equation 4.2, the mass of the different ion can be

determined. And with equation 4.1, the frequency ωz is accessible.
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Fig. 4.9: Oscillation strength of a linear ion crystal which is in the center of mass mode as a

function of the frequency . Black dots show the varying oscillation width for configuration

c = 1, when the dopant ion is situated on the left or on the right side (• ◦ ◦ / ◦ ◦ •
→ c = 1). The blue squares depicts the oscillation strength for the second configuration

(◦ • ◦ → c = 2). Regular alterations in the ion crystal arrangement lead to an alternate

appearance of the two configurations.

The two oscillation frequencies are determined in one single measurement process.

The frequency determination technique, introduced in section 4.3, is extended to a multi-

ion crystal. The single Lorentzian fit function is substituted by a sum of N Lorentzian

functions. Information of the configuration state is obtained by analyzing the camera

picture. By scanning the frequency stepwise versus the resonances and determining the

oscillation widths, the mode frequencies are accessible, see Fig. 4.9. Both configurations

appear due to regular alterations of the individual ion positions in the ion crystal.
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The resonance scan reveals values of ω1,COM/2π = 134.41±0.1 kHz and ω2,COM/2π =

135.39 ± 0.1 kHz. Solving equation 4.2 with these frequencies, yields a mass of M =

66.3 ± 1.7 u for the dopant ion in the ion crystal. This result alludes the dark ion to be

Cu 65. With this outcome and equation 4.1, a frequency of ωz/2π = 315.1 ± 0.2 kHz is

determined.

By utilizing the breathing mode frequencies for the two ion crystal configurations, the

accuracy of the mass determination is sufficient to discern atoms, differentiating in one

nucleon.

In [Dre04] a method has been shown which allows the identification of a dopant ion in

a mixed two ion crystal in a two step measurement procedure. In this thesis a technique

is introduced to identify the dopant ion in a single step measurement procedure. Further-

more, this novel technique allows the identification in larger ion crystals with different

oscillation modes.

4.5 Heating rate

An important property to characterize an ion trap is the heating rate of a single ion. The

heating rate is equal to the accumulation of phonons per ms in absence of any cooling

light. An equivalent description of the heating rate is the energy gain or temperature gain

per time interval.

This value is important to predict the applicability of a Paul trap for experiments.

A low heating rate is essential for experiments in quantum information processing. Fast

accumulation of phonons shortens the time for qubit processing or even causes the im-

practicability of such experiments. But also spectroscopic studies and other experiments

gain of a low heating rate. Lower ion energies are easier reached with laser cooling and

the ion lost rate is much lower. Thus, long experiments can be performed with the same

ion(s).

Ions can gain energy if a varying electric or magnetic field couples to its motion state

such that a positive phonon change occurs. Following reasons causing this fluctuating

fields can be stated:

• fluctuating RF- and DC-voltages

• thermal noise induced by the resistor of the lead in wire supplying the segments

• fluctuating surface potentials, caused by extrinsic depositions, e.g. calcium on the

trap

Different approaches reduce the heating rate. In order to reduce the fluctuating surface

potentials the mean of choice is to cool the trap itself as far as possible to 0 K. Experiments
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reveal the decrease of the heating rate by 7 orders of magnitude for a temperature of 7 K

[Lab08]. Reduction of fluctuating DC-voltages can be achieved by low pass filtering the

control voltages before the trap (see section 3.1.3). Nevertheless the cut-off frequency of

the low pass has to be adapted to ensure fast ion transports.

In order to determine the heating rate of an ion, the energy for at least two different

time spans without cooling light has to be measured. In the case of low phonon numbers,

the relation between accumulated phonons and time spans without laser cooling is pro-

portional. By fitting a linear equation through the origin, the slope reveals the heating

rate.

Therefore, the measurement of the heating rate is basically a measurement of the

energy of the ion. This will be explained in the following section.

4.5.1 Energy of a single ion

Different methods are used to determine the temperature of an ion. In the case of very

low phonon numbers the mean of choice is spectroscopy on the motional side bands of

a narrow transition [Roo99]. The disadvantage of this method is the high experimental

effort to excite accurately the narrow transition.

An alternative approach is the observation of the ion fluorescence during Doppler

cooling after a time span without laser cooling. This method utilizes the effect that

fluorescence of an ion is dependent on its motional energy. Higher energies cause Doppler

broadening of the cooling transition, leading to a characteristic decrease in the photon

number, see Fig. 4.8. By recording the photon counts in time resolution and fitting a

proper model, the initial energy of the ion can be determined [Wes07, Eps07, Hub08].

The semi-classical model is based on a single trapped ion in a harmonic potential

which is Doppler cooled by one laser beam, driving an internal cycling transition. A

further prerequisite is a weak binding of the ion in axial direction. That means that the

axial frequency ωax has to be much smaller than the decay rate Γ of the cycling transition.

In order to receive a simplified notation, the energies, the detuning and the time are

written in scaled variables.

[ε; δ; r] =

[
E; h̄∆;

(h̄kz)
2

2m

]/
h̄Γ

2

√
1 + S0 (4.4)

τ = t ·
(

Γ
S0/2

1 + S0

)
. (4.5)

The scattering rate follows from considerations of the momentum transfer by absorbed

photons and can be written for a single ion as

dN

dτ
=

∫
PD(δM ; δD)

1

1 + (δ + δD)2
dδD, (4.6)
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with δM := 2
√
εr being the maximal alteration in energy per scattering event and the

probability density of the instantaneous Doppler shift δD

PD(δM ; δD) =

2π∫
0

δDirac(δD − δM sinφ)
dφ

2π
. (4.7)

The number of photons registered with typical detection efficiencies of a single event

is much too less. Hence the recooling procedure has to be repeated many times and an

average has to be evaluated. Assuming a Maxwell-Boltzmann distribution with mean

energy ε̄ for the motional energies of the ion at the beginning of each recooling cycle,

allows to state the thermal mean of the scattering rate at time τ as〈
dN

dτ

〉
ε̄

≈
∞∑
m=0

∞∫
0

1

ε̄
e−ε/ε̄ · dN

dτ

∣∣∣∣
ε=Ξ(ε′,τ)

dε′ . (4.8)

Basically this is an integration over all initial thermal states.

The determination of the ions energy comprises two steps:

• specifying the saturation parameter which is dependent on laser power, laser focus

and ion properties

• fitting the scattering rate
〈
dN
dτ

〉
ε̄

to experimental obtained data of the emitted pho-

tons during Doppler recooling. Being the only free parameter, the mean energy ε̄

can thus be determined.

4.5.2 Determination of the saturation parameter

Accurate information of the saturation parameter S0 is essential for a precise determination

of the heating rate. Different methods are common to obtain this parameter. Having a

proper technique to record the complete line of the S1/2 ↔ P1/2 transition of Ca (see

section 4.2), the linewidths for various laser intensities can be determined.

The saturation parameter can be deduced by fitting this data to the relation between

the broadened linewidth γb and the laser power P .

γb = γ0

√
1 + So , S0 = c · P (4.9)

Factor c as connection between laser power and saturation parameter and the natural

linewidth γ0 are being matched during fitting process.

A natural linewidth of γ0 = 20.4±0.8 MHz is deduced. This is in good agreement with

other values [Jin93]. The saturation parameter yields

S0 = 0.0478
1

W
· P. (4.10)



4.5. Heating rate 95

0 1 0 2 0 3 0 4 0 5 0
2 0

2 5

3 0

3 5

4 0

 

�

γ b / 
MH

z

��
�	�����	�����

Fig. 4.10: Determination of the saturation parameter. Experimentally deduced saturation broad-

ened linewidth versus laser power (dots). The line is fitted equation 4.9.

4.5.3 Doppler recool measurement

The scattering rate during Doppler recooling is obtained with a repeated pulsed sequence

[Eps07]. Periods with laser cooling and periods twait without laser cooling, during which

the ion can heat up, alternate. The waiting time twait is doubled twice to obtain simulta-

neously data for different time spans without cooling laser. Time spans of 5, 10 and 20 min

without laser cooling are chosen to obtain proper recool data. In addition to the usually

utilized laser beam switching via AOMs, mechanical shutters are used to guarantee total

cooling light blocking during twait.

This cycle is repeated several times to receive enough photons to ensure the assump-

tions of the scattering rate theory. The ion has to be initialized in the same motional state

before each cycle. Therefore, each cycle starts with a Doppler cooling sequence, during

which also the scattering rate is recorded to check if the ion is in the maximal Doppler

cooled state. In order to obtain the time dependent scattering rate during Doppler recool-

ing, the fluorescence has to be recorded in time resolution. Therefore, the photomultiplier

is clocked adequately to obtain a histogram (see also Fig. 4.11).

The laser power of 8.5µW is chosen such, that the ion is recooled in a proper manner.

The wavelength is set to γ/2 of the S1/2 ↔ P1/2 transition by placing the laser frequency
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PMT

397 nm laser

Fig. 4.11: TTL-timing sequence for Doppler recool measurement. Doppler cooling periods take

turn with periods twait with no cooling laser whilst the ion can heat up. The period

length twait is varied exponentially to get information of different ion energies. The

photomultiplier is clocked to obtain histograms. The total sequence is looped several

times to obtain enough photons.

to the point where the ion’s fluorescence is equal to the half of the maximal photon rate.

In Fig. 4.12 the standardized scattering rate during Doppler recooling is displayed.

The waiting time spans without cooling light are 5 min (a), 10 min (b) and 20 min (c). It

can be clearly seen that for longer twait the ion needs more time to obtain the minimal

motion state when the ion is maximal fluorescent. A Doppler time of 45 s is enough to

recool an ion which heated up 10 min. This shows already a low heating rate.

The results of the fits, the mean ion energies (scaled units) of the ions, are listed in

the following table.

twait 5 min 10 min 20 min

ε̄ 240± 50 840± 200 1840± 200

4.5.4 X-trap heating rate

The heating rate is conventionally specified in phonons/s. In a harmonic potential the

relation between energy and phonon number is given by

En = h̄ωax

(
n+

1

2

)
, (4.11)

with ωax being the axial trap frequency. The confining potential which was generated for

these measurements possessed an axial frequency of ωax/2π = 237 ± 1 kHz (see section

4.3 for ion frequency determination in a potential). Therewith the mean ion energies ε̄

determined in section 4.5.3, can be converted to phonon numbers. These phonon numbers

for different wait times twait, when the ions are not laser cooled, are plotted in Fig. 4.13.

Assuming a linear increase of the phonon number allows the heating rate determina-

tion. Fitting a straight line to the measured phonon counts with the constraint of having
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Fig. 4.12: Scattering rate (standardized) during Doppler recooling after periods twait with no

cooling laser. Each experimental point is a mean value of several experimental loops.

The waiting periods twait are 5 min (a), 10 min (b) and 20 min (c).

an intersection with the origin, leads to a heating rate of

˙̄n = 52± 4 phonons/ms (4.12)

in the given potential at ω/2π = 237 kHz. In order to compare this result with heating

rates of other traps, a regularization to 1 MHz is approved. The relation is given by

˙̄n ∝
S(ω)

ω
. (4.13)

The noise spectral density S(ω) causing anomalous heating scales approximately inversely

proportional with the frequency [Tur00]. Therewith the regularized heating rate amounts

to

˙̄n = 4± 2 phonons/ms (4.14)

at the axial trap frequency of ω/2π = 1 MHz. The rather big range is due to the estimated

noise spectral density being inverse proportional. An overview and comparison of the latest

heating rates in various ion traps is given in [Dan11].
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Fig. 4.13: Heating rate determination: Displayed are phonon numbers for different wait times

during which no laser cooling takes place. The slope of the fitted straight line is equal

to the heating rate of 52± 4 phonons/ms at the axial trap frequency of ω/2π = 1 MHz.

The importance of a proper DC-voltage supply can also be seen by comparing the

heating rates for different low pass filters. Before installing the above described low pass,

a low pass similar to [Deu07] was utilized. The heating rate with this device was a factor

of 70 times larger compared with the new low pass (see also [Sch09b]).

4.6 Multiphoton ionization schemes

The multiphoton ionization experiments are performed with linearly polarized wavelengths

of 355 nm and 532 nm. Both radiations are originated by Q-switched Nd:YAG laser systems

with a pulse width of 4 ns (355 nm) and 5 ns (532 nm). The time dependent intensity of

one Gaussian shaped laser pulse is

I(t) = I0 exp

[
−4 ln(2)t2

τ2

]
. (4.15)
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I0 is the peak intensity and τ the pulse width (FWHM). The integral of the intensity

distribution is equal to the energy per pulse per area:∫ ∞
−∞

I(t)dt =
E

A
(4.16)

Performing the integration yields the relation between peak intensity and energy

I0 =

√
4 ln 2

π
· E
τA

, (4.17)

with the ionization area A = πr2
0.

The Gaussian laser light field is collimated with a lens of f = 150 mm into the trapping

region inside the ion trap. The laser spot diameter on this last lens is D = 5 mm and the

beam waists are 403µm (λ = 355 nm) and 695µm (λ = 532 nm).

The probability of ionizing atoms with a laser light field with intensity I is

PCa+ = σKI
K , (4.18)

where K is the nonlinear order interaction (compare with equ. 2.53).

This equation can be expanded to

logPCa+ = K · log I + log σK . (4.19)

By displaying the experimental data in a log-log plot, the slope for low intensities

determines the parameter K. The production of ionized atoms saturates above a specific

value of the laser intensity Is. This saturation occurs due to the depletion of neutral atoms

in the focal ionization volume of the laser beam. The slope becomes equal to one above

the saturation intensity Is. This behavior is due to the expanding interaction volume if

the laser intensity is further increased. By that neutral atoms which are farther located

can additionally be ionized.

The experimental ionization rates versus the energy of the utilized laser light field are

displayed in Fig. 4.14 for the wavelength of 355 nm and in Fig. 4.15 for the wavelength of

532 nm, respectively.

Below saturation, the slope K corresponds to the minimum number of photons N

which are required to dissociate an electron from the atom in a nonresonant multiphoton

ionization process. Therefore, the expected values for the slopes are K355 = 2 and K532 = 3

(see Tab. 2.5 in section 2.2.1). The experimentally determined slopes yield values of

K355 = 1.78 and K532 = 2.36 for the two utilized light field energies. The deviations of

the nonlinear order interaction parameter K from the minimal required photon amount

N is -11 % (K355) and -21 % (K532). These negative deviations indicate the immediate

proximity to the saturation energy where the slope alters to a smaller value.
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Fig. 4.14: Ionization rate of calcium atoms in the trapping volume for pulsed laser light with

wavelength of 355 nm versus pulse energies. The resulting slope is K = 1.78.

Above the saturation point, the expected value for the slope is equal to 1. The ex-

perimentally determined slope for the applied light with 532 nm yields K532 = 0.68. The

deviation may be explained by the fact, that the laser focus exceeds the trapping volume

for higher light field intensities and part of the light is not utilized for the ionization pro-

cess. In the case of light with 355 nm, the intensity has been kept below saturation, in

order not to harm the ion trap with the pulsed UV radiation.

The saturation energy is indicated in Fig. 4.15 by the point where the two slopes cross

each other: ES = 0.8 mJ. The resulting saturation intensity is IS = 9.3 · 106 W/cm2.

In order to determine the probability of the multiphoton ionization process, the number

of generated calcium ions in a volume dV during a time interval dt is analyzed [Bar82]

dn(Ca+) = n0 · PCa+ dV dt . (4.20)

It is dependent on the density of neutral calcium atoms in the ionization volume. The

vacuum pressure during the multiphoton ionization measurements is p0 = 3 · 10−10 mbar.

Using the ideal gas law reveals the density of neutral calcium atoms n0 = 7.4 · 10−6 cm−3.

By integrating equ. 4.20 both in space and time and including equ. 4.18, the total

number of calcium ions per laser pulse can be obtained:
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Fig. 4.15: Ionization rate of calcium atoms in the trapping volume for pulsed laser light with

wavelength of 532 nm for increasing pulse energies. The resulting slopes are K = 2.36

below the saturation energy and K = 0.68 above. The point of intersection between

the fitting lines indicates the saturation energy which is 0.8 mJ.

n(Ca+) = n0 · σK
∫ ∫

IK dV dt (4.21)

The intensity distribution in radial direction of a Gaussian laser beam is

I = I0 · exp

[
−
(

2 r

r0

)2
]
· exp

[
−
(

4 ln(2) t

τ

)2
]
. (4.22)

The distribution is defined such that the laser beam waist radius r0 corresponds to

the point where the intensity is reduced to 1/e2. The time dependent part is arranged

such that the pulse length tau is the full width at half maximum (FWHM). Inserting in

equ. 4.21 yields

n(Ca+) = n0 · σKIK0 · 2πl
∫ ∞

0
exp

[
−K 2 r2

r2
0

]
dr ·

∫ ∞
−∞

exp

[
−K 4 ln(2) t2

τ2

]
dt

= n0 · σKIK0 · VK τK , (4.23)

with the effective interaction volume VK = πlr2
0/2K and the effective interaction time

τK =
√
π/4 ln(2)K τ . The interaction volume is approximately cylindrical where the

length is usually given by l = 2
(√

2− 1
)
f2Θ/D. The laser beam parameters yield an
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interaction length l ≈ 15 cm, exceeding the trapping volume in one to two orders of

magnitude. Thus, the length is determined by the radial trapping diameter and a factor

of
√

2 due to the 45◦ angle between the direction of the laser pulses and the trap axis.

A simulation of the radial pseudopotential for a RF-voltage of 400 Vpp yields a radial

trapping diameter of 1.4 mm and thus a length of l = 2.0 mm.

Herewith the probability for the process Ca → Ca+ due to multiphoton excitation for

a specific wavelength and energy is

PCa+ =
n(Ca+)

n0 VK τK
, (4.24)

and the multiphoton ionization cross section is

σK =
PCa+

IK0
=

PCa+(√
4 ln 2
π · EτA

)K . (4.25)

The particular values for the light field with λ = 355 nm and the specific energy of

1.4 mJ are

P 355
Ca+ = 85.2× 103 s−1 (4.26)

and

σ1.78 = 1.01× 10−9 cm4 W−2 s−1. (4.27)

The respective values for the light field with λ = 532 nm and the specific energy of

0.75 mJ are

P 532
Ca+ = 10.2× 103 s−1 (4.28)

and

σ2.36 = 3.85× 10−9 cm6 W−3 s−1. (4.29)

The saturation intensity is defined as the intensity which occurs when the atomic

density is decreased to 1/e. Herewith an expression for the saturation intensity in a

nonresonant N multiphoton ionization process can be stated according to [Lam87, Mau88]

as

IS = σ−1/Nτ−1/N . (4.30)

The saturation intensity decreases with increasing laser pulse length τ . By substituting

the photon number by the nonlinear order interaction parameter K, a saturation intensity

of IS = 1.2 · 107 W/cm2 is concluded for a pulsed light field wavelength of 532 nm. The
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corresponding energy is ES = 0.98 mJ. This theoretical outcome is close to the experi-

mentally determined result. An investigation of multiphoton ionization with short pulses

with length of 35 ps and 200 ps can be found in [Sha91].
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5. MULTILEVEL COHERENCES -

SPECTROSCOPIC INVESTIGATIONS

Coherence effects arise in multilevel systems upon driving with coherent light fields. In the

first part of this chapter electromagnetically induced transparencies (EIT) originated in

Zeeman split sublevels of 40Ca+ are investigated. The focus lies on characteristic line shape

alterations due to varying EIT light field powers. First, the measurement technique to

record EIT spectra is introduced. The difference between driving with phase-coherent and

phase-incoherent laser fields is elucidated. EIT spectra constituted by two independent

laser sources are surveyed. Thereafter, measurements of EIT spectra induced by one

laser system are presented. Included are on- and off-resonant measurements, resulting in

symmetric resonances and asymmetric resonances. The EIT spectrum as a probe for the

micromotion of single ions is introduced.

New features arise if these coherences are avoided in a multilevel system. This is

achieved by operating only with a single laser light field at a given time. The system

evolution is treated quantum mechanically to model the characteristic line shape without

dark resonances. The knowledge of this line shape allows several experimental investiga-

tions. First an experimental technique to determine the Rabi frequency is presented and

second a method to to determine the photon collection efficiency is demonstrated.

5.1 Electromagnetically induced transparency (EIT) - measurement

technique

The prerequisite of an atomic Λ system for the investigation of electro magnetically induced

transparency is fulfilled by choosing a suitable level sub system out of the 40Ca+ level

scheme. By applying a magnetic field, each the ground state S1/2 and the first excited

state P1/2 split up into two levels due the Zeeman effect (compare with section 2.2.2).

Resulting in the levels |S,−1/2〉, |S,+1/2〉, |P,−1/2〉 and |P,+1/2〉, where the second

number corresponds to the magnetic quantum number mJ .

The frequency of the Zeeman splitting, according equation 2.54, is dependent on Bohr’s
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Magneton, the Landé factor gJ and the magnetic field:

ω =
∆E

h̄
=
gJ µBmJB

h̄
(5.1)

A Zeeman splitting of ω/2π =12 MHz is chosen for the ground state with gJ = 2

which implies a magnetic field of 4.3 Gs and according relation 3.8 a coil current of 3 A. The

resulting Zeeman splitting of the upper level P1/2 with gJ = 2/3 amounts to ω/2π =4 MHz.

 S,+1/2

 S,-1/2

 P,-1/2
 P,+1/2
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-
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Fig. 5.1: Detail of the Zeeman split 40Ca+ level scheme relevant for EIT spectroscopy. with σ and

π light.

The transitions with no change in the magnetic quantum number mJ are excited

via π light, which corresponds to vertically polarized light field relative to the magnetic

field. The propagation direction is perpendicular to the magnetic field. Transitions with a

change in the magnetic quantum number are induced with either σ+ or σ− light, altering

mJ by +1 or −1, respectively. Here the light field polarization is circular with propagation

direction parallel to the magnetic field.

Only three out of these four transitions are selected to obtain the Λ system for EIT

studies. The

In order to achieve this

In the case of choosing |S,−1/2〉, |S,+1/2〉, and |P,+1/2〉 only σ+ and π light fields

are necessary. Where the σ+ light acts as strong coupling laser field and π light as weak

probe beam. Thus the |S,−1/2〉 ↔ |P,−1/2〉 transition is negligible excited. By retaining

the coupling laser σ+ at fixed frequency and tuning the probe laser π over the perturbed

resonance the EIT spectrum can be recorded.
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The position of the electromagnetically induced transparency window is dependent on

the coupling laser frequency. Hence the absorption dip can emerge both on the red and

the blue side relative to the unperturbed transition resonance or on resonance. In order

to obtain the entire EIT spectrum the ion has to be cooled in parallel. Otherwise the ion

is lost from the trapping volume in the case of being on the blue side of the spectrum.

In principle, the same pulsed technique as introduced in section 4.2 is utilized to properly

cool the ion and simultaneously record the EIT spectrum.

PMT

cooling
397 nm laser

EIT laser
s & p

tcool

tEIT

probe
397 nm laser tprobe

Fig. 5.2: Timing diagram for EIT spectroscopy. The sequence is repeated several thousand times

for each frequency scan step to acquire proper count rate. Typical spectroscopy time is

tEIT = tprobe = 10µs and for cooling tcool = 50µs.

Ion cooling is achieved with a laser with wavelength of 397 nm which is γ/2 red detuned

from resonance with γ being the full width at half maximum of the unperturbed transition.

The ion is exposed to this cooling light with duration tcool and the spectroscopy light

alternately. Once again the spectroscopy light itself alternately takes turns between EIT-

spectroscopy with length tEIT and unperturbed spectroscopy with length tprobe. The

advantage is the possibility to compare the spectroscopic profiles for the unperturbed and

the perturbed case with coupling laser. The photomultiplier is only enabled during the

spectroscopy pulses. Differentiation between the two spectroscopy modes is accomplished

by proper digital read out via computer, see Fig. 5.2 for timing diagram.

The pulses are processed by the FPGA and control both the AOMs which acts as beam

shutters and the read out of the photomultiplier (see section 3.5.2 for details).

The pulse sequence is repeated 1,000 - 10,000 times to detect enough photons to reach a

sufficient signal-to-noise ratio. Spectroscopy is achieved by rerunning this repetition cycle

for each frequency step and altering the probe laser wavelength in the range of choice.
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5.2 Inter laser light field coherence in EIT

In EIT spectroscopy the coupling laser field σ+ has to be fixed at one particular frequency

whilst scanning the probe laser field π over the resonances. In order to acquire a complete

scan via the resonance, including the blue side of the transition, an additional cooling laser

field is necessary to maintain the ions at low temperature, see Fig. 5.1.

All three wavelengths for the different light fields are near the wavelength of 397 nm.

Utilizing two laser systems with the wavelength near 397 nm, different possibilities are re-

alizable to ensure the required laser frequency combination. The laser system DL100 pro-

vides light power of ∼10 mW - the frequency doubled system DL100 SHG yields ∼150 mW.

Thus two laser field realizations are utilized:

1. The coupling laser field σ+ and the cooling laser field are provided by the laser system

Dl100 SHG, where the frequency difference is obtained by shifting the frequency with

AOMs. The DL100 supplies the probe field π and a lock to a cavity length alteration

ensures a continuous frequency scan.

2. Both EIT light fields are generated by the DL100 SHG. The frequency shift as well

as the probe field scan are accomplished with AOMs. The constant wavelength of

the cooling light is provided by the DL100.

The first method allows wide frequency scans via the total EIT feature. The second

provides with coherent EIT light fields.

Coherence between the coupling and the probe light field is an essential requirement

in EIT spectroscopy. This coherence is characterizable by investigating the phase relation

among the EIT laser fields. Large phase alikeness indicates high coherence. The light

fields are superimposed to measure the beat for surveillance of the phase relation. The

beat consists of a fast oscillation with the sum of the frequencies νfast = νfield 1 +νfield 2 and

a slow oscillation with the difference of the frequencies νslow = νfield 1 − νfield 2. Having a

frequency difference on the order of 10 MHz, this value is measurable and indicates phase

drifts. The oscillation νfast is too fast for direct detection.

The superimposed EIT light fields are detected via a fast photodiode and analyzed

with a spectrum analyzer which evaluates the amplitude of each frequency component

in νslow. In the case of low phase coherence the beat, investigated in frequency space,

consists of a wide frequency distribution. In the case of a fixed phase relation the beat is

stable at one frequency νslow. The distribution width increases for lower phase stability

and provides a measurement for the coherence.

The measured beat with EIT beams according to the first EIT field realization is shown

in Fig. 5.3(a). Due to the origin of the coupling and probe field by different laser systems,
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Fig. 5.3: Laser beat measurement of light originated by two independent laser systems (a), and

beat between light fields of the same laser source (b). Note the different scaling with MHz

and kHz for the frequency axes. The Lorentzian fits yield widths of ∆FWHM
1 = 16.6 MHz

(a) and ∆FWHM
2 = 2.1 kHz (b).

the beat possesses a large width of ∆FWHM
1 = 16.6 MHz, showing comparably low phase

coherence. By using the same laser source for both the coupling and the probe light field

the width of the beat decreases to ∆FWHM
2 = 2.1 kHz. This improvement of four orders of

magnitude indicates much higher coherence, if both light fields are originated by the same

light source.

5.3 EIT spectroscopy with independent laser light sources

The advantage to utilize independent laser sources is the possibility to operate in a wide

frequency span. The linearly polarized probe field π is generated by the laser system

DL100, which is frequency locked to an external cavity. Frequency variation is achieved

by varying the cavity length. Both the coupling laser field σ+ and the Doppler cooling

field are provided by the DL100 SHG.

The AOM setup is arranged for EIT spectroscopy on the high energy side of the

resonance. The laser light passes two AOMs. Light from the first diffraction order of the

first AOM with a frequency shift of 90 MHz provides as cooling light. Its zeroth order is

shifted by the second AOM in the first diffraction order by 189 MHz and acts as σ+ light.

A total frequency difference of 99 MHz provides cooling and a dark resonance on the blue
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side.
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Fig. 5.4: EIT spectroscopy with independent laser sources: Perturbed resonance (black dots) with

data fit Im[χ]. Unperturbed resonance without coupling laser (open dots). The shifts

of the perturbed resonances indicate the AC-Stark shift relative to the unperturbed

resonance. The background noise is subtracted.

The measurement is performed by simultaneously recording the perturbed and the

unperturbed resonance as depicted in timing diagram 5.2. Data are recorded alternately

with and without the coupling laser field. In Fig. 5.4 the unperturbed resonance is dis-

played with open circles in the background. The perturbed resonance is shown with black

dots.

The light powers are Pσ+ = 170µW for the coupling field, Pπ = 20µW for the probe

field and Pcooling = 80µW for the Doppler cooling field. The measurement is performed

with four ions for enhancement of the signal-to-noise ratio. The data fit to the perturbed

resonance is performed with the imaginary part of the susceptibility Im[χ] (see equation

2.68). The fit yields a coupling laser Rabi frequency of ΩC/2π = 70 MHz with a detuning

of ∆2/2π = 81 MHz relative to the unperturbed resonance. The coherence decay rates are

γ31/2π = 95 MHz and γ21/2π = 30 MHz. These high rates indicate low coherence in the

EIT light fields due to the independent laser systems.

Simultaneous recording of the perturbed and unperturbed resonance allows direct read

out of the AC-Stark shift from the plot. The frequency shift for the broad resonance equals
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-13.5±1 MHz and for the narrow Raman resonance 96±2 MHz. Equation 2.69 to calculate

the AC-Stark shift. The coupling Rabi frequency and the detuning deduced by the fit

yield calculated shifts of -13 MHz and 94 MHz, being in good agreement with the values

obtained from the fit.

5.4 Coherent EIT spectroscopy with laser light from one source

High coherence between the EIT fields is achieved by utilizing one laser system for both

the coupling and the probe field. First, the laser light is intensity stabilized straight after

the laser system DL100 SHG by an AOM and a fast regulation circuit (see section 3.3.4

for details). After the light is split up into two paths, both leading to AOMs in double

pass configurations. The AOM control is realized with tunable signal generators1 with

high stability to avoid fluctuations and drifts in the frequencies. The resonance circuit of

the AOM for the σ+- light field is tuned to a 12 MHz higher frequency to compensate for

the Zeeman splitting of the ground state sublevels in 40Ca+.

This setup allows to keep the σ+ light field fixed to one frequency while scanning the

π light field via the Raman resonance. Meanwhile, proper cooling of the ion(s) is achieved

by setting the detuning of the DL100 laser near 397 nm to γ/2 on the low energy side of

the resonance. All laser fields and the photomultiplier read-out are pulsed as shown in

Fig. 5.2.

Having two Λ systems in the Zeeman split levels S1/2 and P1/2 in 40Ca+, it has to

be distinguished between σ+ and σ− light fields. Circular polarization is obtained by

traversing a vertically polarized beam through a λ/4 plate. Optimal adjustment is achieved

if the ion stops to fluoresce due to the selective excitation of the Zeeman ground states by

the laser field.

EIT spectra are recorded to differentiate between the two circular settings of the

λ/4 plate. If utilizing as σ− light field the absorption dip in the EIT spectrum appears for

higher probe frequency as the dip while operating with σ+ light field. This is due to the

fact that the ground state Zeeman splitting is larger than the splitting of the P1/2 level as

depicted in section 5.1. Same detuning of the probe and the σ− coupling field is obtained

if the π probe includes the frequency splitting of the ground state.

In the following the coupling field is set to σ+ polarization to minimize effects of the

second excited level while recording blue detuned spectra.

1 Rhode&Schwarz Signal Generator SML01
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5.4.1 Symmetric EIT resonances

In the first set of EIT measurements the wavelength of the coupling laser σ+ is fixed to

be virtually equal to the wavelength of the unperturbed transition |S,−1/2〉 ↔ |P,+1/2〉.
The perturbed line consists of two similar resonances each shifted symmetrically from the

unperturbed resonance by the AC-Stark shift. The induced transparency is situated in

lieu of the unperturbed resonance and indicates the frequency detuning of the coupling

field.
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Fig. 5.5: Symmetric EIT resonances: The coupling light field frequency is set to be virtually equal

to the unperturbed transition, leading to symmetric splitting of the induced resonances.

Both the induced transparency and the inter distance of the resonances is dependent on

Rabi frequency of the σ+ light field, increasing from (a) to (c). The background noise is

subtracted.

The varied parameter in this measurement is the power of the σ+ light field, increasing

from Fig. 5.5 (a) to (c). Higher light field power enhances the Rabi frequency according

Ω ∝
√
P . Each measurement data are fitted with the imaginary part of the susceptibility
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Im[χ] deduced from equation 2.68. Fitting results are summarized in the following table.

measurement (a) (b) (c)

Rabi frequency Ωσ+/2π 13.5 MHz 18.3 MHz 26.8 MHz

detuning ∆2/2π 2.0 MHz 2.2 MHz 4.2 MHz

coherence decay rate Γ21/2π 6.5 MHz 6.6 MHz 6.6 MHz

coherence decay rate Γ31/2π 42 MHz 44 MHz 41 MHz

The coherence decay rate γ21 is by a factor of five smaller compared to the measurement

with two independent laser systems. Also the dephasing term γ3deph included in the

coherence decay rate γ31 becomes 3.5 times smaller, indicating much higher coherence

between the σ+ and π light fields.

This on resonance EIT allows fast calibration of the coupling Rabi frequency ΩC. The

probe beam Rabi frequency is neglected because of being one order of magnitude smaller

compared to the coupling Rabi frequency. Hence equation 2.69 simplifies to

h̄ω± =
h̄

2

(
∆±

√
∆2 + Ω2

C

)
. (5.2)

Being virtually on resonance with the coupling field yields ∆ = 0 and the AC-Stark shift

simplifies to

ω =
1

2
ΩC. (5.3)

Hence the frequency interval between the two induced resonances is equal to the cou-

pling Rabi frequency. In this way determined coupling Rabi frequencies are Ω/2π =

16.2 MHz (a), 20.7 MHz (b) and 29 MHz (c). The values are close to those specified by the

fit, but tendentious a bit too high due to the Rabi frequency of the probe light field.

The probe light Rabi frequency ΩP can be estimated with equation 2.69 and complying

values for the coupling Rabi frequency ΩC, the detuning ∆2, both obtained by the fit and

the AC-Stark shift deduced by the spectrum. Alike probe Rabi frequencies of Ω/2π =

8.8 MHz (a), 9.4 MHz (b) and 10 MHz (c) indicate similar optical power.

5.4.2 Blue detuned EIT resonances

Off resonant Raman resonances on the blue side relative to the unperturbed resonance are

induced with positive values for the detuning ∆2 of the σ+ coupling light field. The probe

and coupling frequency for the interesting part of the EIT resonance has to be properly

chosen due to the limited AOM scan range of about 70 MHz. The frequencies are set

such that the complete Raman resonance, the induced transparency and the beginning

of the broad resonance are included. Higher coupling Rabi frequencies, compared to on

resonance measurements, are necessary to obtain pronounced resonances.
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EIT spectra with constant coupling laser wavelength but varying Rabi frequency are

displayed in Fig. 5.6. Each set of measurement data is fitted with the imaginary part of the

susceptibility Im[χ] obtained from equation 2.68. Herein figure (a) depicts the complete

theoretical EIT fit with the region including measurement data. This interesting detail is

zoomed in figure (b).
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Fig. 5.6: Blue detuned Raman resonances: Overview of the complete theoretical EIT spectrum

with measured data points (a). The detail with this data points is depicted in (b).

The power of the σ+ coupling light field is decreased from (b) to (d). The theoretical

EIT spectrum is given by the imaginary part of relation 2.68. The background noise is

subtracted.

A decreasing coupling laser field Rabi frequency is applied from Fig. 5.6 (b) to (d). Siz-

able σ+ Rabi frequency induces a pronounced transparency window, both deep and wide.

The transparency stretches more to lower frequencies in the direction of the second broad

resonance. In the case of lower coupling Rabi frequency the induced Raman resonance

decreases in size.

Due to the dependence of the AC-Stark shift to the σ+ Rabi frequency ΩC, the Raman
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resonance is shifted to higher frequencies for larger values of ΩC. The fitting results are

summarized in the following table, wherein the last line shows calculated AC-Stark shifts.

measurement (b) (c) (d)

Rabi frequency Ωσ+/2π 68.6 MHz 47.6 MHz 34.2 MHz

detuning ∆2/2π 56 MHz 55 MHz 55 MHz

coherence decay rate Γ21/2π 7.1 MHz 6.7 MHz 6.9 MHz

coherence decay rate Γ31/2π 53 MHz 66 MHz 76 MHz

AC-Stark shift ω+/2π 72 MHz 64 MHz 60 MHz

The coherence decay rates are in the same order compared to the on resonance mea-

surements in section 5.4.1.
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Fig. 5.7: Blue detuned Raman resonances with varying π probe light field power Pπ = 2.6µW,

1.26µW and 0.357µW (top to bottom). Both the power of the σ+ light field at Pσ+ =

20µW and its detuning are fixed. The theoretical EIT spectrum is given by the imaginary

part of relation 2.68. The background noise is subtracted.

The effect of varying π probe light field power is depicted in Fig. 5.7. Both the detuning

and the Rabi frequency of the coupling light field are kept constant with ∆2/2π = 55 MHz

and ΩC/2π = 34.2 MHz, respectively.



116 5. Multilevel coherences - spectroscopic investigations

The magnitude of the AC-Stark shift changes only slightly. A change in the contrast

appears due to an altering amount of scattered photons.

In order to apply this EIT light field configuration for cooling of multi-species ion

crystals, the frequencies of the modes which are to be cooled have to be similar to the

frequency distance between the dark resonance and the sharp resonance. The light field

settings shown in Fig. 5.6 and the associated table are appropriate to match mode frequen-

cies of 16 MHz to 30 MHz (b), 9 MHz to 23 MHz (c) and 5 MHz to 19 MHz (d). Since

the utilized trap is not constructed for these comparably high trapping frequencies and

possesses a pronounced heating rate, the cooling has to be postponed and will be carried

out in a different trap.

Nevertheless, this novel technique allows to determine the appropriate light field set-

tings without the elaborated experimental setup which is needed for the determination of

the parameters with resolved sideband techniques.

5.4.3 EIT micromotion sensor

An ion displaced from the RF minimum performs a driven motion called micromotion

(see also section 2.1.1). Thus, the ion oscillates harmonically at the RF frequency and

induces sidebands to resonances where the inter distance is equal to the RF frequency.

The magnitude of the n-th sideband is proportional to the squared Bessel function J2
n(β)

of order n. The modulation index β indicates the strength of the modulation, i. e. the

oscillation amplitude of a driving optical field.

Sidebands are resolvable if the resonance width is smaller than the driving

RF frequency. The blue detuned Raman resonance possesses a width of about 10 MHz

which is smaller compared to the RF frequency of 13.4 MHz. This allows to apply the EIT

resonance as a high sensitivity probe for the micromotion of the ion (dark resonances as

a probe for the motional state of a single ion are applied in [Lis06]).

A measurement with pronounced micromotion is depicted in Fig. 5.8. The data are

acquired with an ion crystal consisting of two ions and a power for the coupling and

the probe light field of Pσ+ = 20µW and Pπ = 2.6µW, respectively. The frequency

difference of the sidebands equals the RF frequency. A modulation index of ∼ 1.4 is

estimated from the sideband distribution, indicating a pronounced oscillation amplitude

for the micromotion.

In contrast to [Lis06] the technique presented in this thesis is much more sensitive.

Several sidebands can be clearly distinguished. This is due to the fact that the additionally

constituted EIT peak is pronounced and possesses a narrow linewidth. Therefore, this

narrow resonance is favorable to be be applied as a sensitive sensor for micromotion.
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Fig. 5.8: EIT spectrum with sidebands which show a peak to peak spacing of the RF drive fre-

quency of 13.4 MHz. The frequency axis counts relative to the 0th sideband Raman peak.

The black measurement data points are overlaid with a polynomial of second order (blue

line), smoothing via both 15 data points on the left and on the right of each point. The

background noise is subtracted.

5.5 Dark resonance free spectroscopy in 3 level Λ systems

Information about spontaneous emission and exact transition frequencies is easily obtained

in pure 2-level systems. In 3-level systems dark resonances appear and alter the line shape.

A three level system in Λ-configuration is considered here. That is two stable states |1〉 and

|3〉 are connected each with a rapidly decaying state |2〉 with higher energy, see Fig. 5.9. If

both transitions |1〉 ↔ |2〉 and |3〉 ↔ |2〉 are driven by laser fields a dark resonance occurs

if both lasers have the same detuning from level |2〉. The transition amplitudes form a

coherent superposition and Raman transitions between state |1〉 and |3〉 emerge. In this

ideal situation no excitation of level |2〉 happens. Hence no fluorescence is emitted and

the system is in the dark state.

Here the model is investigated when only transition |1〉 ↔ |2〉 is driven at Rabi fre-

quency Ω. This leads to a gradual increase of population in state |3〉 and no dark resonance

appears in the frequency spectrum. This spectrum is useful for various applications (see
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 2
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Fig. 5.9: Three level system with spontaneous decay from the upper level |2〉. One laser field with

Rabi frequency Ω is driving transition |1〉 ↔ |2〉.

section 5.6). Theses include the determination of the Rabi frequency, amongst others.

The underlying physical process can be theoretical investigated with the Liouville

equation which describes time dependent quantum dynamics including decay processes

[Iva10].

ih̄ρ̇(t) = [H(t), ρ(t)] +D(t), (5.4)

with the density matrix

ρ(t) =


ρ11(t) ρ12(t) ρ13(t)

ρ21(t) ρ22(t) ρ23(t)

ρ31(t) ρ32(t) ρ33(t)

 . (5.5)

The Hamiltonian H(t) describes the interaction of a three-state Λ system with one laser

field with Rabi frequency Ω(t) = −d12E(t)/h̄. d12 being the transition dipole moment

and E(t) being the electric-field amplitude of the laser field.

H(t) =
h̄

2


0 Ω(t) 0

Ω(t) 2∆(t) 0

0 0 0

 (5.6)

In the derivation of this Hamiltonian the rotating wave approximation is included [Sho90].

The laser field can possess a detuning ∆ from transition |1〉 ↔ |2〉.
Spontaneous emission within the system occurs from the upper state |2〉 to states

|1〉 and |3〉 with constant rates of spontaneous emission Γ1 and Γ2, respectively. This
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spontaneous emission is described by the dissipator D(t),

D(t) = −i h̄
2


−2Γ1ρ22(t) Γρ12(t) 0

Γρ21(t) 2Γρ22(t) Γρ23(t)

0 Γρ32(t) −2Γ2ρ22(t)

 , (5.7)

with Γ being the sum of Γ1 and Γ2.

By calculating the commutator in equation 5.4 with H(t) and D(t) the Liouvillian can

be written as a coupled differential equation system:

2ρ̇11(t) = −iΩ(ρ21(t)− ρ12(t)) + 2Γ1ρ22(t) (5.8)

2ρ̇12(t) = −iΩρ22(t) + iΩρ11(t) + 2i∆ρ12(t)− Γρ12(t) (5.9)

2ρ̇13(t) = −iΩρ23(t) (5.10)

2ρ̇21(t) = −iΩρ11(t)− 2i∆ρ21(t) + iΩρ22(t)− Γρ21(t) (5.11)

2ρ̇22(t) = −iΩρ12(t) + iΩρ21(t)− 2Γρ22(t) (5.12)

2ρ̇23(t) = −iΩρ13(t)− 2i∆ρ23(t)− Γρ23(t) (5.13)

2ρ̇31(t) = iΩρ32(t) (5.14)

2ρ̇32(t) = iΩρ31(t) + 2i∆ρ32(t)− Γρ32 (5.15)

2ρ̇33(t) = 2Γ2ρ22(t) (5.16)

In order to visualize the evolution in time of the important density matrices ρ11(t),

ρ22(t) and ρ33(t), the spontaneous emission parameters of 40Ca+ are utilized. The Λ

system formed by the two transitions S1/2 ↔ P1/2 and D3/2 ↔ P1/2 are utilized. The

spontaneous emission parameters are Γ1 = 1/7.7 · 10−9s, Γ2 = 1/94.3 · 10−9s [Jam98].

Zeeman sublevels are neglected since the magnetic field is calibrated to zero at the ion

location.

The chosen Rabi frequency is Ω = 2π·1 MHz and the detuning ∆ = 2π·1 MHz. The

initial population is completely in state |1〉. Thus, ρ11(0) = 1 and ρ22(0) = ρ33(0) = 0.

The time evolution of the occupation probability is computed numerically2 and displayed

in Fig. 5.10(a). The density matrix element ρ11(t) decreases in the time scales of 10µs,

where ρ33(t) increases. The intermediate state |2〉 is populated very rarely compared to

the other states. Hence ρ22(t) is additionally displayed in Fig. 5.10(b) with appropriate

ordinate scaling. The behavior in the very beginning is shown in the inset.

The number of photons emitted from this Λ-system - excited with only one laser - is

dependent on the probe time T . During this time the excitation laser as well as the photon

recorder is switched on.

N(∆) = Γ

T∫
0

ρ22(t,∆)dt (5.17)

2 Wolfram Mathematica
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Fig. 5.10: Time evolution of the density matrix elements ρ11, ρ22 and ρ33, showing the occupation

probability of the levels in the Λ-system versus the time. The right picture displays in

detail the behavior of ρ22.

The line shape of N(∆) is dependent on the probe time T , see Fig. 5.11. Longer probe

times cause broadening of the line, up to a saturation which is equivalent to the maximum

number of photons.

This effect can also be explained with rate equations. The ion is excited with a certain

rate from the initial level |1〉 to the upper level |2〉. The rate is dependent on the Rabi

frequency and the detuning ∆. Thereafter, the ion decays with certain rates from the

upper level |2〉 to the lower levels |1〉 and |3〉. In the case of ending in level |3〉 no more

photons are emitted.

The maximum number of photons emitted on average from the system is equivalent to

the ratio between the two decay rates Γ1/Γ2 = 12.25. Being off-resonant, that is detuning

∆ 6= 0, means less excitation probability, but with a long enough probe time the maximum

photon rate can also be reached. This results in a plateau of the line around ∆ = 0 for

higher probe times at the value of the ratio between the two decay rates. The maximum

photon number is given by the branching ratio from level |P, 1/2〉.

The system of coupled differential equations (5.8 - 5.16) possesses only constant coeffi-

cients and is in principal solvable. Unfortunately both the eigenvalues and the eigenvectors

grow to an uncomputable huge size. Therefore, an approximation called adiabatic elimi-

nation is performed. The full writing of the time dependency of ρxy(t) is omitted due to

a better readability. In the following it is only written as ρxy

An analytic solution for N(∆) (5.17) is the goal. Hence only the evolution of ρ22 in
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Fig. 5.11: Dark resonance free line shapes N(∆) for the analytical derivation (black lines) and for

numerical analysis (blue dots). Altering parameter is the probe time T varying from

1µs (a) via 10µs (b), via 200µs (c) to 500µs (d). The maximum count rate of 12.25

which is equivalent to the ratio between the two decay rates, Γ1/Γ2 = 12.25 is reached

in (c) and (d).

time is needed and the nine coupled differential equations reduce to six equations (see

equ. 5.8-5.13). The elements of the density operator ρxy with x ∈ {1, 2} and y ∈ {1, 2, 3}
describe the system.

The density matrix is Hermitian ρ† = ρ. Hence the non-diagonal matrix elements are

complex conjugate to each other. For example ρ†12 = ρ21, both elements having the same

real part but the negative imaginary part of each other. That is why

ρ12 − ρ21 = 2i Im(ρ12). (5.18)

The adiabatic elimination is the assumption that ρ22 possesses a negligible alteration

in time. That is ρ̇22 = 0. With the use of relation 5.18 this can be written as

ρ22 =
Ω

Γ
Im(ρ12). (5.19)
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The imaginary part of ρ12 is determined with a second adiabatic elimination ρ̇12 = 0.

Using 5.9 results in

ρ12 =
Ω(ρ22 − ρ11)(2∆− iΓ)

4∆2 + Γ2
. (5.20)

Therefore, the imaginary part of ρ12 is

Im(ρ12) = − Γ Ω

4∆2 + Γ2
(ρ22 − ρ11). (5.21)

With relation 5.19 ρ22 can be written as

ρ22 =
Ω2

4∆2 + Γ2 + Ω2
ρ11. (5.22)

The derivation of ρ11 is accomplished in two steps. First starting with 5.8 and using again

relation 5.18 yields

ρ̇11 =

(
Γ1

Ω

Γ
− Ω

)
Im(ρ12). (5.23)

Second the imaginary part of ρ12 is obtained by merging equations 5.19 and 5.21(
1 +

Ω2

4∆2 + Γ2

)
Im(ρ12) =

Γ Ω

4∆2 + Γ2
ρ11. (5.24)

Using this relation in 5.23 yields the differential equation for ρ11

ρ̇11 = − Γ2Ω2

4∆2 + Γ2 + Ω2
ρ11. (5.25)

Single integration in time for ρ11 results in

ρ11 = exp

(
− Γ2Ω2

4∆2 + Γ2 + Ω2
t

)
. (5.26)

Inserting this result in 5.22 yields the time dependency of ρ22

ρ22 =
Ω2

4∆2 + Γ2 + Ω2
exp

(
− Γ2Ω2

4∆2 + Γ2 + Ω2
t

)
. (5.27)

The photon number in dependency of the detuning ∆ can be determined with

N(∆) = Γ

T∫
0

ρ22 dt (5.28)

with the probe time T . Integrating ρ22 yields

N(∆) =
Γ

Γ2

[
1− exp

(
− Ω2Γ2

4∆2 + Γ2 + Ω2
T

)]
. (5.29)

The first Γ being the sum of Γ1 and Γ2 has to be replaced with Γ1 if only light from

transition |1〉 ↔ |2〉 is recorded. This is realized experimentally with a filter for the light

emitted from transition |3〉 ↔ |2〉.
In Fig. 5.11 this analytical result of the photon number N(∆) is plotted for different

probe times T and compared with the numerical result. In the case of very short probe

times a slight deviation can be seen for the photon number near ∆ = 0. This confirms the

adiabatic elimination approach applied to the analytic approximation.
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5.6 Dark resonance free spectroscopy - experimental approach

The line shape of the photon number N(∆) is dependent on four parameters: The spon-

taneous emission rates Γ1 and Γ2, the Rabi frequency Ω and the probe time T . The probe

time T is precisely known, leaving three parameters. This allows different experimental

investigations (see Fig. 5.9 for the structure of the given three level system):

• Assuming Γ1 and Ω are well known, the spontaneous emission rate Γ2 and subsequent

the linewidth of a transition can be determined. This can be the case if this transition

|3〉 ↔ |2〉 is not direct addressable or the laser light which induces this transition

possesses a broad linewidth.

• With known spontaneous emission rates the Rabi frequency is experimental acces-

sible (see section 5.6.2).

• If more than one parameter is sought, a fitting analysis with more parameters is as

well possible. In order to gain accuracy, the process can be accomplished for various

probe times.

• In the case of saturation, the maximum count rate equals the ratio between the two

decay rates Γ1 and Γ2 (see Fig. 5.11). Due to experimental issues only a fraction

of this count number can be obtained, which is given by the photon collection ef-

ficiency. Hence the determination of the photon collection efficiency is feasible, see

section 5.6.3 for details.

5.6.1 Dark resonance free spectroscopy - recording technique

The general three level Λ system approach introduced in the beginning of this chapter is

applied to the 40Ca+ ion, where the ground state 42S1/2 is labeled state |1〉, the upper

state |2〉 is 42P1/2 and state |3〉 is 32D3/2. Since the life-time of the D state is at least five

orders of magnitude longer than all relevant experimental time scales, the state is virtually

stable.

Because of recording the whole line, the same technique as introduced in section 4.2 is

applied here. Alternately cooling and probing the transition prevents the ion to heat up.

The first step is to cool the ion with red detuned laser light of wavelength 397 nm and

to repump the population from the D states with laser light of wavelength 866 nm and

854 nm. The initialization in the ground state |1〉 is accomplished by shuttering the laser

with 397 nm and driving the |2〉 ↔ |3〉 transition with the 866 nm laser light. A time span

of 1µs is enough to populate completely the ground state. After that, a short period with

no laser light is introduced to reckon in delays in the AOM switching to ensure the 866 nm
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Fig. 5.12: Timing diagram for recording dark-resonance-free spectra.

light to be off. The actual data acquisition is obtained by simultaneously switching on

both the probe beam with wavelength of 397 nm and the PMT. The probe time T is equal

to the time span whilst the PMT is on. During the probe time only the 397 nm laser light

is on. A comparable pulse scheme with shorter pulse durations is utilized in [Shu10] to

obtain a single photon source using a Ba+ ion.

The pulsed scheme is repeated ncycles times for each probe laser frequency to gain a

better signal-to-noise-ratio. The probe laser frequency is scanned step-by-step across the

resonance. The timing diagram for this laser switching and the read out is depicted in

Fig. 5.12.

5.6.2 Rabi frequency determination

The Rabi frequency is a pivotal characteristic to describe atom-light interaction. There-

fore, the exact value for a particular system is often a prerequisite for further experimental

investigations. As an example the EIT spectra in section 5.4 are heavily dependent on the

occurring Rabi frequencies.

Avoiding all coherences enables the Rabi frequency determination of a particular tran-

sition. Here the interest is focused on transition |1〉 ↔ |2〉, from which the collected light

arises. Therefore, equation 5.29, wherein the Rabi frequency Ω appears parametrically,

simplifies to

N(∆) =
Γ1

Γ2

[
1− exp

(
− Ω2Γ2

4∆2 + Γ2 + Ω2
T

)]
. (5.30)

With the knowledge of the spontaneous emission rates Γ1 and Γ2 and the probe time

T , equation 5.30 represents a frequency dependent fitting function for the value of the

Rabi frequency.
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Fig. 5.13: Dark resonance free spectra for altering probe time values. Probe times range from

T = 1 µs for the lowest spectrum via 2 µs, 4 µs and 6 µs to 8 µs for the topmost

spectrum. In addition to the increase in the total photon number the saturation plateau

gets developed. Each data point (black dots) consists of 30,000 measurement cycles.

The data fits (blue lines) reveal a Rabi frequency of Ω/2π = 47.2± 1.8 MHz.

Each data point consists of ncycles = 30, 000, each cycle is implemented according the

timing diagram shown in Fig. 5.12. The probe time T is varied from 1 µs to 8 µs. The

actual fitting process is carried out with two additional parameters as shown in equa-

tion 5.30. A multiplied prefactor and an added parameter for the baseline are introduced

to take care for the light noise underground.

The results for a laser light field power of 14.3± 1µW are displayed in Fig. 5.13. The

ascending probe time causes an increase of the overall photon count and the emergence of

the characteristic saturation plateau. The fitting results of the individual dark-resonance-

free spectra yield an average Rabi frequency of Ω/2π = 47.2 ± 1.8 MHz. The standard

deviation is mainly due to the fluctuation of the light field power. A small error is due to
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minor Zeeman splitting and micromotion.

Compared to other Rabi frequency measurement methods which rely on resolved side-

bands [Pos09], the technique presented in this thesis is far easier to implement.

5.6.3 Photon collection efficiency

Only a fraction of the emitted photons from the ion crystal are collected via the photo-

multiplier or the camera. This is mainly due to the numerical aperture of the imaging

system and the efficiency of the detector (see section 3.4.2 for details).

Here the photon collection efficiency is determined via the plateau of the line, the

background photon number and the experimental repetition rate. Similar as in the last

section, only light from transition |1〉 ↔ |2〉 is collected. Thus, equation 5.30 is valid here.

In the case of no detuning ∆ and comparable long probe time T this equation simplifies

to

lim
T→∞

N(0) =
Γ1

Γ2
. (5.31)

This implies that the total photon number on resonance for long probe time is equal to

the ratio between the two decay rates. In the case of 40Ca+ and detected photons with

wavelength 397 nm this photon number amounts 12.25. Only a fraction of these count rate

is collected in the experiment (see section 3.4.2). Additionally, to gain signal-to-noise-ratio

in the experiment each data point consists of ncycles measurement cycles.

In order to obtain the maximum photon number emitted by the ion, a pronounced

plateau has to be developed with proper probe time and Rabi frequency (compare with

theoretical line shapes Fig. 5.11). The probe time for this measurement is T = 6 µs

By fitting equation 5.30 to the experimental data the photon number Nplateau on the

plateau and the background photon number Nnoise can be determined. The mean photon

number on resonance per cycle is given by

N̄ =
Nplateau −Nnoise

ncycles
. (5.32)

With the experimental data Nplateau = 1358±5, Nnoise = 509±5 and ncycles = 30, 000 the

mean measured photon number amounts to N̄ = 0.0283 ± 0.0004. The resulting photon

collection efficiency pce is

pce =
N̄

N(0)
= 0.00231± 0.00004. (5.33)

Hence 0.231 % of emitted photons from the ion are detected via the photomultiplier. This

value confirms the theoretically derived value in section 3.4.2.
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Fig. 5.14: Measurement of a dark-resonance-free spectrum for a probe time T = 6 µs showing a

pronounced plateau, indicating maximum photon number emitted by the ion. Blue line

is fitted equation 5.30.

Shu et al applied a related scheme to measure the NA of their setup [Shu10]. Their

method presumes a calibration with a calibrated optic to achieve single photon events,

which is a prerequisite in their procedure. Due to the knowledge of the spectral shape of

the line, the technique presented in this thesis is independent of any calibration.

With our setup the resulting maximal achievable count rate for the fluorescence transi-

tion in 40Ca+ is 290,000 1/s. The effectively reached count rate is by a factor of 7 smaller,

see also section 3.4.2.
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6. FEEDBACK-OPTIMIZED OPERATIONS WITH

SINGLE IONS

Transport operations with linear crystals of 40Ca+ ions by applying complex electric time-

dependent potentials are presented in this chapter. The information obtained from the

ions’ fluorescence is utilized to control them. Automatic ion loading and determination of

the number of the ions is presented. Possessing the information of the precise location of

the ions is essential to apply feedback control. By means of this feedback technique, the

transport of a predefined number of ions is performed. The feedback control allows a robust

scheme, compensating for experimental errors as it does not rely on a precisely known

electrical modeling of the electric potentials in the ion trap beforehand. By generating

two distinct potentials and reuniting them thereafter, separation and reunification of a

linear ion crystal is presented. These results are published in [Ebl10].

6.1 Automatic ion loading and determination of the ion number

Images are taken by the EMCCD camera to determine the number of ions in the trap.

These images contain the count distribution C(h, v) with {h, v} denoting the pixel position

in horizontal and vertical direction, respectively. In the following, a fast real-time image

analysis is described to determine the number of ions and their positions. Compared to a

standard off-line two dimensional Gaussian fit, our real time method allows a fast feedback,

with a slightly reduced position accuracy.

As the ion crystal only illuminates a small area on the EMCCD chip, a region of

interest of 60× 250 pixel from the full image of the camera is chosen. The EMCCD

counts over each column are added up C(h) =
∑
v
C(h, v), see Fig. 6.1 (b). In order to

get the number of ions, the maximum of C(h) is computed and a threshold parameter

introduced, which is varied between the average background noise B and Cmax. With this

threshold parameter, it is possible to discern closely spaced ions even if the fluorescence is

overlapping and between unequally fluorescent ions stemming from the Gaussian profiled

exciting laser beam. The background noise originates from stray light which is reflected

back from the trap and readout noise of the EMCCD.



130 6. Feedback-optimized operations with single ions

1 0 0 1 5 0 2 0 0 2 5 0
0
5

1 0
1 5
2 0
2 5

1 0 0 1 5 0 2 0 0 2 5 0
0
5

1 0
1 5
2 0
2 5

10
5  co

un
ts 

/s

( a )

 

h o r i z o n t a l  p o s i t i o n  i n  p i x e l

10
5  co

un
ts 

/s( b )

( c )

1 0 0 1 5 0 2 0 0 2 5 0
0

2 0
4 0
6 0

po
siti

on
 / p

ixe
l

Fig. 6.1: Ion position determination: (a) Camera image of fluorescing ions with vertical markers to

indicate the ion positions. (b) Vertically added up counts C(h) with threshold parameter,

here 60%, as dashed line and boxes wherein precise ion location takes place. (c) Vertically

summed counts C̃(h) (values below threshold are set to zero) for the determination of

the number of ions and their coarse location determination.

In the next step, each value in C(h) which is below the threshold parameter is set to zero

which results in array C̃(h), see Fig. 6.1(c), containing regions with counts and regions

with zeros. In order to differentiate between one blurry ion and two ions a distinction

parameter is introduced which is typically between 2 and 6. Traversing array C̃(h) and

counting succeeding zeros larger than the distinction parameter indicates with the next

count in C̃(h) the beginning of an ion. This circumvents double counting of an ion which

possesses zeros in C̃(h) due to bad illumination or movements.

Traversing complete array C̃(h) with this method yields the number of ions in the

crystal. While continuously analyzing the current camera picture a predefined number of

ions is loaded by opening and blocking the ionization light. The loading efficiency for each

desired number between 1 and 10 ions is 100 % if the loading rate and the potential shape

is chosen properly.
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6.2 Ion position determination

In order to determine the positions hion of the ions the following method is utilized.

hion =

∑
h

h (C(h)−B)∑
h

(C(h)−B)
, (6.1)

where (C(h)−B) are pixel counts corrected by the background noise level. And h is chosen

such that it covers the range of one ion only. On a recorded data set of 3000 images with an

exposure time of τ = 100 ms, a comparison is made between this method for determining

the position and the two dimensional Gaussian fit. The above described method reaches

an accuracy of 170 nm, and the one with a Gaussian fit yields a 100 nm accuracy. The first

method is preferable in situations where fast reaction time and robustness to variations of

C(h) is crucial. As expected, the accuracy increases with
√
τ .

Fig. 6.2: Ion crystal with automatically determined equilibrium positions. The exposure time

τ was set to 150 ms. Note that the vertical position markers can only be set with a

resolution of one pixel and illustrate therefore only rounded values of the exact position

determination!

In the experiment, see Fig. 6.2 the location algorithm is applied to an ion crystal con-

sisting of nine ions, for a proper linear arrangement the RF amplitude is increased to

650 Vpp. Assuming a harmonic potential in the axial direction, the determined locations

agree within about 1/7th of one pixel with theoretical values, see section 2.1.3. The au-

tomatically determined ion locations situated relatively to the centered ion are (values in

µm):

experimental: -36.0 -25.0 -15.9 -7.6 0 8.1 16.4 25.3 35.8

theoretical: -35.78 -25.22 -16.28 -8.00 0 8.00 16.28 25.22 35.78

6.3 Feedback ion position regulation

In order to keep a single ion or an ion crystal fixed at one position in presence of external

disturbances, feedback control is performed. The trapping potential is created by a nega-

tive voltage on segment M and positive voltages on segment L1 and R1 (see section 3.1 for

segment numbering). A camera exposure time of 25 ms is used with maximum available
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gain. The feedback control is implemented by a digital proportional and integral (PI) con-

troller which is fed with the position information xact from the ion position determination

algorithm, described above. Comparing the actual value with a target value xaim, the PI

control regulates the ion position in axial direction by changing the voltage VL1 = V old
L1 -

∆VL1 of segment L1. The PI controlled voltage change ∆VL1 is calculated as

∆VL1 = P · (xaim − xact) + I ·
∑
k

(xaim − xk) , (6.2)

where the integral term is updated in each step k. A term pertaining to the derivative

does not improve the regulation and is thus omitted. In the test routine, the ion was

regulated alternatingly between the initial ion position and a position shifted 60 pixels to

the left, which corresponds to a distance of 41.4 µm. The optimal PI gain is found for

P = 7 mV/pixel and I = 1 mV/pixel but the regulation works still if these optimal values

are multiplied by a factor of 0.5 to 2. Please note that the optimal gain depends on the

trapping potential, see section 6.4.

Fig. 6.3: Feedback regulated ion positions as a function of time, consisting of 100 consecutively

executed forth and back regulations over 60 pixel. Left insert shows a zoom of a single

regulation process for moving the ion from position A to B in an abrupt manner where

the right insert shows the regulation for transporting the ion from B to A, respectively.

Here, the regulation between A and B is accomplished within 600 ms.

In Fig. 6.3 the position of the ion is shown during the regulation at two distinct loca-

tions A and B as a function of the time. From a large number of transports, a success

probability of 99.8 % is determined where the new position is achieved within a time
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Fig. 6.4: Control voltage alterations on segment L1 for 100 cycles with different colors for each

loop. The repetitions, lying upon each other, indicate similar reactions of the system.

span of 600 ms. Included in this probability is normal loss of ions due to background gas

collisions.

Interestingly, the required control voltage VL1 does barely show any variation for the

consecutive transports, see also Fig. 6.4. The algorithm has ”learned” the way how to

transport an ion without making any assumptions of the potentials generated by the

electrodes.

Only if external disturbances occur, the PI regulation will adapt the voltage ramp.

Due to the robustness of our detection algorithm, which allows the localization of blurred

ions, the PI controller can handle strong disturbances of the trapping potential. It is only

limited by the extension of the laser beam diameter with a FWHM of 76 µm, as a sufficient

number of fluorescence photons is needed to gain an adequate signal-to-noise ratio for the

PI regulator.

External disturbances of the initial trapping potential are modeled by abruptly chang-

ing the voltage of segment L2. A disturbance of 1 V on segment L2 causes the ion to move

25µm. 2 V changes the location by 50µm, showing that linear alterations in voltage cause

linear changes in displacement. In Fig. 6.5 two disturbances of 1 V were generated, the
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last three correspond to 2 V voltage steps. In both cases the ion is stabilized to its initial

position within 600µs by feedback-controlling the trapping potential with segment L1.
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Fig. 6.5: Feedback ion position regulation whilst causing external disturbances. (a) Regulated ion

position versus time. (b) Voltage of segment L1 regulating the trapping potential and

consequently the ion position.

A typical application for this kind of PI control may be a long time ion position

regulator in ion traps where patch charges or other disturbances cause an axial ion drift

in the time domain of the performed experiments.

6.4 Automatic splitting of an ion crystal

The separation is performed in two different ways: During a symmetric separation, the ion

crystal is divided such that the two parts move equally far apart from the initial position

into well separated axial potential wells. Typically, the initial position of the crystal is

exactly above one trap control segment, its voltage is ramped down [Row02]. In the case

of asymmetric splitting, one or more ions may be kept at fixed positions while another part

of the crystal is split off. Furthermore, the position of the ion crystal is not limited to be

exactly above a specific segment during the splitting process, which is a second advantage

compared to the symmetric splitting technique.

In order to split a two-ion crystal in the asymmetric mode, a deep axial trapping poten-
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Fig. 6.6: Automatic asymmetric splitting of a two-ion crystal: Camera pictures of fluorescent

ions - before (a), during (b)-(d) and after the splitting process (e). Pictures (b)-(d) are

taken after decreasing the potential depth and moving the left hand ion. (f) Simulated

potentials showing the alteration of the potential during splitting process. Starting with

a deep potential at the beginning of the splitting process the voltages are changed in

such a way that one ends with a shallow potential briefly before the crystal splits. In

(e), only the right ion stays in the trapping potential. Here, the potential is set to its

initial values, such that the ion location is precisely in the middle of the two ions depicted

in (a).

tial is created in the beginning by a negative voltage on segment M and positive voltages

on segment L1 and segment R1, respectively. This configuration results in a localization of

the ion crystal above segment M. The potential depth is reduced by lowering the voltage

supplied to segment M and control the axial position with segment L1, while segment R1

is held at a fixed value. The lowering of the potential is performed in such a way that

the inter-ion distance increases linearly. With the relation between the minimal ion-ion

distance in a harmonic potential and the axial frequency ∆x ∝ ω
−2/3
ax [Jam98] and by

using the relation ωax ∝ Vax
1/2 between the axial trapping frequency ωax and the axial

confinement voltage Vax results in

∆x ∝ Vax−1/3. (6.3)

In a segmented linear Paul trap with ions above segment M the axial voltage is given by:
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Vax = VL1 or R1 − VM, where the lower lateral voltage is taken. A linear increase of the

ion-ion distance can be described by mt+∆x0 where ∆x0 denotes the initial distance and

m the voltage alteration velocity. The voltage alteration on segment M for decreasing the

potential depth is then given by:

VM = VL1 or R1 −
A

(mt+ ∆x0)3 , (6.4)

where the constant A is deduced from VM(t = 0). During the decrease of the trap depth,

the minimum of the potential is also shifted but this is balanced with control segment L1

via the PI-control. However, the PI gain parameters need to be dynamically adapted

for this task, in contrast to the transport of ions in a potential with fixed axial trapping

frequency. With a change of the axial trapping frequency, the system response changes

accordingly. The spring constant in a harmonic potential is given by F = −kx with

k = mω2
ax. Changing k-values have to be compensated with the total PI-gain GPI, acting

as a multiplication factor on F: GPI ∝ k ∝ ω2
ax. With the relation ωax ∝

√
Vax the gain

is given by

GPI ∝ Vax = VL1 or R1 − VM. (6.5)

By multiplying this total gain with the PI-values from equation (6.2), the ion positioning

is achieved for altering axial trapping frequencies. When the potential is deformed, the

inter-ion distance increases. If the Coulomb repulsion energy exceeds the potential depth,

then ions are leaving the trap, and the desired number of ions is kept in the crystal. In

the experiment, an ion-ion distance of 60(1) µm is found when only one ion is kept in the

potential.

The loss of an ion can either be detected by a reduction of the fluorescence light

on the EMCCD camera or from a sudden jump of the position of the remaining ion(s).

Thus, even a non-fluorescing ion may be detected by leaving the potential making this

method applicable to ion crystals consisting of mixed ion species. This sudden ion jump is

differentiated in the control algorithm from a normal ion movement by a jump parameter

which has to be adapted to the system.

In order to show the high degree of automation, the separation algorithm has been

repeated many times, see Fig. 6.7. Both, the general shape of the voltage ramps and the

control electrode voltages at the point when the ion crystal is split differ only slightly, here

about 10 mV, from shot to shot.

A success probability of 95 % is reached for the asymmetric splitting process. The

symmetric splitting of ion crystals which were positioned above segment M by starting

with control voltages of 5 V, -2 V, -5 V, -2 V and 5 V for segment L2 to segment R2 is also

realized. When the potential depth is reduced by changing VM, the regulation of VL1

guarantees that the center of mass is not changed.
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Fig. 6.7: Voltage alterations during repeated splitting experiments. The potential shape is ma-

nipulated with segment M (bottom curve) and segment L1 (upper curve) regulates the

position of the ion meanwhile. Each splitting cycle is plotted with different colors. The

insert shows a zoom into the control voltage alteration at the end of the separation pro-

cess. In order to keep the remaining ion after separation at the current position, the

voltage on segment L1 is abruptly increased.

The potential depth in the particular moment when two ions separate from each other

can be estimated. The total energy consists of the Coulomb interaction, the oscillating

energy and the potential energy

ETotal = ECoul + EOsc + EPot. (6.6)

Other energies such as inner atom energies are not important for this estimation. The

Coulomb interaction between two one fold charged ions with distance d is

ECoul =
e2

4πε0

∞∫
d

1

x2
dx =

e2

4πε0

1

d
. (6.7)

Each interaction particle possesses 1/2 · ECoul. The oscillating energy EOsc = h̄ω(n + 1
2)

is orders of magnitude smaller for typical ion-ion distances and typical phonon numbers n

and can thus be neglected.

The potential energy is EPot = e · Φ, thus the potential can be determined:

Φ =
1

2

e

4πε0

1

d
(6.8)
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With the knowledge of the ion-ion distance d at the particular moment of the separation,

the potential depth for the remaining ion can be calculated. With an ion-ion distance of

d = 60µm the potential depth amounts to Φ = 25 (1) µV.

The Coulomb energies for the different ion-ion distances are totalized for ion strings

containing more than two ions. The ion which is split off from the crystal, possesses the

repulsive energy

ECoul =
1

2

e2

4πε0

m∑
i=1

1

di
. (6.9)

The ion number m remains in the potential. The distance between the split off ion and

each remaining ion is di. The potential depth is calculated in the same way as with two

ions:

Φ =
1

2

e

4πε0

m∑
i=1

1

di
(6.10)

These determinations of the potential depths at the moment of crystal dissociation are

mass independent. Therefore, it is also correct for non-calcium ions and also for mixed

crystals with different masses.

6.5 Automatic separation and reunification of ion crystals

The segmentation of the linear Paul trap allows the creation of more than one confining

potential in axial direction. By accurate molding and controlling the depth and location

of each potential, separation and reunification of ion crystals can be studied. This is

investigated in the two separation modes, demonstrated in section 6.4.

If using the asymmetric separation algorithm, the voltage configuration for the seg-

ments in the beginning is such that a deep stock potential above the insulator between

segment L1 and segment M is created. A shallow transit potential is additionally origi-

nated above the insulator between segment L2 and segment L1. Separated by a potential

wall, orders of magnitude larger than the trapped particle energy ensuring that those are

well confined in the stock potential. Starting with an ion number of up to five in the stock

potential, the ion crystal can be split deterministically. Retaining a part in the stock

potential and transfer the rest to the transit potential, see Fig. 6.8.

Separation is accomplished by decreasing the stock potential feedback controlled as

shown in section 6.4. Slight after taken out the desired number of ions from the stock

the depth of this potential has to be increased a little to maintain the rest of the chain.

Simultaneously the separation wall is also increased to keep the separated ions in the

transit potential. Both voltage alterations depend on the depths of the two potentials. A

large voltage of 10 V above segment L4 and segment L3 ensures a potential wall larger



6.5. Automatic separation and reunification of ion crystals 139

- 3 - 2 - 1 0 1 2
- 0 . 4
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6

- 1 . 5 - 1 . 0 - 0 . 5 0 . 0 0 . 5

- 0 . 1 8

- 0 . 1 6

- 0 . 1 4

- 0 . 1 2

( a )
en

erg
y /

 eV

p o s i t i o n  /  m m

ML 1

( b )

en
erg

y /
 eV

p o s i t i o n  /  m m

L 2
- 4 V- 6 V 1 . 5 V

2 . 2 V- 4 V1 . 5 V- 6 V0 V
R 1ML 1L 2L 3L 4

1 0 V

Fig. 6.8: Potentials during the asymmetric separation and reunification process: (a) Axial poten-

tial showing a moving minimum above the insulator between segment L1 and L2 and a

stationary minimum above the insulator between segment L1 and M. The potential bar-

rier on the left above segment L3 and L4 prevents the ions from leaving the trap during

the separation. The voltage configuration displays the situation in the beginning of the

separation process. (b) Zoom of the axial potential showing potentials at the beginning

(black line), during the separation (blue line) and for the reunification of the ion crystal

(again black line). The voltages on the electrodes depict the situation for the potential

in the beginning and the reunification of the ion crystal. For reasons of clarity, the upper

potential has an offset.



140 6. Feedback-optimized operations with single ions
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Fig. 6.9: Automatic separation and reunification of a four ion string: Left sequence (a)-(d) showing

the automatic separation of three ions to an additional transit potential (not visible).

Right sequence (e)-(h) displaying the stepwise back transfer of the ions to the original

stock potential by increasing its potential depth.

than the kinetic energy of the particles which are wanted to be transferred. This ensures

a proper trapping in the transit potential and avoids unwanted extraction of ions.

By controlled increasing the stock potential depth or decreasing the transit potential

a desired number of ions can be transferred back to the stock, see Fig. 6.8.

6.6 Modular control software

Automatic control of ion crystals presumes a fast feedback looped software1. In order to

apply the control algorithm in short timescales to novel demands, the software code is built

in a modular manner. A central building block is the Locate Ions function, which retrieves

the count distribution C(h, v) from the camera. With the threshold- and the distinction

parameter, the positions of the ions hion are calculated and recorded in an array A. In

the case of repetitive ion position determinations the last determined ion positions are

1 Written in C++, Microsoft Visual C++
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additionally recorded in A.
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h  - hion x aim

Fig. 6.10: Modular layout of the ion separation algorithm. The functions are depicted with rect-

angular boxes. The devolution in time is indicated with thick arrows. Parameters

belonging to functions are drawn in the center.

Possessing the exact position values of the ions enables many different applications,

for example ion transport or position regulation with feedback looped control. Here, the

algorithm to separate an ion crystal is explained in the following. After having obtained

the position of the ions, the first thing is to check for successful separation or unwanted loss

of ions either by checking the number of ions in A or by the abrupt jump of the controlled

ion. This Separation check function retrieves the jump parameter to distinguish between

a regulation induced ion move and an ion jump due to partly ion loss.

If a successful separation is detected, the separation loop is quitted and the segment

voltages changed with the function Potential depth increase. This prevents the remaining

ions to disappear from the potential.

If no change in the ion number is detected the ion movement of the target ion is

calculated in function position compare. This change in the location is utilized by the PI

regulator to move the potential minimum by changing the segment voltages and thereby

moving the ion back. The fixed parameters P and I ensure a proper regulation. In

order to compensate for changing system responses due to an altering potential depth, the

overall gain parameter GPI is calculated from recent segment voltages which indicate the
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potential depth.

The last step is to render the potential shallower with the Potential depth decrease

function, which acts on the segment voltages. In order to increase the ions inner distance

linearly the current segment voltages have to be taken into account additionally. After

this the loop starts again with the Locate Ions function to check for the latest positions

of the ions.

This exemplary sequence can be adapted to different demands by exchanging or adding

functions block by block.
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In this thesis versatile investigations with multi-species ion crystals have been performed

with the aim of identifying, characterizing and obtaining full motion control of single ions.

Importance for quantum computation

The fundamental demands for a universal quantum processor are summarized by the Di-

Vincenzo criteria [DiV00]. In order to increase the quantum computing power significantly,

a scalable physical system is crucial. Thus consistent transmittance of qubits and their

joining and disjoining are primary tasks.

In order to gain complete motional control over a linear ion crystal, feedback-optimized

operations have been applied. Information about the ions’ fluorescence is used to deter-

ministically load a predefined number of ions into the trap and to determine their precise

locations. With the help of feedback control the experimental demonstration of transport

operations with more than 99.8 % success probability is demonstrated. The robust tech-

nique compensates for experimental errors as it is not dependent on the exact knowledge

of the electric trap potential.

The first asymmetric splitting of an ion crystal is carried out in a full automated

manner. Therefore, the electric trapping voltages are altered so that the initial single

potential evolves smoothly into a double potential. During this process one or more ions

of the ion crystal are kept fixed by means of feedback-control until the desired number of

ions move away. These separated ions can be simply moved away or be sent into a second

remote potential. The separation process can be followed by a purposeful unification of

the ion crystal into a conjoint potential. This reunification process can be predetermined

so that the separated ions are brought back one by one.

This represents a strict implementation of the movement of qubits between a processor

region well suited for gate operations and a qubit storage region for those qubits which are

not necessary in the very moment. This technique is generally believed to add significantly

scalability to the ion trap quantum computer approach. Furthermore, the methods allow

the generation of a self-learning voltage ramp for the required process which allows the

process to run much faster and without any camera feedback. Such a technique may facil-

itate the operation of a future ion based quantum processor and improves the robustness
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against fluctuations of control fields and other error sources. With a slightly adapted po-

sition determination, such feedback controlled operations are equally feasible with single

ions which are arranged in a non-linear two dimensional way, for example occurring in

planar trapping geometries as proposed in [Cla09] and [Kum11].

Radio frequency driven micromotion is omnipresent if single ions are displaced from

the RF minimum. This ion oscillation disturbs almost all high precision experiments.

Complicating is the fact that many factors can change the location of the RF minimum

and this additionally on very different time scales.

Thus we have introduced a technique to visualize the ions’ oscillation state versus its

spatial position induced by varying compensation voltages. This is performed for two

cooling light field directions. The automated analysis reveals the spatial location of the

RF minimum and the optimal compensation voltages for a minimized micromotion. This

technique applied ahead an experimental study improves the results significantly.

Spectroscopic studies are carried out with ion crystals or single ions. The complete

spectrum of the 40Ca+ transition 42S1/2 ↔ 42P1/2 is accessible by alternately cooling

and spectroscopically investigating the ion. Accurate results depend on both the applied

light field powers and the timing values of the pulses. This technique enables studies of

coherence phenomena in Λ-systems of ions. Electromagnetically induced transparencies

are created and investigated regarding varying light field intensities and detunings. The

application of the electromagnetically induced transparency as a sensitive probe for the

micromotion of the ion is demonstrated.

These studies facilitate laser light field adjustments which are required in future EIT-

cooling experiments. Combined with an ion trap with a low heating rate, the EIT-cooling

will be perfectly suited to minimize the energy of multi-species ion crystals near a tem-

perature corresponding to the ground state of the vibrational modes of a linear crystal.

New features arise if every coherence in a multi-level system is avoided by acting solely

with one laser light field on the ion during a specific time span. This is experimentally

achieved by a pulsed light scheme in which cooling and initializing alternates with exci-

tation by a single light field and detection of the photons. The novel line signature is

revealed by scanning stepwise versus the resonance. Here, no dark resonance appears. De-

pending on the probe time, either the narrowing of the line below the natural linewidth,

or broadening of the line with a saturation plateau, is detected.

By investigating the system evolution of the three level system quantum mechanically,

the time-dependent occupancy of each level is revealed. The integration of the occupa-

tion probability of the intermediate state via the probe time yields the detected photons in

dependence of the detuning. This is the mathematical description of the arising character-

istic lineshape, enabling various experimental insights such as determining the spontaneous
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emission rates. The focus of the experimental investigations is laid on the Rabi frequency

determination and the photon collection efficiency of the optical imaging system. The

Rabi frequency is a fundamental parameter in quantum information as it reveals the basic

light ion interaction.

Importance for quantum simulation

Quantum simulations allow insights in impenetrable quantum systems by simulating on

a well understood quantum system which possesses a similar underlying mathematical

model. Quantum spin-spin interaction is one of the subjects which attracts many physical

scientists since of being of interest in many physical fields. Introducing multi-species ion

crystals enables pronounced spin-spin interaction [Iva11].

In this thesis a theoretical characterization of multi-species ion crystals with their

various oscillation modes is given. Depending on the crystal composition and internal

arrangement, characteristic oscillation modes occur. A novel technique to measure these

mode frequencies allows the calculative mass determination of an unknown species in a

mixed crystal. In this way, ions can be identified which are not directly observable and

addressable by laser light fields. The experimental implementation is demonstrated with

a multi-species three ion crystal. Depending on its internal ion arrangement different

center of mass modes occur which allows the verification of the unknown ion species.

In subsequent experiments the technique will be extended to the breathing mode, which

increases the accuracy of the mass determination. Furthermore, the experiments will be

extended to larger ion crystals.

These multi-species ion crystals facilitate future spin-spin simulations especially when

aiming for S > 1
2 systems.

Importance for solid state research

The first deterministic single ion source, based on laser light cooled ions in a Paul tap, has

been developed in our institute [Sch09b]. By extracting single 40Ca+ ions out of the trap

with tailored electric fields, total control of the moment of emittance and flight direction

of single 40Ca+ ions is obtained. The future aim is to fire non-calcium ions from the

Paul trap into a solid state material with a spatial resolution of few nanometers. In order

to extract non-calcium ions with a similar experimental setup, these atoms have to be

ionized, identified and separated from the calcium ions. The realization of these claims

have been shown in this thesis.

The loading and sympathetic cooling of dopant ions by 40Ca+ ions in combination with

purposeful ion crystal splitting allows the extraction of arbitrary ions out of the ion trap.
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This leads to the possibility of implanting any desired charged atom or small molecule into

a solid state surface. Extending the range of trapped ions beyond the typically trapped

earth alkali elements, with e.g. ions that exhibit large magnetic moments would also allow

to alter magnetic properties of surfaces at the single atom level. A future aim is the

periodical positioning of single atoms which establishes the possibility for the doping of

semiconductor materials such as silicon. Furthermore, the purposeful doping with single

atoms will allow the implantation of single qubit carriers such as color centers in diamond

[Mei05]. This enables the possibility of creating a processor for a future solid state quantum

computer.
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A. ELECTRONIC CIRCUITS
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A.3 Pulse extender
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A.4 Intensity stablization
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B. ALLAN VARIANCE - ALGORITHM

void ini (double *);

int arraylaenge (double *);

double sum(double *,int ,int );

int hoch(int,int);

const int la=8200000; //to be adapted to the size of raw data

const int ly=8200000;

double delme, delme2;

int maxm = 10;

double sps;

int tmain(int argc, TCHAR* argv[]){
cout << ”What is the number of samples per second” << endl;

cin >> sps;

double *a = new double[la];

double *y = new double[ly];

double allan[2][50];

for (int l = 0; l<50; l++){
for(int k = 0; k<2; k++){

allan[k][l] = 222;

}
}
ini(a);

ini(y);

ifstream inp;

inp.open(”InputFile.tsv”,ofstream::in);

for(int i=0; i<la; i++){
if(i%2 == 1){

inp >> a[i/2];

}
else{

inp >> delme;

}
}
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inp.close();

cout << ”data imported” << endl;

cout << ”arraylength(a): ” << arraylaenge(a) << endl;

maxm = int(log(double(arraylaenge(a)))/log(2.0));

cout << maxm << endl;

for (int m=1; m<maxm; m++){
int k = hoch(2,m);

int lu = (arraylaenge(a)/(k));

for (int l=0; l<k; l++){
y[l] = 1/double(lu) * sum(a,l*lu,(l+1)*lu-1) ;

}
double laengey = arraylaenge(y);

double su = 0;

int q = 0;

for (int j=0; j<laengey-1; j++){
su += (y[j+1]-y[j])*(y[j+1]-y[j]);

q++;

}
allan[0][m] = sqrt(1/(2*double(q))*su);

allan[1][m] = lu*(1.0/(sps));

cout << ”Allan Variance: ” << allan[0][m] << ” for tau= ” << allan[1][m] << ”lu:”

<< lu << endl << endl;

cout << endl;

}
ofstream outp; //writes data to file

outp.open(”AlanVariance.tsv”,ofstream::out);

outp.precision(10);

for(int i=1; i<maxm;i++){
outp << allan[0][i] << ”\t”;

outp << allan[1][i] << ”\n”;

}
outp.close();

delete[] a;

delete[] y;

system(”PAUSE”);

return 0;

}

void ini (double *a){
for (int p=0; p<la; p++) {

a[p] = 111;

}
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}

int arraylaenge (double *a){
int laenge=0;

for (int i=0; i<la; i++){
if (a[i]!=111){

laenge++;

}
}
return laenge;

}

double sum(double *a,int links, int rechts){
double summe = 0.0;

for (int i=links; i<rechts + 1; i++){
summe += a[i];

}
return summe;

}

int hoch(int basis, int exp){
int erg =1;

for (int i=0 ; i<exp ; i++){
erg *= basis;

}
return erg;

}
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