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Abstract

This thesis presents the modification, characterization, and experimental implementation of an optical addressing
system for the manipulation and control of trapped 138Ba+ ions in a quantum computing experiment. A central
focus of this work is the detailed opto-mechanical characterization of the addressing optics and their subsequent
integration into the experimental apparatus. Key system properties, including the achievable focal spot size,
the available addressing range in the ion plane, and the magnitude of single-ion addressing–induced crosstalk,
are investigated experimentally.

Furthermore, the specific design and implementation of the addressing system enable an alternative approach
to fulfilling the experimental requirements for addressed light-shift gate operations on motional modes transverse
to the optical axis of the addressing laser beams. The feasibility and limitations of this novel approach are
discussed theoretically and supported by experimental results presented in this thesis.

Zusammenfassung

Diese Arbeit präsentiert die Modifikation, Charakterisierung und experimentelle Implementierung eines optis-
chen Adressierungssystems zur Manipulation und Kontrolle gefangener 138Ba+-Ionen in einem Quantencomputing-
Experiment. Ein zentraler Schwerpunkt dieser Arbeit ist die detaillierte optomechanische Charakterisierung
der Adressierungsoptik sowie deren anschließende Integration in den experimentellen Aufbau. Zentrale Syste-
meigenschaften, darunter die erreichbare Fokusgröße, der verfügbare Adressierungsbereich in der Ionenebene
sowie das Ausmaß des durch Einzelionenadressierung induzierten Crosstalks, werden experimentell untersucht.

Darüber hinaus ermöglichen das spezifische Design und die Implementierung des Adressierungssystems einen
alternativen, neuartigen Ansatz zur Erfüllung der experimentellen Anforderungen für adressierte Light-Shift-
Gatteroperationen auf Bewegungsmoden, die transversal zur optischen Achse der adressierenden Laserstrahlen
liegen. Die Realisierbarkeit und die Grenzen dieses neuartigen Ansatzes werden theoretisch diskutiert und
durch die in dieser Arbeit präsentierten experimentellen Ergebnisse untermauert.
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Chapter 1

Introduction

Most of our classical physical laws lose their validity when studying microscopic systems at the scale of single
atoms. A paradigm-shifting theory had to be developed to accurately describe the physical reality: quantum
mechanics. The introduction and development of quantum mechanics was a gradual process, which began with
Max Planck in 1900. At this time he proposed that the nature of energy is not continuous, but rather quantized
in discrete packets also called quanta [1]. Today we know his proposal better as Planck’s quantum hypothesis,
for which he was awarded the Nobel prize in 1919. Other physicists adopted his concept to successfully explain
complex phenomena in nature, which could not previously be explained within classical physics. Albert Einstein,
for example, explained the photoelectric effect through the quantization of light into photons in 1905 [2]. Niels
Bohr used the concept of energy quantization to create his atomic model in 1913 [3].

Even though there was still great dispute about certain aspects of the theory, especially about the non-
deterministic nature of quantum mechanics when compared to its classical counterpart, it has been officially
developed in the 1920s. The works of Paul Dirac, Werner Heisenberg, and Erwin Schrödinger, together with
contributions from many other physicists, formed the basis of modern quantum mechanics as we know it today.
Heisenberg used matrix formalism to describe the quantum mechanical theory [4], while Schrödinger approached
the problem using wave mechanics [5]. Dirac was the first to unify quantum mechanics with Einstein’s theory
of relativity, effectively laying the foundation of quantum field theory [6].

Over the course of decades new observations contributed to extend the key concepts of quantum mechanics.
The principles of wave-particle duality, superposition states, uncertainty relations, and entanglement, are only
a few of them. Systems that exhibit such quantum mechanical properties have the capability to interact,
interfere and evolve under the laws of quantum mechanical theory. Quantum computers exploit these quantum
phenomena in quantum algorithms, where information is encoded and processed in the form of quantum bits.
For certain problems, this can reduce the required computational resources substantially, and in some cases
exponentially, compared with known classical approaches. Demonstrating such an advantage beyond the reach
of practical classical computation is often referred to as quantum supremacy or quantum advantage.

A prominent example of such a theoretical quantum advantage is the integer factorization problem, in
which an integer number is factorized into prime numbers. Shor’s quantum algorithm solves this problem with
polynomial resource scaling, whereas the best known classical algorithms exhibit sub-exponential scaling [7].
This result is particularly relevant for cryptography, since widely used public-key encryption schemes, such as
RSA, rely on the practical difficulty of factoring large integers. A sufficiently large and fault-tolerant quantum
computer could therefore compromise such encryption schemes with substantially more favorable resource
scaling than known classical approaches. This prospect has motivated the development of post-quantum
cryptography (PQC), which aims to design cryptographic protocols that remain secure in the presence of
quantum computers [8].

When assessing the practical relevance of a quantum algorithm, its asymptotic resource scaling is only one
part of the comparison. Present-day quantum processors remain limited by the number of qubits that can be
used coherently for computation, corresponding to available register sizes on the order of 10 to 6000 qubits [9].
Classical computing platforms, by contrast, provide extremely large memory registers and highly optimized
architectures, which can compensate for less favorable asymptotic scaling over a wide range of practically
relevant problem sizes. Therefore, the useful computational power of a device is not determined by register size
alone, but also by the rate and fidelity with which elementary operations can be performed. In current classical
processors, characteristic operation rates are commonly in the GHz regime, whereas the experimental system
considered in this thesis operates on characteristic timescales corresponding to the kHz regime.
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The practical benefit of a quantum algorithm is therefore determined by the interplay between algorithmic
complexity, available register size, operation rates, initialization and readout overhead, and possible error
correction requirements. While exponential improvements in complexity scaling are particularly striking, more
moderate scaling advantages can also be relevant for practically important problem classes. Such advantages
become relevant when the classical resource requirements grow rapidly with system size, as in the simulation
of interacting many-body quantum systems. For example, molecular simulations in chemistry involve a large
number of electronic and nuclear degrees of freedom, and the corresponding classical description can become
computationally demanding for large molecules. Quantum algorithms with polynomial or otherwise improved
scaling may therefore provide a practical advantage beyond a problem-size-dependent crossover regime, even
when the asymptotic improvement is less dramatic than in Shor’s algorithm [10]. For a broader overview of
known quantum algorithms, their applications, and their complexity scaling relative to classical approaches,
the reader is referred to the Quantum Algorithm Zoo [11].

A theoretical summary of fundamental building blocks to realize a universal quantum computer device is
given by the so-called DiVincenzo criteria [12]. These criteria can be divided into two categories, the first five
hold true in general for any quantum computing system, whereas the last two criteria are more relevant for
quantum communication and network purposes:

1. The physical system needs to be scalable and provide well-defined qubits. Well-defined qubits imply that the
information encoded in the two qubit states must be clearly distinguishable.

2. The ability to initialize the state of the qubits to a simple so-called fiducial state, such as |00 . . . 0⟩. This
criterion demands that a quantum computer must be able to prepare its qubits reliably in a known initial state.
The requirement of a simple fiducial state implies that the fidelity of the initialized state can be confirmed in a
convenient and reliable way.

3. Long relevant decoherence times, much longer than the gate operation time: it is of no use to meet all other
requirements listed among the DiVincenzo criteria, if the decoherence time is not long enough to let the qubit
maintain the encoded information for at least one total sequence of gate operations.

4. A universal set of quantum gate operations: with such a set, arbitrary quantum operations on the computational
register can be approximated to desired accuracy.

5. A qubit-specific measurement capability: one needs to be able to measure individual qubits reliably at the end
of a computation. In more advanced architectures, mid-circuit measurements can also be used for feedback and
error correction.

6. The ability to inter-convert stationary and so-called flying qubits: within a quantum network, information
stored in a stationary qubit must be transferable to a flying qubit, such as a photon, and vice versa.

7. The ability to faithfully transmit flying qubits between specified locations: the information carried by the flying
qubit must not be lost and be accounted for at all times.

Quantum computers can be realized on different physical platforms, including neutral atoms, ions, super-
conducting circuits, and photonic systems, with each platform having different advantages, drawbacks, and
limitations [13, 14]. Quantum computing with trapped ions offers some advantageous properties that other
platforms struggle to reach or may lack completely. In particular, the collectively shared motion of the trapped
ions, providing effective all-to-all connectivity, distinguishes this platform from others [15]. Furthermore,
the achievable coherence times within ion-trap systems remain among the longest reported to date, with
decoherence-free qubit memories in ion traps reaching timescales exceeding 2 hours [16]. Additionally, the
electric charge of the ions enables trapping techniques with particularly deep trapping potentials, with typical
depths in the range of approximately 0.1 eV to 1 eV. Large trap depths make the confinement robust against
losses due to motional excitation and can ease the initial capture of ions during loading, depending on their
kinetic energy and the specific trapping approach. Another advantage, which the ion platform in this case
shares with the neutral-atom platform, is that ions, as well as neutral atoms, are naturally identical. Since they
are identical, the qubits themselves are naturally reproducible, in contrast to many solid-state platforms where
fabrication imperfections may lead to device-to-device variations.
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Recent continuous progress has enabled quantum-computing systems with increasing qubit numbers and
improved operation fidelities. However, present-day processors are still largely described as noisy intermediate-
scale quantum (NISQ) devices, where the available number of physical qubits is already large enough to
explore non-trivial quantum circuits, but noise and imperfect control limit the circuit depth and computational
reliability [17]. In this regime, error suppression techniques aim to reduce the occurrence of errors at the
hardware or control level, for example through dynamical decoupling or optimized pulse shaping. Error
mitigation techniques, by contrast, aim to reduce the effect of errors on measured observables after the noisy
computation, for example through zero-noise extrapolation or probabilistic error cancellation [18]. Although
these methods can reduce or compensate the effect of noise, they do not fully eliminate errors and can introduce
substantial, in some cases exponential, sampling overhead.

The long-term vision, however, is fault-tolerant quantum computing (FTQC), where quantum error correction
(QEC) protects encoded qubits against physical errors. Reaching this regime requires scalable architectures,
high-fidelity gates, precise control over individual and collective degrees of freedom, and sufficiently low error
rates to make QEC feasible. Therefore, our ion quantum computing experiment aims at demonstrating
the highest achievable control over a quantum register of qubits consisting of trapped barium ions. The
computational process of every quantum system starts with the initialization of the qubit register through
state preparation, followed by the gate sequence implementing the desired quantum algorithm, and ends with
measurement and readout. These steps are often summarized as state preparation and measurement (SPAM)
together with coherent gate operations.

Contributions to errors, and therefore a decrease of overall process fidelity, can occur during each section of
the overall quantum computing process. The origins of these possible errors are diverse and include, among
others, environmental interactions with the quantum system, intensity and frequency fluctuations of the involved
lasers, cross-talk errors induced by ion addressing, and fundamental error mechanisms of the physical system,
such as spontaneous scattering from excited states [19]. Among these contributions, addressing-related errors are
particularly relevant for trapped-ion systems, where selected ions must be manipulated without unintentionally
perturbing neighboring ions. The optical addressing system allows one to interact with a selection of specific
ion(s) via laser light. This thesis focuses on the design, characterization, and implementation of such an optical
addressing system, which is therefore directly connected to the control and reduction of addressing-type errors.

The thesis is structured as follows:

• In Chap. 2 an introduction to the basics of ion trap quantum computing is given.

• In the third chapter, Chap. 3, a comparison of different, fundamental qubit properties of the ion species
used in our experiment, barium, with those of another commonly used one, calcium, can be found.

• In the following chapter, Chap. 4, the reader finds an overview of the experimental setup of the experiment.

• Then, in Chap. 5, a summary of the addressing unit layout is given, together with a description of the
specific purpose of each individual component.

• In Chap. 6 the opto-mechanical characterization of the addressing units as well as the processes of their
implementation and optimization are documented.

• Finally, in Chap. 7 the achieved results are consolidated. An outlook for future work is completing this
thesis.
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Chapter 2

Quantum information with trapped
ions

In this chapter, fundamental concepts, tools, and definitions relevant to quantum computing are introduced.
The discussion begins with a general overview of quantum information theory and subsequently narrows to
the trapped-ion quantum computing platform and its defining characteristics. Optical principles such as
Gaussian-beam propagation, which are essential for understanding the experimental methods used within this
work, are outlined. The operating principles of radio-frequency (RF) traps are presented, accompanied by the
theoretical background and a detailed description of the trapping process. Additionally, the mechanisms of laser
cooling, state detection, and SPAM are described. Several theoretical approaches of controlled interactions
with trapped ions are reviewed, followed by an explanation of how quantum gate operations are physically
implemented on the ionic platform.

2.1 Basics of quantum information processing

The fundamental unit of information in quantum computing is the qubit. A qubit has, in analogy to the
classical bit with ’zero’ and ’one’, two states building up the computational space, |n⟩ = {|0⟩ , |1⟩}. However, in
contrast to the case of a classical bit, a qubit can occupy a coherent superposition of the computational basis
states and can therefore be described as:

|Ψqubit⟩ = c0 |0⟩ + c1 |1⟩ , (2.1.1)

with ci being the complex probability amplitudes of respective quantum basis state |i⟩. Eq. 2.1.1 mathematically
describes a quantum mechanical two-level system (TLS) [20]. The energetic lower state of a TLS is conventionally
defines the ground state, whereas the energetic higher state is called the excited state. One can associate ground
and excited states with the computational basis states, {|0⟩ , |1⟩}, without loss of generality in arbitrary form,
as long as one is consistent in usage. The probability pi of finding the system in the state |i⟩ can explicitly be
found by projection onto this state, with the projector P̂i = |i⟩ ⟨i|. This projection then yields the absolute
square of the probability amplitude |ci|2, a property commonly known as Born’s rule:

pi = ⟨Ψ |i⟩ ⟨i| Ψ⟩ = |⟨i| Ψ⟩|2 = Tr (|i⟩ ⟨i| |Ψ⟩ ⟨Ψ|) =
1∑

i,n=0
c∗

i cn ⟨i| n⟩︸ ︷︷ ︸
=δi,n

= |ci|2 , (2.1.2)

which also can be expressed via the so-called trace (Tr), i.e. the sum over all diagonal matrix elements. Born’s
rule also requires that all state probabilities are normalized and sum up to one, so that the system always can
be found in some state. For a register of N qubits, the total Hilbert space Htotal is spanned by the tensor
product of the individual qubit spaces:

Htotal = H1 ⊗ H2 ⊗ · · · ⊗ HN︸ ︷︷ ︸
with N being # of qubits

, (2.1.3)

with a total complex dimension of dimC(Htotal) = 2N . Although classical systems with N bits also possess
2N possible configurations in their classic state space, they can only occupy one such configuration at a time
therein. Quantum systems on the other hand can form superpositions of all 2N joint computational basis states
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simultaneously. If one considers now a quantum system containing two qubits, the overall system state can be
expressed using Eq. 2.1.1 as:

|Ψtotal⟩ = |Ψ⟩A ⊗ |Ψ⟩B = c00 |00⟩ + c10 |10⟩ + c01 |01⟩ + c11 |11⟩ . (2.1.4)

In an idealized situation, qubits are perfectly isolated from their surroundings and can therefore be described
and treated in an exact manner using the formalism introduced above. In practice, however, a complete
decoupling from the environment is never achievable. Real quantum computers inevitably experience residual
interactions with external degrees of freedom. To model and include these effects, a framework capable of
describing such open quantum systems is required, namely the density matrix formalism. In this formalism,
one associates a quantum state |Ψ⟩ with the corresponding density matrix operator ρ̂:

ρ̂ =
∑

i

pi |Ψi⟩ ⟨Ψi| (2.1.5)

TLS=
(

ρ00 ρ01
ρ10 ρ11

)
=
(

p0 c0c∗
1

c∗
0c1 p1

)
.

The density matrix ρ̂ is a convex combination of rank one density matrices |Ψi⟩ ⟨Ψi| and corresponding
state probabilities pi [20]. The density operator is furthermore positive semi-definite, ρ̂ ≥ 0, and therefore
Hermitian: ρ̂ = ρ̂†, with † denoting the Hermitian adjoint, i.e. complex conjugation followed by transposition.
So the density operator has real non-negative eigenvalues only. The trace of ρ̂ must equal one to maintain the
probability normalization, as the main diagonal elements describe the state populations, as indicated in the
second line of Eq. 2.1.5. The off-diagonal matrix elements describe the coherence among the states including the
phase relation of a possible superposition state, which can decay through coupling to the system environment.
The density operator of pure quantum states is idempotent, ρ̂2 = ρ̂, a characteristic used to define the purity.
The purity gives rise to the definition of mixedness M :

M = 1 − Tr(ρ̂2) , (2.1.6)

which indicates how pure or, respectively, mixed a given quantum state |Ψ⟩ ∼= ρ̂ is. Also expectation values
of observables can be calculated using either directly the quantum state and the corresponding observable
operator Ô or the equivalent density operator formalism alongside the trace:

⟨Ô⟩ = ⟨Ψ| Ô |Ψ⟩ ⇐⇒ ⟨Ô⟩ = Tr(Ôρ̂) . (2.1.7)

Every quantum-computing platform follows the same structural procedure during the computational process.
First, the system must be initialized in a well-defined state from which the computation begins. This initialization
is performed by preparing the system in the desired state and subsequently verifying it through measurement,
a combined procedure referred to as state preparation and measurement (SPAM). After initialization, the
actual computation is carried out by applying a sequence of quantum gate operations that implement the
mathematical structure of the problem under consideration. Once the gate sequence has been completed, the
final state of the system is evaluated by performing a readout measurement. The SPAM and readout procedures
specific to the trapped-ion quantum-computing platform are discussed in Sec. 2.4, supported by the visual aid
of energy level diagrams. The theoretical description of gate operations in general is presented in this section,
while the principles underlying their physical realization on the ionic platform are introduced in Sec. 2.6.

2.1.1 Single-qubit gate operations

Manipulations on a qubit that involve unitary state evolution without loss of information are referred to
as coherent gate operations [21]. Such operations are described mathematically by unitary operators, i.e.
unitary matrices, meaning that their action is both deterministic and reversible [20]. A unitary matrix Û is
mathematically defined by the condition:

Û Û† = 1 = Û†Û ⇐⇒ Û−1 = Û† . (2.1.8)

All unitary operators preserve norms when acting upon a state:

|||Ψ
′
⟩||2 = ||Û |Ψ⟩||2 = ⟨Ψ| Û†Û |Ψ⟩ = |||Ψ⟩||2 , (2.1.9)
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x

y

|0

|1

Fig. 2.1: Visualization of the Bloch sphere using the Qiskit quantum programming framework [22]. Any pure
single-qubit state can be represented as a point on this sphere, where the north and south poles correspond
to the computational basis states |0⟩ and |1⟩, respectively. States on the equator represent equal-population
superpositions of the computational basis states with a relative phase defining the azimuthal angle.

therefore the inner products as well as the probabilities and the phase information stored in the coefficients are
preserved. One commonly used tool to visualize the quantum state of a single qubit as well as the transformation
it undergoes during manipulations is the so-called Bloch sphere, seen in Fig. 2.1. Every action on the qubit can
be viewed as a rotation on the Bloch sphere for a certain angle around a specific axis. The geometric Bloch
sphere picture follows from the Bloch representation of a qubit state, which holds true for any single-qubit
density matrix:

ρ̂ = 1
2(1+ a · σ) = 1

2

1+

u
v
w

 ·

σ̂x

σ̂y

σ̂z

 = 1
2

(
1 + w u − i · v

u + i · v 1 − w

)
, (2.1.10)

where a denotes the Bloch vector specifying the quantum state’s position on or inside the Bloch sphere,
(u, v, w)T are its Cartesian components, and σ̂i denote the Pauli matrices [20]. The Pauli matrices:

σ̂x =
(

0 1
1 0

)
= X̂ σ̂y =

(
0 −i
i 0

)
= Ŷ σ̂z =

(
1 0
0 −1

)
= Ẑ , (2.1.11)

play a central role in quantum mechanics and perform a characteristic dual function: they serve as the
fundamental observables of any two-level quantum system and form the generators of all single-qubit unitary
operators. Each Pauli matrix is both Hermitian and unitary.

Pure quantum states are represented by Bloch vectors with absolute magnitude of 1, meaning their positions
can be found on the surface of the Bloch sphere. Mixed states, on the other hand, lie strictly within the
boundaries of the sphere, with the origin of the Bloch sphere describing a maximally mixed qubit state with
no preferred direction. A derivation of this circumstance is provided by the purity condition ρ̂2 = ρ̂. Since
Tr(ρ̂) = 1 always needs to be fulfilled in a physically meaningful context, for pure qubit states ∥a∥ = 1 is
thus enforced. Because the Bloch sphere is a unit sphere and therefore spherically symmetric, it is natural to
parameterize the Bloch vector of a pure qubit state in spherical coordinates. In this parametrization, the Bloch
vector takes the form:

a =

u
v
w

 =

sin(θ) cos(ϕ)
sin(θ) sin(ϕ)

cos(θ)

 =

⟨σ̂x⟩
⟨σ̂y⟩
⟨σ̂z⟩

 , (2.1.12)

with polar angle θ and azimuthal angle ϕ. As indicated in the third line of Eq. 2.1.12 the individual components
of the Bloch vector, ai, equal the expectation value of corresponding Pauli matrix, σ̂i, which is true for arbitrary
qubit states. The definition of a rotation around a specific axis i by an angle α:

R̂i(α) := exp(−iασ̂i/2) =
∞∑

n=0

(−iασ̂i/2)n

n! , (2.1.13)

allows to directly compute the explicit matrix representations of rotations on the Bloch sphere about the three
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Cartesian axes. These rotation operators take the following forms:

R̂x(α) =
(

cos(α/2) −i sin(α/2)
−i sin(α/2) cos(α/2)

)
R̂y(β) =

(
cos(β/2) − sin(β/2)
sin(β/2) cos(β/2)

)
(2.1.14)

R̂z(γ) =
(

e−iγ/2 0
0 e+iγ/2

)
.

It can be rigorously shown that with this description any arbitrary single-qubit gate operation can be
decomposed and expressed as:

Û = eiα R̂z(ϕ) R̂y(θ) R̂z(λ)

= eiα

(
cos(θ/2) −eiλ sin(θ/2)

eiϕ sin(θ/2) ei(ϕ+λ) cos(θ/2)

)
, (2.1.15)

with {ϕ, θ, λ} being the three so-called Euler angles [20]. Technically one would say that the unitary evolution,
Û , ignoring the irrelevant global phase α, is element of a 3D Lie-group embedded in SU(2):

SU(2) =
{

Û ∈ C2×2|Û†Û = 1 ∧ det(Û) = 1
}

, (2.1.16)

with the difference to general unitaries being the additional requirement det(Û) = 1, which removes physically
irrelevant global phases. The special unitary group is particularly convenient because it is a Lie group: it has
both the algebraic structure of a group and the smooth structure of a manifold, allowing one to use differential
calculus, infinitesimal generators, and other geometric tools in its analysis.

Besides the Pauli operators, one additional single-qubit gate operator of particular relevance, the Hadamard
Ĥ, is useful to introduce:

Ĥ = 1√
2

(X̂ + Ẑ) = 1√
2

(
1 1
1 −1

)
(2.1.17)

= eiπ/2R̂z(π)R̂y(π/2) .

The Hadamard operation is a rotation by π around an axis lying in the x–z plane and oriented at 45◦

relative to both axes. When applied to either computational basis state, it generates an equal superposition of
states |0⟩ and |1⟩. Moreover, it naturally functions as a basis transformation:

Ĥ |0⟩z = |0⟩ + |1⟩√
2

:= |0⟩x = |+⟩ Ĥ |1⟩z = |0⟩ − |1⟩√
2

:= |1⟩x = |−⟩ . (2.1.18)

Thus the Hadamard gate operator provides the standard superposition required for generating entanglement
in many quantum computing experiments as well as in theoretical considerations.

2.1.2 Two-qubit gate operations

For the extension of coherent gate operations to the case of two qubits, the essential principles remain the
same: gate operations are still required to be unitary. The only structural difference is the dimensionality of
the underlying Hilbert space, which becomes the tensor product of the two single-qubit spaces, resulting in a
four-dimensional system. Consequently, any 4 × 4 unitary matrix represents a valid two-qubit gate operation.
Within this space, one may distinguish between local (single-qubit) operations and genuinely entangling
two-qubit gate operations:

SU(4) =
{

Û ∈ C4×4|Û†Û = 1 ∧ det(Û) = 1
}

. (2.1.19)

Controlled gate operations such as the C-NOT and the controlled-phase form particularly important
representatives of genuinely entangling two-qubit gate operations, as they can be used in combination with
single-qubit operations to approximate any unitary operation. A general controlled operation acting on qubits
of subsystems A (control) and B (target) can be written as:

ĈÛ = |0⟩ ⟨0|A ⊗ 1B + |1⟩ ⟨1|A ⊗ ÛB . (2.1.20)
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For Û = X̂, one obtains the controlled-X̂ also known as controlled-not (C-NOT):

ĈNOT,0−→1 = |0⟩ ⟨0|A ⊗ 1B + |1⟩ ⟨1|A ⊗ X̂B =


1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

 , (2.1.21)

which flips the target qubit if and only if the control qubit is in the state |1⟩. For the choice of Û = Ẑ in
Eq. 2.1.20, the expression becomes the controlled-phase operator:

ĈPhase,0−→1 = |0⟩ ⟨0|A ⊗ 1B + |1⟩ ⟨1|A ⊗ ẐB =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −1

 , (2.1.22)

that leaves the computational basis invariant except for the state |11⟩, whose amplitude acquires a phase factor
of −1.

A set of coherent gate operations that can approximate an arbitrary unitary operation, and thus also a
sequence of gate operations, to within an arbitrarily small error ϵ, using only a finite number of repetitions, is
referred to as universal gate set. The existence of such sets, and their property of allowing efficient approximation
of arbitrary unitaries, is established by the Solovay–Kitaev theorem [23]. For quantum computing, this theorem
implies that with a finite set of gate operations any unitary on a finite-dimensional Hilbert space can be
approximated, and thus any pure qubit state on the surface of the Bloch sphere can be prepared to arbitrary
precision.

Although many different universal gate operation sets exist, the concepts introduced above naturally
motivate using the continuous universal gate set as a working example — which is also the set implemented
in the experiment. This universal set consists solely of arbitrary single-qubit rotations together with the
C-NOT. On the trapped-ion quantum computing platform the C-NOT is synthesized with the controlled-phase
operation, as explained in more detail in Sec. 2.6. Because the single-qubit rotations allow continuous control
around all three spatial axes, this gate set enables pure quantum states to reach any point on the Bloch sphere
exactly. Continuous parameters also provide access to non-Clifford operations, which are essential for achieving
quantum computational universality and, ultimately, quantum supremacy.

The need for non-Clifford operations follows from the Gottesman–Knill theorem, which proves that quantum
circuits composed exclusively of operations from the Clifford group can be efficiently simulated on a classical
computer [24]. The Clifford group consists of all unitary operations that map Pauli operators to Pauli operators
under conjugation. Mathematically, it is defined as:

Cn =
{

U ∈ U(2n)
∣∣UPnU† = Pn

}
, (2.1.23)

with Pn being the Pauli group, Pn = {±1, ±i} × {1, X̂, Ŷ , Ẑ}⊗N . The Clifford group is useful because many
relations for Pauli matrices are directly applicable. However, there is no quantum supremacy possible using
only these elements and therefore at least one non-Clifford gate operation within the universal gate set is
needed to access the power available to quantum computers only.

2.1.3 Entanglement and fidelity

The application of a Hadamard gate operation Ĥ on the control qubit followed by a C-NOT operation generates
a maximally entangled quantum state, more precisely one of the four Bell states |Φ+⟩. This process can be
visualized with a quantum circuit seen in Fig. 2.2. Mathematically the process can be described as:

ĈNOT,A−→B ĤA |00⟩AB = ĈNOT,A−→B ĤA |0⟩A ⊗ |0⟩B

= ĈNOT,A−→B

(
|0⟩A + |1⟩A√

2
⊗ |0⟩B

)
= |00⟩AB + |11⟩AB√

2
=: |Φ+⟩ . (2.1.24)

The single qubits correspond to the subsystems A and B, which together form the Hilbert space of the
composite bipartite system HAB = HA ⊗ HB . The principle behind creating this Bell state can be extended
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|0 Control

|0 Target

H

Fig. 2.2: Quantum circuit for preparing the Bell state |Φ+⟩ using a Hadamard Ĥ on the control qubit followed
by a C-NOT gate operation. The circuit was drawn using the PennyLane quantum programming framework
for Python [25].

to N qubits without any obstacles by adding as many CNOT,A−→qN
operations as subsystems are added. In a

bipartite system, a pure state is called entangled if it cannot be written as a product state:

|Ψ⟩AB ̸= |Ψ⟩A ⊗ |Ψ⟩B . (2.1.25)

The degree of entanglement, for pure bipartite quantum systems, is quantified by the so-called Schmidt
decomposition, which always exists for pure states:

|Ψ⟩Pure =
r∑

m=1
λm |im⟩A ⊗ |jm⟩B . (2.1.26)

The Schmidt decomposition is a sum over orthonormal basis pairs |im⟩A and |jm⟩B with non-negative real
coefficients λm. The number of non-zero Schmidt coefficients, given by the magnitude of r, is the so-called
Schmidt rank and satisfies r ≤ min(dimC(HA), dimC(HB)). The pure bipartite state is entangled if and only if
r > 1, which is equivalent to the statement of definition given in Eq. 2.1.25. The squared Schmidt coefficients
λ2

m are the eigenvalues of the reduced density matrices ρ̂A = ρ̂AB|B = TrB(ρ̂AB) and ρ̂B = ρ̂AB|A = TrA(ρ̂AB),
which completely quantify entanglement for pure states. The pure bipartite state is maximally entangled if its
Schmidt rank reaches the maximum value allowed by the subsystem dimensions, r = min(dimC(HA), dimC(HB)),
and all Schmidt coefficients are equal and given by λm = 1/

√
r.

Equivalently, for a maximally entangled pure bipartite state, the reduced density matrices are maximally
mixed, i.e. ρ̂A ∝ 1A and ρ̂B ∝ 1B, which means that each subsystem, considered individually, carries no
information about the total state. Nevertheless, measurements performed on one subsystem determine the
corresponding outcome on the other subsystem with perfect correlations, even though each local result is
individually completely random. One says, in the context of maximally entangled quantum states, that the
information is de-localized. Genuinely quantum phenomena such as entanglement and interference of entangled
states enable quantum computers to explore and exploit the full structure of the Hilbert space Htotal in ways
that are inaccessible to classical devices, potentially providing drastic reductions in computational resources for
certain kinds of problems.

For pure systems partitioned into more than two subsystems, i.e. pure multipartite systems, the Schmidt
decomposition does not, in general, provide a complete characterization of entanglement, since it applies only
to bi-partitions of the total state. Instead, one typically analyzes entanglement across all relevant bi-partitions
via corresponding reduced density matrices. Furthermore, the degree of entanglement of multipartite systems
cannot be described by one single quantity, but is described by classes of genuine multipartite entanglement,
which are defined by transformations under stochastic local operations and classical communication (SLOCC).
For a more rigorous treatment of pure multipartite system entanglement the reader is referred to Ref. [26].

For mixed states, entanglement is defined analogously: a bipartite density operator is entangled if it cannot
be written as a classical mixture of product states:

ρ̂AB =
∑

k

pk · ρ̂
(k)
A ⊗ ρ̂

(k)
B , with pk ≥ 0 ∧

∑
k

pk = 1 . (2.1.27)
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However, the quantification of entanglement in mixed states is significantly more complex, since mixedness
may arise not only from quantum correlations but also from classical statistical uncertainty.

In realistic experimental settings, quantum operations cannot be implemented with perfect accuracy. The
deviation of the experimentally obtained final state from the theoretically intended target state can be quantified
using the fidelity. The most general formulation is given by the Uhlmann fidelity, which assumes arbitrary
mixed states for both the experimentally prepared state, ρ̂, and the intended target state, ς̂Target [20]:

F (ρ̂, ς̂Target) =
(

Tr
√√

ρ̂ ς̂Target
√

ρ̂

)2
. (2.1.28)

In most experimental scenarios, however, the target state is well described as a pure state |Ψ⟩. In this case,
the Uhlmann fidelity defined in Eq. 2.1.28 reduces to:

F (ρ̂, |Ψ⟩Target) = ⟨Ψ|ρ̂|Ψ⟩ . (2.1.29)

While the Uhlmann fidelity, and its reduced form for pure target states, quantify the full state overlap
including both population and coherence, direct experimental determination in a single measurement is not
feasible. Instead, quantum state tomography must be performed, in which the state is re-prepared and measured
repeatedly in multiple bases in order to reconstruct the full density matrix [20]. For Greenberger–Horne–Zeilinger
(GHZ)-type target states of the form:

|GHZ⟩ = |0 . . . 0⟩ + |1 . . . 1⟩√
2

, (2.1.30)

the fidelity can instead be estimated from population measurements and parity oscillations. For this class of
states, the total fidelity estimator can be written as:

Ftotal = 1
2
(
Fpopulation + Fparity

)
. (2.1.31)

For the parity contribution Fparity, the final state ρ̂ is re-prepared and a collective π/2 analysis pulse is
applied to all qubits. For the two-qubit case considered here, the rotated state is given by 1:

ρ̂′(ϕ) = R̂ϕ

(π

2

)⊗2
ρ̂ R̂†

ϕ

(π

2

)⊗2
. (2.1.32)

The phase ϕ of this analysis pulse determines the rotation axis in the equatorial plane of the Bloch sphere:

R̂ϕ

(π

2

)
= exp

[
−i

π

4 (cos(ϕ) σ̂x + sin(ϕ) σ̂y)
]

. (2.1.33)

The parity operator is defined, in general for N qubits, as:

Π̂ =
N⊗

k=1
σ̂(k)

z , (2.1.34)

which characterizes definite parity of a quantum state when it fulfills the eigenvalue equation Π̂ |Ψ⟩ = ± |Ψ⟩.
The expectation value of the parity operator is measured as a function of the analysis-pulse phase ϕ. The
resulting parity oscillation maps the coherence between the two components of the Bell state onto measurable
even- and odd-parity populations, which contribute with corresponding eigenvalues of +1 and −1, respectively:

⟨Π̂⟩ = P00 + P11 − P01 − P10 . (2.1.35)

A scan of the analysis-pulse phase produces therefore an oscillation between even- and odd-parity contribu-
tions after the analysis pulse. For the two-qubit case, the parity signal is given by [15]:

⟨Π̂(ϕ)⟩ = Tr
[
Π̂ R̂ϕ

(π

2

)⊗2
ρ̂ R̂†

ϕ

(π

2

)⊗2
]

= C cos(2ϕ + ϕ0) . (2.1.36)
1Parity oscillations can also be obtained by applying R̂x(θ) rotations instead, with the rotation angle θ used as the continuous

scan variable.
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Here, C denotes the parity-oscillation contrast, while the phase offset ϕ0 depends on the phase convention of
the prepared Bell state as well as of the analysis pulse. The contrast reveals the magnitude of the relevant off-
diagonal density-matrix elements and thereby quantifies the coherence between the two Bell-state components.
A contrast value of C = 1 corresponds to full coherence and an ideal Bell state. For the specific target state
|Φ+⟩, the total fidelity estimator becomes:

Ftotal = 1
2
(
P00 + P11 + C

)
, (2.1.37)

where P00 and P11 denote the populations of the desired even-parity basis states. The population probabilities
are obtained from the measurement outcomes according to Eq. 2.1.7:

Pii = ⟨ii|ρ̂|ii⟩ = Tr(ρ̂ |ii⟩ ⟨ii|) = Nii

Nshots
. (2.1.38)

Together, the population term verifies that the state occupies the desired computational-basis components,
while the parity-oscillation contrast confirms that these components are coherently superposed.

2.2 Optical concepts

In this section, the reader is familiarized with several optical concepts that are essential for understanding and
describing the work presented in this thesis. In particular, the fields of Gaussian optics, the Jones formalism,
and the Nijboer–Zernike diffraction theorem are introduced.

2.2.1 Gaussian optics

The fundamental Gaussian beam corresponds to the lowest-order solution of the paraxial Helmholtz equation:

∇2
⊥E + 2ik

∂E

∂z
= 0 , ∇2

⊥ :=
(

∂2

∂x2 + ∂2

∂y2

)
, (2.2.1)

where E(x, y, z) denotes the scalar electric-field envelope and k = 2πn/λ is the wavenumber corresponding
to the wavelength λ in a medium with refractive index n. A detailed derivation of this lowest-order paraxial
solution is presented in Ref. [27], in which it is shown that the field can be written as:

E(x, y, z) = E0
w0

w(z) exp
(

− r2

w(z)2

)
exp
(

−i

[
kz + kr2

2R(z) − ζ(z)
])

. (2.2.2)

with E0 being the complex field amplitude, w(z) the beam radius at propagation distance z, and w0 the
minimum beam radius, referred to as the beam waist. Furthermore, r2 = x2 + y2 defines the radial coordinate,
R(z) denotes the wavefront curvature, and ζ(z) represents the Gouy phase, which is absent for plane waves.
From geometrical considerations, the Rayleigh length is obtained as:

zR = 1
2

kw2
0

M2 = πw2
0

M2λ
, (2.2.3)

where M2 denotes the beam quality factor, with M2 = 1 corresponding to an ideal Gaussian beam. The
Rayleigh length characterizes the beam divergence and corresponds to the propagation distance at which the
beam radius increases from w0 to

√
2 w0. Using this definition of Eq. 2.2.3, the beam radius can be written in

compact form as:

w(z) = w0

√
1 +

(
z

zR

)2
. (2.2.4)

If the paraxial Helmholtz equation is separable, such that:

E(x, y, z) = un(x, z) · um(y, z) , (2.2.5)

higher-order solutions than the fundamental mode can be derived. Depending on the type of coordinates used
to describe Eq. 2.2.1, the Laguerre-Gaussian beams (spherical coordinates), or the Hermite-Gaussian beams
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(Cartesian coordinates) are obtained [28, 29]. The Hermite-Gaussian modes that are relevant for this work,
take the following form of field distributions (up to the phase evolution of the propagating beams):

Enm(x, y, z) ∝ E0
w0

w(z)Hn

(√
2x

w(z)

)
Hm

(√
2y

w(z)

)
exp

(
−x2 + y2

w(z)2

)
. (2.2.6)

The Hermite polynomials, Hn/m, create the distributions according to the specific Hermite-Gaussian mode.
When both the electric and magnetic fields oscillate perpendicular to the direction of propagation, the field
distribution is referred to as a transverse electromagnetic (TEMnm) mode [30]. This theoretical description
implies for the Hermite-Gaussian TEM10 mode a field distribution proportional to:

E10(x, y, z) ∝ E0
w0

w2(z)H1

(√
2x

w(z)

)
H0

(√
2y

w(z)

)
exp

(
−x2 + y2

w(z)2

)
= E0

w0

w2(z)
√

2x exp
(

−x2 + y2

w(z)2

)
(2.2.7)

For an arbitrary Hermite–Gaussian TEMnm mode, a general relation can be derived that connects its waist
size to that of the fundamental TEM00 mode [30]:

wn,m(z) = w(z) ·
√

2n + 1 ·
√

2m + 1 = w0 ·

√
1 +

(
z

zR

)2
·
√

2n + 1 ·
√

2m + 1 . (2.2.8)

Another formula describing the resulting, final waist size wfin, when a beam with initial waist wini is focused
down by a focusing lens of focal length f , is given by [27]:

wfin = λf

πwini
. (2.2.9)

A Gaussian beam cannot be focused arbitrarily tightly, but is fundamentally limited by diffraction due
to the finite aperture of the focusing optics. For an optical system with a circular aperture, the diffraction
limit is commonly characterized by the Airy disk, which arises from the diffraction of a uniformly illuminated
aperture [31]. The minimal achievable spot size is therefore bounded by the Airy disk diameter, given by:

dmin = 1.22 λ

n sin(θ) = 1.22 λ

NA , (2.2.10)

where NA = n sin(θ) defines the numerical aperture. The NA characterizes the maximum acceptance angle and
thus the focusing capability of the optical system. Small diffraction-limited spot sizes can be achieved using
collimated beams together with high-NA systems that are fully illuminated across the entrance aperture. A
collimated beam is characterized by a negligibly small angular divergence and approximately planar wavefronts.

2.2.2 Jones formalism

A formal description of linear polarization optics is provided by the Jones matrix formalism, also referred to
as Jones calculus. Within this framework, the Jones vector J represents the complex amplitudes of the two
orthogonal transverse components of a monochromatic plane wave propagating along the z-direction. The
definition of the Jones vector follows from writing the electric field E as:

E(z, t) =
(

Ex ei(kz−ωt+ϕx)

Ey ei(kz−ωt+ϕy)

)
=
(

Exeiϕx

Eyeiϕy

)
ei(kz−ωt) =

(
Ẽx

Ẽy

)
ei(kz−ωt) := J ei(kz−ωt) , (2.2.11)

where Ẽx and Ẽy denote the complex field amplitudes of the transverse electric-field components. Different
polarization states are described by the corresponding entries of the Jones vector, as illustrated by the following
normalized examples:

|H⟩ =
(

1
0

)
, linear x |V⟩ =

(
0
1

)
, linear y |R⟩ = 1√

2

(
1

−i

)
, right-handed circular . (2.2.12)

With corresponding Jones matrices Mi for different optical elements i one can calculate the resulting field
of the plane wave:

E(z, t)resulting = Mi · E(z, t)initial . (2.2.13)
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The Jones matrices for H and V polarization filters as well as for a general δ-phase-retarding wave plate are
given by: (

1 0
0 0

)
︸ ︷︷ ︸

H pol. filter

(
0 0
0 1

)
︸ ︷︷ ︸

V pol. filter

(
1 0
0 eiδ

)
︸ ︷︷ ︸

δ-retarding wave plate

. (2.2.14)

Together with a rotatable mount the δ-phase-retardation enables the control of the output after a polarizing
beam splitter cube (PBC).

2.2.3 Nijboer-Zernike diffraction theorem

As a final optical concept, the Nijboer–Zernike diffraction theorem is introduced. Within this framework,
an infinite set of even and odd Zernike polynomials forms an orthogonal basis on a two-dimensional pupil
function, such as that of a lens. These polynomial basis functions are used to quantify optical aberrations,
which may arise due to defects or misalignment of optical elements [32]. An aberration-free image is obtained
when all Zernike coefficients vanish except for the lowest-order term. This first basis function corresponds to
a uniform phase offset and describes a light field that propagates through the lens without distortion. The
Zernike polynomials Zm

n (ρ, ϕ), defined as:

Zm
n (ρ, ϕ) :=

Rm
n (ρ) cos(mϕ), for m ≥ 0

R
|m|
n (ρ) sin(|m|ϕ), for m < 0 ,

(2.2.15)

depend on the radial coordinate ρ, which for the normalized case equals 1 for the edge of the pupil, on the
angular (azimuthal) coordinate ϕ, which relates the angle with respect to the optical axis in radians, on the
radial order n controlling the number of radial oscillations, on the azimuthal order m determining the number
of angular lobes, and on the radial Zernike polynomials Rm

n , which are given by:

Rm
n (ρ) =

n−m
2∑

k=0
(−1)k (n − k)!

k!
(

n+m
2 − k

)
!
(

n−m
2 − k

)
!
ρ n−2k . (2.2.16)

The radial order n must be an even, non-negative integer, whereas the azimuthal order must satisfy:

|m| ≤ n with n − |m| = even integer , (2.2.17)

and may be negative. The visualization of the total Zernike polynomials Zm
n (ρ, ϕ) of second radial order, n = 2,

can be seen in Fig. 2.3. Higher radial orders of the Zernike polynomials include aberrations due to coma and
spherical distortions.
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Fig. 2.3: Second radial-order Zernike polynomials Zm
n (ρ, ϕ) representing low-order wavefront aberrations. The

functions are displayed on the normalized circular aperture, and the color scale denotes the relative optical
path difference. (a) astigmatism (Z2

2 ), which results from different curvature along orthogonal pupil axes and
produces two line-shaped focus spots in perpendicular orientations; (b) defocus (Z0

2 ), introducing a uniform
radial curvature and thereby shifting the best-focus position symmetrically; (c) astigmatism (Z−2

2 ), identical in
origin and physical effect to (a), but rotated by 45◦ in spatial orientation.
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2.3 Paul trap and general trapping procedure

The radio-frequency (RF) trap, or multipole trap, is commonly known as the Paul trap, in honor of Wolfgang
Paul. In the 1950s, he and his co-workers developed the device and realized ion trapping for the first time
worldwide. For this invention, he was awarded a shared Nobel prize in 1989 [33]. This achievement enables
physicists today to use individually trapped ions as qubits, a concept that was once considered unfeasible. The
following subsections introduce the theory behind RF trapping as well as aspects of its physical realization.

2.3.1 Paul trap

Both electrostatic and electrodynamic laws must be satisfied for successful trapping of charged particles.
This condition implies that Maxwell’s equations, which constitute the fundamental framework of classical
electromagnetism, must hold throughout the trapping region. Of particular relevance in this context is the first
Maxwell equation, commonly referred to as Gauss’s law and originally formulated by Karl Friedrich Gauss [34].
Gauss’s law is presented here in its differential form:

∇ · E = ρ

ϵ0
. (2.3.1)

The first Maxwell equation identifies the cause of an electric field E to be charges, or more specifically the
spatial distribution of charges ρ. In the original works of Gauss, the vacuum permittivity ϵ0 did not appear, but
was added later by Maxwell in the 1860s to uniform electrodynamics, electrostatics, and the units used therein.
Gauss’ law is the foundation for Coulomb’s law and together with it, the whole of electrostatics. Considering
the relation between the electric gradient field E and its scalar potential Φ, given by:

−∇Φ = E , (2.3.2)

as well as the Gauss law itself, Eq. 2.3.1, one recovers the Poisson equation of electrostatics:

∇ · E = −∇2Φ = −∆Φ = ρ

ϵ0︸ ︷︷ ︸
Poisson equation

. (2.3.3)

In the case of using electrostatic fields alone to attempt trapping charged particles, the electrostatic scalar
field-potential Φ must obey Laplace’s equation of electrostatics:

−∆Φ = 0 , (2.3.4)

everywhere except at the exact position of the electrically charged particle to be trapped. The Laplace equation
of electrostatics is a special case of Poisson’s equation with vanishing charge density, ρ = 0, which applies
inside an ion trap apart from the negligible contribution of the trapped ion itself, such that the shape of the
electrostatic trapping field is essentially determined by the trapping electrodes alone. As a consequence, a
three-dimensional electrostatic trapping potential cannot exhibit local extrema in free space, since Laplace’s
equation requires the sum of the second spatial derivatives to vanish:

−∆Φ = 0 ⇐⇒
(

∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2

)
Φ = 0 , (2.3.5)

implying that at least one curvature must have the opposite sign to the others. Only saddle points are therefore
possible. A stable trapping point or region, however, would require a potential minimum with a finite depth
such that a restoring force acts in all spatial directions when the ion is displaced from equilibrium. Consequently,
trapping ions using electrostatic potentials alone is not possible. These considerations were already addressed
by Samuel Earnshaw, who combined the theoretical foundations established by Laplace and Gauss to formulate
what is now known as Earnshaw’s theorem, proving the impossibility of stable ion trapping with static electric
fields alone.

There are multiple approaches by which ion trapping can be realized, such as the Penning trap, which
employs a combination of static electric potentials and a static magnetic field. The design of a Penning trap,
however, often limits optical access to the ions and imposes additional experimental challenges [35, 36, 37]. For
this reason, the Paul (RF) trap is preferred for most applications. The linear Paul trap, which is discussed
in detail in the following, employs a static electric potential along the axial direction and time-dependent
electric fields (RF multipole potentials) in the remaining two dimensions, which by symmetry define the radial
directions.
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The Paul trap exploits what Laplace’s equation does not prohibit: although only saddle points and no static
extrema are allowed, a saddle potential may rotate in time. At an appropriate rotation frequency, the trapped
ion experiences a time-averaged, effective harmonic confinement in the radial direction. Since this effective
potential approximates a static harmonic potential that is forbidden by electrostatics alone, it is commonly
referred to as a pseudopotential, as illustrated in Fig. 2.4.

Fig. 2.4: Instantaneous RF quadrupole saddle potential of a linear Paul trap, rotating at the drive frequency
ΩRF around a single trapped ion. The corresponding 2D contour representation of the same potential in the
radial plane is shown below the saddle potential. Time-averaging of this rapidly rotating saddle results in the
RF pseudo-potential that provides the radial confinement. Illustration taken from [38].

A truly rotating saddle potential in the radial trapping plane can be described by:

Φrot(r, t) = VRF

2r2
0

[sin(Ωrott) · (x2 − y2) + 2xy · cos(Ωrott)] , (2.3.6)

where VRF denotes the applied RF voltage amplitude, r0 is the characteristic radial electrode distance, and
Ωrot is the angular rotation frequency of the saddle potential [39]. This potential corresponds to a quadrupolar
field whose principal axes rotate continuously in the radial plane.

In a linear Paul trap, by contrast, the electrode geometry is fixed in space and no physical rotation of
the saddle potential occurs. Instead, radial confinement is generated by a time-periodic modulation of a
quadrupole potential, such that the potential curvature is modulated along the two radial directions. While the
confinement strength along one radial axis is reduced, the confinement along the orthogonal axis is increased.
This alternating modulation leads to a time-dependent oscillation of the radial potential, often described as
a “flapping” motion. At all times, the potential retains a quadrupolar form, with a curvature whose sign
alternates between the two radial axes. The radial contribution to the total trapping potential is therefore
described by a sinusoidal time dependence of the quadrupolar term:

Φ(r, t) = VRF

2r2
0

sin(Ωt) · (x2 − y2) + U0

2z2
0

· (2z2 − x2 − y2) , (2.3.7)

where U0 denotes the static voltage applied to the axial electrodes, z0 is the characteristic axial electrode spacing,
and Ω is the drive frequency of the RF quadrupole potential [40]. Both the rotating and the oscillating saddle
potentials lead, in a time-averaged sense, to an effective harmonic confinement of the ion. The pseudopotential
approximation is valid in either case provided that the ion motion can be separated into a rapidly oscillating
motion (micromotion) and a slower one (secular motion). Under this condition, the detailed temporal structure
of the saddle potential becomes irrelevant for the effective confinement. For a more comprehensive discussion
of the pseudopotential regime, the reader is referred to Refs. 41, 38.

Fig. 2.5 shows a schematic of a linear RF trap in all three spatial dimensions with the relevant geometrical
parameters for the theoretical description indicated therein. The four RF blades, labeled e1 to e4, are connected
pairwise. In many implementations, only one pair of blades is driven by an RF voltage, while the opposing pair
is either held at ground potential or biased with a static voltage. If the second pair is grounded, the RF-driven
blades induce a mirrored charge distribution on the grounded electrodes. Since the blades and their mechanical
mounts can only be fabricated within finite machining tolerances, a small residual mechanical asymmetry is
generally present, which leads to deviations from an ideal quadrupole field. Such asymmetries, and the resulting
imbalance in the radial trapping frequencies, can be partially compensated by applying a static offset voltage
to the second blade pair instead of grounding it.
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(a) (b)

Fig. 2.5: Schematic of a linear Paul trap with RF blades (adapted from Ref. [42]). (a): Axial perspective of
the trap, showing the wiring configuration between the electrode blade pairs (e1–e2 and e3–e4), along with
the applied potential possibilities and the radial electrode distance parameter r0. (b): Radial perspective,
illustrating the axial electrode spacing parameter z0. Specific parameter values relevant to the experiment are
r0 = 0.57(1) mm and z0 = 2.25(4) mm.

The confining, static potential along the axial (z) direction takes for a linear Paul trap a harmonic form:

Φ(z) = +U0

(
z

z0

)2
, (2.3.8)

with +U0 being the applied voltage to the end-cap electrodes and z0 the characteristic axial length of the trap.
The potential energy of an ion in the trap, with respect to the axial dimension, is given by the product of
the charge e and the potential itself, Epot(z) = e · Φ(z). The resulting force is the negative derivative of the
potential energy:

F (z) = −dEpot(z)
dz

= −e
dΦ(z)

dz
= −2eU0

z2
0

z, (2.3.9)

combined with Newtons second law, F (z) = mz̈, and the knowledge about the ion’s mass m, one can derive
the axial trap frequency:

0 = z̈ + 2eU0

mz2
0︸ ︷︷ ︸

=ω2
axial

z =⇒ ωaxial =
√

2eU0

mz2
0

. (2.3.10)

The coupled equations of motion of multiple trapped ions cannot be diagonalized in their original coordinates.
Instead, the system is transformed into a set of independent collective coordinates by decomposing the motion
into normal modes. In the axial spatial dimension, this procedure yields N independent equations for a chain
of N ions, each corresponding to a collective axial normal mode with a characteristic oscillation frequency ωj

(j = 1, . . . , N). The harmonic axial confinement of the trap causes these collective modes to be harmonically
quantized, such that each axial mode is described by a quantum harmonic oscillator with discrete energy
eigenstates [43]. Fig. 2.6 shows the energetically lowest axial eigenmodes of oscillation for three ions.

Fig. 2.6: Lowest energetic normal oscillation modes for 3 ions. Adapted from [15].
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For the radial confinement, which is governed by a time-dependent oscillating quadrupole field, an equivalent
approach can be taken. Owing to the symmetry of the two radial directions, which differ only by a sign, the
following considerations are restricted to a single representative dimension without loss of generality. The
time-dependent potential along the x direction then reads:

Φ(x) = 1
2

(
−U0

z2
0

+ VRF sin(Ωt)
x2

0

)
x2 , (2.3.11)

with x0 ≡ r0 being the radial electrode distance parameter in the simplified 1-dimensional case. The potential
energy of an ion with the charge +e in respect to the x-dimension equals Epot(x) = eΦ(x). The resulting force
is given by the negative gradient of the potential multiplied with the charge:

F (x) = −e · dΦ(x)
dx

= −e

(
U0

z2
0

− VRF sin(Ωt)
x2

0

)
x , (2.3.12)

from which using Newton’s second law again and after rearranging, the equation of motion with respect to the
radial dimension is derived:

ẍ + e

m

(
−U0

z2
0

+ VRF sin(Ωt)
x2

0

)
x = 0 . (2.3.13)

Thus, the radial motion is governed by the Mathieu equations [44]. For this class of equations, no closed-form
analytical solution exists for the general case. Instead, their behavior is commonly analyzed using numerical
simulations or suitable analytical approximations. One such approach is the secular approximation, which
separates the equation of motion into a rapidly oscillating component driven by the RF potential and a slowly
varying component associated with the effective spatial confinement. This procedure effectively decomposes the
ion motion into two distinct contributions:

x(t) = x̄(t)︸︷︷︸
slow

+ ζ(t)︸︷︷︸
fast

. (2.3.14)

Without loss of generality the static axial potential may be set to zero, U0 = 0. The ion’s position changes
only incrementally small during a fast RF-oscillation, so that one can neglect the spatial dependency and solve
directly for the fast part ζ(t). The solution:

ζ(t) = eVRF

mΩ2x2
0

x̄(t) sin(Ωt) , (2.3.15)

describes the equation of motion caused by the rapidly oscillating RF-field with frequency Ω, which is commonly
referred to as micromotion. For the solution of the slow dynamics, x̄(t), the secular approximation assumes a
regime where the micromotion averages out over time. With the addition of Newton’s second law, one can
solve the whole problem:

F̄ (xt) = ⟨F (xt)⟩ =
〈

−eVRF

x2
0

[x̄ + ζ(t)] sin(Ωt)
〉

= −eVRF

x2
0

x̄ ⟨sin(Ωt)⟩︸ ︷︷ ︸
=0

−eVRF

x2
0

eVRF

mΩ2x2
0

x̄ ⟨sin2(Ωt)⟩︸ ︷︷ ︸
=1/2

= − e2V 2
RF

2mΩ2x4
0

x̄ = m¨̄x =⇒ ωsec = eVRF√
2mΩx2

0
=: q√

8
Ω . (2.3.16)

The overall solution for the radial dimension yields the slow, secular frequency ωsec, also known as the
macromotion frequency. In the last line of Eq. 2.3.16, the dimensionless Mathieu q-parameter is introduced,
which is written out explicitly in Eq. 2.3.18 and explained in more detail thereafter. It follows for the radial
equation of the ion motion, represented in general in Eq. 2.3.14, the solution:

x̄ = x0 sin(ωsect) =⇒ x(t) = x0 sin(ωsect) ·
(

1 + eVRF

mΩ2x2
0

sin(Ωt)
)

. (2.3.17)

For a chain of N ions confined in a linear Paul trap, the full motional spectrum consists of 3N normal
modes. These comprise 2N modes associated with the radial trap dimensions, whose classical dynamics are
governed by Mathieu equations due to the time-dependent RF confinement, and an additional N modes along
the axial trap direction.
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The secular approximation and the resulting solution for the radial ion trajectory can be used for a direct
comparison between the full ion motion and the secular motion alone can be made in the radial trapping plane.
Fig. 2.7 illustrates this comparison.
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Fig. 2.7: Comparison of total ion motion (secular and micromotion) vs. secular motion alone. The direct
comparison is visualized using the solution the secular approximation provides in Eq. 2.3.17 with a q-value of
q = 0.1 and a frequency ratio between drive frequency Ω and the secular frequency ωsec of Ω/ωsec = 30. The
separation of secular and micromotion is clearly visible.

As shown in Eq. 2.3.16 the solution that the secular approximation provides can be related to the dimensionless
Mathieu q-parameter, that is explicitly given by:

q = 2eVRF

mΩ2x2
0

, (2.3.18)

relating the secular frequency ωsec to the drive frequency of the RF-potential Ω. If q ≪ 1 the time scales between
driven micromotion and resulting secular motion are well separated and the pseudopotential approximation
holds true. Taking a numerical approach to solve the equation of motion in each dimension, one also can use
the general Mathieu equation:

d2x

dτ2 + (a − 2q cos(2τ))x = 0 , (2.3.19)

and relate it by mathematical transformation and direct comparison to the resulting force of the confining
potential (respective spatial, negative derivative of Eq. 2.3.7). This direct comparison introduces another
parameter, the Mathieu a-parameter. The direct relation to the Mathieu equation yields the following
expressions for the a- and q-parameters in all three spatial dimensions:

ax = − 4eU0

mz2
0Ω2 = ay = aradial az = 8eU0

mz2
0Ω2 = −2aradial

qx = − 4eVRF

mr2
0Ω2 = −qy qz = 0 . (2.3.20)

Similar to the q-parameter, which relates the secular motional frequency of the ions to the effects of the
oscillating RF field, the a-parameter relates the ion motion to effects caused by the static field providing axial
confinement. Together, these parameters determine the stability region of the linear Paul trap, as shown in
Fig. 2.8. The q-parameter governs the stability of the radial confinement: small values yield stable motion
with weak micromotion, whereas larger values increase micromotion and heating, ultimately leading to loss of
confinement, as shown in Fig. 2.9.

21



Fig. 2.8: First stability region of a linear Paul trap in the (qx, ax) plane, as obtained from the Mathieu equation.
The red curves mark the stability boundaries for ion confinement. The black contour lines indicate combinations
of trap parameters that lead to equal secular motional frequencies in the radial directions. Stable trapping is
achieved only for parameter sets located inside the enclosed region [44]. Illustration adapted from Ref. 45.
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Fig. 2.9: Visualization of trapped ion trajectory with respect to radial dimension using the numerically solved
Mathieu equation in a dimensionless phase-space picture. From left to right the Mathieu q-parameter increases
from q = 0.1 to q = 0.5 and finally to q = 0.9. The Mathieu a-parameter was kept at a = 0, so that there is no
contribution from the axial static field so that the radial dynamics are emphasized.

2.3.2 General trapping procedure

The reader will now be familiarized with the general trapping procedure used within the experiment. It shall
be noted that the following procedure is not the only method for loading ions into a trap. Other procedures
can include an atomic source that is heated in a special oven until emission of an effusive atomic beam through
a small aperture occurs. This type of source for ion traps is the most common and very reliable, but can have
drawbacks. For example an oven-type source must be heated to a certain temperature to work properly, which
takes time. If the oven is kept running to avoid reheating, a continuous stream of particle clouds flows constantly
into the trap, increasing background pressure and noise. Furthermore, collisions with already trapped ions
cause additional heating. For cryogenic environments the oven-type source and the heat it produces are in
constant conflict with the cryostat (the device cooling the system), which may prevent one from reaching the
lowest possible temperatures.

The ionization step can also differ between experiments since it need not be performed via photoionization
(PI). Another option is the process of electron impact ionization, in which a beam of electrons is sent toward
the neutral atom cloud. In this concept an individual electron then collides with an atom, effectively knocking
an electron out of the atom shell and therefore ionizing the atom according to the reaction equation:

A + e− → A+ + 2e− . (2.3.21)

In reality the same atom can be hit by more than just the one electron intended, leading to double ionization.
Furthermore the technique of electron impact ionization is very broadband and non-selective, meaning every
species it hits gets ionized and may end up trapped. Additionally the beam of electrons can induce charges on
metallic surfaces inside the trap, i.e. the blades, which even can be damaged by this process in the worst case.
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Therefore, we use an ablation laser targeted at a sample of barium alongside the isotope-selective method of PI,
which together provide our trap with high density plumes of ionized specimen, only when needed.

i) Ablation:

The first step of the trapping sequence is the provision of a neutral atom supply, which ideally consists of the
target species only. For that purpose ultrapure, solid samples are commercially available, which can also be
enriched with specific isotopes if desired. Usually these samples are sealed with an indium cap to maintain and
guarantee purity. Nonetheless a certain amount of an oxide layer on the surface of the solid sample is hardly
avoidable. The ablation laser, targeted at such a sample, must remove the indium-oxide layer first, before the
trap can be reliably loaded with the desired species. The need for a controllable source of pure specimen is
imperative. If the atomic source is in place, we use an ablation laser2 and send short, high-intensity pulses at it
to bring a cloud of neutral atoms across the trapping site. Many parameters play a crucial role in the process
of laser ablation loading, such as the spot size, optical power of ablation laser, number of shots, the alignment,
as well as the angle of incidence [46].

ii) Photoionization (PI):

Once the ablation pulse has been sent and the trapping region is reliably supplied with the initially neutral
target species, the next step of the trapping procedure follows, namely photoionization (PI). For the PI process,
the trap zone is illuminated by the laser fields used for the two-photon ionization process, 553 nm and 416 nm,
aligned as shown in Fig. 4.3. The trapping pseudopotential is active during the whole time and does not act on
neutral particles. If the newly ionized particles are slow enough to not escape pseudopotential well, they are
effectively trapped at the moment of ionization. For a more detailed description and additional information the
reader is referred to Ref. 47.

2.4 Cooling, readout and SPAM of 138Ba+ qubits

This section provides the reader with an overview of two different techniques used in the experiment to cool
the motional state of 138Ba+ ions. The fundamentally relevant concepts of state preparation and measurement
(SPAM) as well as the readout sequence as method of measurement is explained in detail.

2.4.1 Cooling methods

For cooling 138Ba+ ions two methods are used: Doppler cooling and resolved sideband cooling (SBC). Fig. 2.10
illustrates the relevant energy levels of 138Ba+ for both cooling methods.
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Fig. 2.10: (a) Illustration of 138Ba+ energy levels used for the Doppler cooling process including relevant
branching ratios (BR), lifetime T1, and corresponding linewidth Γ [48]. The red detuning of the Doppler beam
is indicated by the dotted line. (b) Diagram showing the energy levels involved in the process of sideband
cooling (SBC), also including relevant BR, lifetime T1, and corresponding linewidth Γ [49]. The red sideband
of the motional mode structure is indicated by the dotted line.

Doppler cooling is based on the resonant absorption of photons by an ion, followed by spontaneous emission.
The spontaneous emission is assumed to be isotropic, as random changes of the ion’s internal angular momentum

2Cobolt FLARE NX at 532 nm
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lead to radiation over the full solid angle 4π. The Doppler cooling beam is red-detuned from the atomic
resonance and therefore becomes resonant only if the ion moves toward the laser beam, effectively compensating
the detuning via the Doppler effect, which gives this cooling method its name. Upon absorption, the ion
experiences a momentum kick along the propagation direction of the laser beam. During the subsequent
spontaneous emission process, momentum conservation does not yield a net momentum transfer, since the
time-averaged momentum associated with spontaneous emission vanishes.

The excitation induced by the Doppler beam does not decay exclusively back to the fluorescing ground state
but can also populate the 5D3/2 manifold. This behavior is probabilistically described by the branching ratio
(BR), which quantifies the relative probabilities of all allowed decay channels from a given excited state. In the
context of Doppler cooling, the branching ratio directly influences the cooling efficiency. The re-pump beam at
650 nm returns population from the 5D3/2 manifold into the fluorescence cycle, making the ion available again
for Doppler cooling after decay to the ground state. While a red-detuned Doppler beam preferentially couples
to ions moving toward the laser and thus cools them, it also weakly couples to ions moving away from the
beam, which results in heating. At sufficiently low temperatures, the cooling and heating rates balance each
other. The lowest temperature achievable by Doppler cooling, known as the Doppler limit, is reached when the
cooling rate equals the heating rate:

2ℏ
2k2

m

Γ
4 S︸ ︷︷ ︸

heating rate

= −2ℏk2

m
SEkin︸ ︷︷ ︸

cooling rate

=⇒ TD = ℏΓ
2kB

, (2.4.1)

with S corresponding to the saturation parameter (I/Isat), m being the mass of the species, Γ the linewidth
of the transition used, and kB the Boltzmann constant [50]. The choice of transition is therefore relevant
regarding the Doppler limit.

The principles behind resolved SBC are derived and explained in Sec. 2.5. For the SBC process, one uses
the ladder structure of the Jaynes-Cummings Hamiltonian on the red sideband. Every cooling cycle consists of
excitation on the red sideband, which reduces the mean phonon number, n̄, about one. Afterwards, a short-lived
state is coupled into the process (6P3/2 with a lifetime of 6.3 ns), increasing efficiency because one does not
need to wait as long until the electronic state spontaneously decays to the ground state manifold and thus is
available for the next cooling cycle to further reduce the phonon number [51]. This method is referred to as
quenching as it shortens the duration significantly. The SBC method counts among the sub-Doppler cooling
methods, since it can reach temperatures below the Doppler limit. SBC also has a limit, which is typically
much lower than the Doppler limit. Main contributions to residual heating are due to off-resonant excitation of
the blue sideband, which increase the phonon number, and recoil heating through the spontaneous emission
and the momentum transfer accompanied by it. Eq. 2.4.2 shows the theoretical limit for SBC, assuming the
Lamb Dicke regime (explained in detail in Sec. 2.5) and a transition linewidth Γ much smaller than the axial
trap frequency ωtrap [52].

⟨n̄⟩SBC ≃
(

Γ
4 ωtrap

)2
(2.4.2)

2.4.2 State preparation and measurement via readout (SPAM)

The used energetic levels of 138Ba+ for the process of SPAM, which includes state preparation and the readout
sequence as method of measurement, are illustrated in Fig. 2.11. State preparation is achieved by removing
population (‘pumping out’) from the undesired 6S1/2 state with mj = + 1

2 through coherent driving of the
electric–quadrupole transition to the 5D5/2 state with mj = − 3

2 via resonant 1762 nm light. Population in
the metastable 5D5/2 state is subsequently quenched to the short-lived 6P3/2 manifold. From this excited
state, spontaneous decay proceeds via allowed electric–dipole transitions, predominantly back to the 6S1/2
ground-state manifold, while additional decay channels into the 5D3/2 and 5D5/2 states are also present [53].

Population transferred into the D manifolds is recycled by the corresponding re-pumping lasers (614 nm
and 650 nm), such that repeated application of the sequence efficiently accumulates population in the intended
ground-state Zeeman sublevel 6S1/2, mj = − 1

2 . Under the assumption of an equal population of the Zeeman
sublevels of the 6P3/2 state and neglecting the less likely D manifold decay channels, the branching ratio for
decay into the desired and undesired ground-state Zeeman substates is equal, yielding a probability of 50 % for
each outcome. Therefore, the cycle must be repeated to ensure high ground-state preparation fidelity. With an
initial ground-state population a and a probability b of ending in the ground state per cycle, the probability to
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correctly prepare the desired ground state is (in this example) given by:

pcorrect = 1 − (1 − a) · (1 − b)N (2.4.3)
= 1 − (1 − 0.5) · (1 − 0.5)N ,

which indicates that one needs 16 cycles to prepare the ground state with a population fidelity of 99.999 %. This
number of cycles corresponds to approximately 100 ns when considering only the lifetime of the short-lived 6P3/2
state. In the experiment, however, the quench laser prepares predominantly a 6P3/2 with mj = +3/2 and to a
lesser extent the same state with mj = +1/2 due to the specific magnitudes of the so-called Clebsch–Gordan
coefficients, which determine the branching ratio of different Zeeman sublevels [54]. So the total BR equals not
50 % but is in favor of preparing the correct state, which implies even fewer cycles are needed in the example.
As this simplified example neglects decay channels via the D manifold and ignores finite laser pulse durations
as well as rise times of the electronic control components, the value obtained here constitutes a lower bound,
with realistic experimental values being orders of magnitude larger.SPAM
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Fig. 2.11: (a) Energy levels of 138Ba+ involved in the process of state preparation including relevant branching
ratios (BR), lifetime T1, and corresponding linewidth Γ [49]. (b) Energy levels used for the readout process
in 138Ba+ including relevant branching ratios (BR), lifetime T1, and corresponding linewidth Γ [48]. These
procedures of state preparation and readout together define the process of SPAM.

State readout is performed via fluorescence detection by selectively driving an electronic transition, namely
the 6S1/2 ↔ 6P1/2 transition, as indicated in Fig. 2.11(b) [43]. The excited electronic state, |0⟩, is referred to
as the dark state, since it is decoupled from the fluorescence cycle and therefore does not emit photons unless
it spontaneously decays. In contrast, when the electron occupies the ground state, |1⟩, driving the 493 nm
fluorescence transition induces resonant excitation cycles (see Sec. 2.5), causing the ion to emit photons. The
ground state is therefore referred to as the bright state.

Bayes’ theorem provides a consistent framework for updating the probability of a hypothesis by combining
prior probabilities with likelihood functions, resulting in posterior probabilities [55]. The photon-count statistics
of the bright and dark states are modeled by the corresponding conditional probability mass functions (PMFs)
Pi(n) := P (n | i). The probabilities for misidentifying the bright state as dark and vice versa are given by:

ϵbright→dark(nth) =
nth∑
n=0

pbright Pbright(n) ϵdark→bright(nth) =
∞∑

n=nth+1
pdark Pdark(n) , (2.4.4)

where pi denotes the prior occupation probability of the respective electronic state. Neglecting spontaneous
decay during the detection interval, the photon-count statistics of the bright and dark states are described by
Poisson PMFs conditioned on the state:

Pi(n) := P (n | i) = µn
i

n! e−µi , (2.4.5)

where n ∈ N0 denotes the detected photon number and µi is the mean photon number of the bright and dark
states, respectively [55]. This approach reflects the discrete nature of fluorescence detection and the assumption
that the two state-dependent distributions are well separated, thereby allowing each distribution to be evaluated
independently.

When spontaneous decay during the detection interval is taken into account, an ion prepared in the dark
state may decay into the bright manifold at a time t within the detection window [0, tdet]. Conditioned on a
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decay event occurring at time t, the expected photon number is modeled as a weighted mean of the dark and
bright contributions:

µ(t) = µd
t

tdet
+ µb

(
1 − t

tdet

)
, (2.4.6)

with µd and µb being the mean photon numbers associated with the dark and bright states, respectively. As a
consequence, the photon-count distribution of the dark state is modified and can be described by an effective
PMF:

P eff
dark(n) = (1 − pdec) Pdark(n) + pdec Pdecay(n) , (2.4.7)

where pdec = 1 − e−tdet/τ is the probability for spontaneous decay during the detection interval, τ denotes
the lifetime of the dark state, Pdark(n) is the Poisson PMF of a non-decaying dark ion, and Pdecay(n) is the
photon-count PMF associated with decay events [56]. The latter is given by:

Pdecay(n) = 1
pdec

∫ tdet

0

1
τ

e−t/τ µ(t)n

n! e−µ(t) dt . (2.4.8)

The possible occurrence of spontaneous decay during the readout sequence causes the dark-state photon-
count distribution to develop a shoulder toward the bright distribution, effectively reducing the separation
between the two PMFs and increasing the overall readout error. An increase of the exposure time to collect
more photons is only beneficial to a limited extent, since the probability of spontaneous decay increases
simultaneously. Furthermore, the two distributions can no longer be modeled independently but must be
treated as a combined mixture, as they become effectively coupled. In both approaches, with and without
considering the spontaneous decay, the total readout error is then given by the overlap of the two PMFs
modeling bright and dark distributions:

ϵRO := ϵbright→dark + ϵdark→bright . (2.4.9)

The Bayes-optimal threshold:

nBayes
th := arg min

n∈N0
[ϵRO(n)] (2.4.10)

is defined as the photon-count threshold that minimizes the average readout error. This criterion assigns
each photon-count outcome to the electronic state with the larger posterior probability, thereby accounting
for both the photon-count statistics and the prior state populations. The Bayes-optimal threshold therefore
corresponds to the decision boundary at which the weighted PMFs intersect, yielding the minimal achievable
readout error [55].

Repeated measurements of approximately equally prepared bright and dark states provide the stochastic
data required to construct normalized photon-count histograms, to evaluate the corresponding PMFs, and to
quantify the overall readout error. The emitted fluorescence photons are collected by an imaging system based
on an electron-multiplying charge-coupled device (EMCCD), resulting in a discrete photon-count distribution.
Readout is performed by applying the Bayes-optimal threshold discriminator nth to the detected photon
number n: outcomes with n ≤ nth are assigned to the dark state, while outcomes with n > nth are identified as
bright. Fig. 2.12 shows a representative data set recorded with a detection time of 400 µs together with the
corresponding analysis.

Strictly speaking, the detector efficiency ηDet must also be taken into account when assessing the readout
error, as it directly influences the separation between the two photon-count distributions. The overall detector
efficiency ηDet can be decomposed into three contributions:

ηDet = (collection efficiency) × (optical transmission) × (quantum efficiency of the detector)
= ηcoll ηopt ηQE , (2.4.11)

where the collection efficiency ηcoll quantifies how efficiently fluorescence photons emitted by the ion are
collected, predominantly determined by the NA of the optical imaging system. The optical transmission
efficiency ηopt describes the fraction of photons transmitted through the optical elements along the detection
path, while the detector quantum efficiency ηQE denotes the probability that an incident photon is successfully
converted into a detectable signal by the sensor array [15].
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Fig. 2.12: Normalized photon-count histograms of bright and dark states together with the intersection of the
fitted probability mass functions. (a) Without considering spontaneous decay during the detection interval, a
Bayes-optimal threshold of nth = 14 is obtained, corresponding to a minimal readout error of ϵRO = 3.8 × 10−8.
(b) When spontaneous decay is taken into account, the Bayes-optimal threshold shifts to nth = 15, resulting in
a minimal readout error of ϵRO = 5.2 × 10−6. The plateau observed in the dark-state contribution arises from
spontaneous decay during the detection interval and reflects the corresponding decay probability.

2.5 Ion-light interactions with a harmonically confined ion

This section provides an overview of different interaction mechanisms for trapped ions. The interactions
presented and partially derived here include the Hamiltonian of a single light field as well as that of two light
fields interacting with an ion. In addition, the concept of optical forces is introduced.

2.5.1 Single-light-field interaction Hamiltonian

A single ion and its axial harmonic confinement are considered in the following. The general form of the total
Hamiltonian Ĥtotal of a two-level system (TLS) in one spatial dimension reads:

Ĥtotal(x) = p̂2
x

2m
+ V̂ (x) + ℏω0

2 σ̂z︸ ︷︷ ︸
=Ĥ0

− µ̂ · Ê︸ ︷︷ ︸
=Ĥ1

= Ĥ0 + Ĥ1 , (2.5.1)

with p̂x denoting the momentum operator along the considered spatial dimension, m the ion mass, V̂ (x)
the trapping potential, ℏ the reduced Planck constant, and ω0 = 2πν0 the angular frequency of the internal
transition encoding the qubit. Furthermore, σ̂z denotes the Pauli operator, while µ̂ and Ê represent the electric
dipole operator and the electric field operator, respectively [20].

The Hamiltonian Ĥ0 describes the internal and motional degrees of freedom of the ion. The first two terms
correspond to the kinetic and potential energy associated with the harmonic motion in the trapping potential,
while the third term describes the internal electronic two-level structure used to encode the qubit. Fig. 2.13
illustrates the internal and motional subsystems described by Ĥ0. Coupling between these degrees of freedom
arises only through the interaction of the trapped ion with the laser light field, which is described by the
Hamiltonian Ĥ1.

The total Hamiltonian Ĥtotal is based on the dipole approximation [57]. The potential energy in the axial
trap dimension is of harmonic form:

V̂ (x̂j) = 1
2m ω2

j x̂2
j , (2.5.2)

where ωj denotes the oscillation frequency of the axial normal mode labeled j, x̂j is the corresponding normal-
mode coordinate, and m represents the particle mass. Fig. 2.6 in Sec. 2.3 illustrates the energetically lowest
axial normal modes for a 3-ion chain. With the quantum mechanical ladder operators, introduced by Paul
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Fig. 2.13: The internal electronic two-level system (TLS) and the quantized harmonic motional mode with
frequency ωj described by the Hamiltonian Ĥ0 are illustrated. Coupling between these degrees of freedom
occurs only via the interaction Hamiltonian Ĥ1.

Dirac:

âj =
√

m ωj

2ℏ

(
x̂j + i

m ωj
p̂j

)
â†

j =
√

m ωj

2ℏ

(
x̂j − i

m ωj
p̂j

)
, (2.5.3)

the Hamiltonian Ĥ0 can be re-written as:

Ĥ0 = ℏωj

(
â†

j âj + 1
2

)
+ ℏω0

2 σ̂z = ℏωj

(
n̂j + 1

2

)
+ ℏω0

2 σ̂z , (2.5.4)

with n̂j = â†
j âj being the quantum mechanical number operator counting the phonon number, that quantifies

the energy of the ion oscillation of mode frequency ωj [6, 58]. While the harmonic-oscillator description is valid
for all motional excitation numbers in a harmonic trap, the treatment of the motional and internal degrees of
freedom as approximately decoupled is justified only in the Lamb–Dicke regime. In this regime, the spatial
extent of the ion’s wave packet is small compared to the wavelength of the applied radiation, which is typically
realized close to the motional ground state [43].

For the interaction Hamiltonian Ĥ1, the electric dipole moment is described by the dipole operator µ̂, which
can be expanded in the basis of internal electronic states as:

µ̂ =
∑
m,n

µm,n |m⟩ ⟨n|TLS= µ0,1 |0⟩ ⟨1| + µ1,0 |1⟩ ⟨0| , (2.5.5)

where, in the second step, the restriction to a two-level system (TLS) is applied. The diagonal matrix elements
vanish because the electric dipole operator is odd under spatial inversion, such that µi,i = 0 for states of definite
parity [57]. A specific dipole matrix element characterizing the coupling strength between two internal states is
given by µn,m = ⟨n| µ̂ |m⟩. For a TLS, the dipole operator can therefore be expressed in terms of the atomic
raising and lowering operators:

σ̂+ = |e⟩ ⟨g| = |0⟩ ⟨1| =
(

0 1
0 0

)
σ̂− = |g⟩ ⟨e| = |1⟩ ⟨0| =

(
0 0
1 0

)
, (2.5.6)

in the ordered basis {|e⟩ , |g⟩}. The laser light field is treated in the semiclassical approximation as:

E(x̂j , t) = E0 ϵL ei(kx x̂j−ωL t+ϕL) + E∗
0 ϵ∗

L e−i(kx x̂j−ωL t+ϕL) , (2.5.7)

where E0 denotes the complex field amplitude, ϵL is the (generally complex) polarization unit vector, kx is
the projection of the laser wave vector onto the x̂ direction, the spatial phase of the field is evaluated at the
eigenmode-dependent ion position operator x̂j , ωL is the angular frequency of the laser field, and ϕL denotes
its optical phase. The second term corresponds to the complex conjugate, ensuring that the electric field is real.
The term for the dipole operator in combination with the classical electric field yields an explicit expression for
the interaction Hamiltonian Ĥ1 in the electric-dipole approximation:

Ĥ1 = −µ̂ E(x̂j , t) = −(µ0,1 σ̂− + µ1,0 σ̂+) ·
(

E0 ϵL ei(kx x̂j−ωL t+ϕL) + E∗
0 ϵ∗

L e−i(kx x̂j−ωL t+ϕL)
)

. (2.5.8)

Switching to the interaction picture with respect to the uncoupled atomic and motional Hamiltonian Ĥ0:

Ĥint = Û† Ĥ1 Û with Û = e−i Ĥ0 t/ℏ , (2.5.9)
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the operators evolve under Ĥ0, while the state vectors evolve under the interaction Hamiltonian Ĥint. The
resulting interaction picture Hamiltonian under the semi-classical electric-dipole interaction reads:

Ĥint = −(µ0,1 σ̂− e−iω0t + µ1,0 σ̂+ e+iω0t) ·
(

E0 ϵL ei(kx x̂j−ωL t+ϕL) + E∗
0 ϵ∗

L e−i(kx x̂j−ωL t+ϕL)
)

= −µ0,1 σ̂−

(
E0 ϵL ei(kx x̂j−(ωL+ω0)t+ϕL) + E∗

0 ϵ∗
L e−i(kx x̂j−(ωL−ω0)t+ϕL)

)
+ h.c. (2.5.10)

where “h.c.” denotes the Hermitian conjugate of the preceding term. Owing to the Hermiticity of the dipole
operator, the off-diagonal matrix elements satisfy µ1,0 = µ∗

0,1, such that their magnitudes are equal and may be
written as µ := |µ0,1| = |µ1,0|. The Rabi frequency is defined as:

Ω :=
∣∣∣∣−2µϵLE0

ℏ

∣∣∣∣ , (2.5.11)

and, together with the rotating-wave approximation (RWA), which neglects terms oscillating at ωL + ω0, it can
be used to reduce the interaction Hamiltonian to:

Ĥint
RWA= −µ σ̂− E∗

0 ϵ∗
L e−i(kx x̂j−(ωL−ω0)t+ϕL) − µ σ̂+E0 ϵL ei(kx x̂j−(ωL−ω0)t+ϕL)

= ℏΩ
2

(
σ̂+ ei(kx x̂j−(ωL−ω0)t+ϕL) + σ̂− e−i(kx x̂j−(ωL−ω0)t+ϕL)

)
. (2.5.12)

The RWA is valid in the regime Ω ≪ ωL, ω0, in which the states in the rotating frame evolve slowly with
respect to the optical timescale [20, 58]. Furthermore, in the interaction picture the ladder operators acquire
an explicit time dependence:

âj(t) = âj · e−iωjt â†
j(t) = â†

j · e+iωjt . (2.5.13)

With the detuning defined as ∆ := ωL − ω0, and expressing the position operator in terms of ladder
operators:

x̂j =
√

ℏ
2mωj

(
âj + â†

j

)
≡ x0,j

(
âj + â†

j

)
with x0,j :=

√
ℏ

2mωj
, (2.5.14)

Eq. 2.5.12 can be re-written as:

Ĥ
′

int = ℏΩ
2

(
σ̂+ e−i(∆t−ϕL) eiηj (âj(t)+â†

j
(t)) + σ̂− e+i(∆t−ϕL) e−iηj (âj(t)+â†

j
(t))
)

= ℏΩ
2

(
σ̂+ e−i(∆t−ϕL) eiηj (âj ·e−iωj t+â†

j
·e+iωj t) + σ̂− e+i(∆t−ϕL) e−iηj (âj ·e−iωj t+â†

j
·e+iωj t)

)
, (2.5.15)

where the Lamb–Dicke parameter ηj is also introduced, which itself is defined, in the most general case, as:

ηj =
∣∣k · êj

∣∣x0,j = k | cos(θj)| x0,j = 2π

λ
| cos θj |

√
ℏ

2mωj
, (2.5.16)

with k the magnitude of the laser wave vector, θj the angle between the laser propagation direction and
motional mode j, êj the corresponding mode unit vector, and x0,j the ground-state extent of the harmonic
oscillator. The Lamb–Dicke parameter ηj compares the wavelength of the applied laser field, λ, to the spatial
extent of the ion’s motional wave packet, which for the ground state of motional mode j is given by x0,j . In
squared form, this parameter may equivalently be interpreted as a comparison between the photon recoil energy
and the energy spacing between the motional ground and first excited harmonic-oscillator states:

η2
j = Erec

ℏωj
. (2.5.17)

In trapped-ion experiments, one typically operates in the Lamb–Dicke regime, determined by the Lamb–Dicke
criterion:

ηj

√
2n̄j + 1 ≪ 1 , (2.5.18)

which ensures that the spatial extent of the ion’s motional wave packet is small compared to the wavelength of
the applied laser field. In this regime, the position-dependent laser phase may be expanded perturbatively,
and the coupling between internal and motional degrees of freedom becomes weak to lowest order. As a result,
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the internal and motional dynamics are approximately separable, with motional sideband transitions strongly
suppressed. The Lamb–Dicke regime can be reached either by sufficiently tight confinement (small ηj) or by
cooling the ion close to the motional ground state (small n̄j), such that Eq. 2.5.18 is satisfied. Under these
conditions, the exponential term involving the Lamb–Dicke parameter ηj can be Taylor expanded as:

eiηj(âje−iωj t+â†
j
e+iωj t) ≈ 1 + iηj(âje−iωjt + â†

je+iωjt) + O(η2
j ) . (2.5.19)

Physically, the Lamb–Dicke regime corresponds to the situation where the momentum transferred by
absorption or emission of a photon is insufficient to significantly perturb the ion’s motional state. While
ground-state cooling represents the most favorable case, the Lamb–Dicke criterion can also be fulfilled for
finite phonon occupation provided that the confinement is sufficiently tight. In practice, sub-Doppler cooling
techniques are often employed to ensure the validity of the perturbative expansion. Within the Lamb–Dicke
regime, the zeroth-order term of the Taylor expansion gives rise to the Hamiltonian describing the carrier
transition, which occurs on resonance at zero detuning, ∆ = 0:

Ĥcar = ℏΩ
2 (σ̂+ e−iϕL + σ̂− e+iϕL) = ℏΩ

2 (σ̂x cos(ϕL) + σ̂y sin(ϕL)) . (2.5.20)

If the detuning is chosen to be blue-detuned by the angular motional mode frequency, ∆ = +ωj , blue
sideband transitions can be driven, whereas red sideband transitions occur for a red detuning, ∆ = −ωj . The
first-order term of the Taylor expansion in the Lamb–Dicke parameter gives rise to the interaction Hamiltonians
describing the blue and red sidebands, respectively, which read:

Ĥblue = iℏηΩ
2 (â†

j σ̂+ e+iϕL − âj σ̂− e−iϕL) Ĥred = iℏηΩ
2 (âj σ̂+ e+iϕL − â†

j σ̂− e−iϕL) . (2.5.21)

Application of the blue sideband Hamiltonian leads to excitation with an increase in phonon number, and
de-excitation with a decrease in phonon number. For the red sideband Hamiltonian it is vice versa: excitation
of electronic state with decrease in phonon number, and de-excitation with enhancing the phonon number. The
possible processes of blue and red sideband can be visualized in a ladder form, as seen in Fig. 2.14, and forms
the basis for the Jaynes–Cummings model [57].

Ĥred |g, n⟩ = iℏηjΩ
2

√
n |e, n − 1⟩ Ĥred |e, n⟩ = iℏηjΩ

2
√

n + 1 |g, n + 1⟩

Ĥblue |g, n⟩ = iℏηjΩ
2

√
n + 1 |e, n + 1⟩ Ĥblue |e, n⟩ = iℏηjΩ

2
√

n |g, n − 1⟩ (2.5.22)

Fig. 2.14: Jaynes–Cummings energy-level ladder, showing the coupled ion–motion states |g, nph⟩ and |e, nph⟩.
The carrier transition with a zero change in phonon number (∆nph = 0) is driven at the angular resonance
frequency ω0 and thus with zero detuning (∆ = 0), while the first red and blue sidebands (∆nph = ±1) are
driven at a detuning ∆ = ω0 ∓ ωj , i.e., detuned by the angular motional mode frequency ωj .

The interaction mechanism described by the Jaynes–Cummings Hamiltonian forms the basis of resolved
red sideband cooling (SBC). For the carrier transition, the time-dependent Schrödinger equation associated
with the Hamiltonian in Eq. 2.5.20 leads to the optical Bloch equations (OBEs). The solution of the OBEs
for a single monochromatic light field interacting with a free two-level ion at arbitrary detuning yields the
time-dependent probabilities of finding the system in the respective internal states:

pe(t) = Ω2

Ω2
eff

sin2
(

Ωeff t

2

)
, pg(t) = 1 − pe(t) = 1 − Ω2

Ω2
eff

sin2
(

Ωeff t

2

)
, (2.5.23)
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with the generalized Rabi frequency:

Ωeff :=
√

(ωL − ω0)2 + |Veg|2

ℏ2 =
√

∆2 + Ω2 (2.5.24)

with Veg = ⟨e|Ĥint|g⟩ = − µ ϵLE0, |Veg| = ℏΩ
2 .

The quantity Veg denotes the off-diagonal matrix element of the electric-dipole interaction Hamiltonian between
the internal states |g⟩ and |e⟩, and therefore quantifies the coupling strength of the driven transition. A
step-by-step derivation using an explicit matrix formalism can be found in Ref. [59]. In the Lamb–Dicke regime,
the internal dynamics can be treated independently of the motional degree of freedom to lowest order, such that
the resulting state populations coincide with those of a freely driven TLS. On resonance, ωL = ω0 (i.e., ∆ = 0),
the generalized Rabi frequency reduces to the on-resonance Rabi frequency, Ωeff = Ω, as defined in Eq. 2.5.11.
For ωL ̸= ω0, off-resonant Rabi oscillations are obtained, whose excited-state amplitude is suppressed for large
detunings, |∆| ≫ Ω, by a factor of 1/∆2. Fig. 2.15 visualizes the resulting population transfer using the
analytical expression in Eq. 2.5.23 for an initial ground state and different ratios of detuning to Rabi frequency
(resonant and off-resonant cases).
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Fig. 2.15: Excited-state population as a function of time for different ratios of detuning over Rabi frequency.
The system is initially prepared in the ground state, and the resulting Rabi oscillations illustrate how increasing
detuning reduces contrast and modifies the oscillation frequency.

Off-resonant light fields modify the energies of the internal states via virtual excitation processes. This
effect is known as the AC-Stark shift (or light shift) and constitutes a coherent shift of the atomic transition
frequency induced by the interaction between the dipole moment and the oscillating electric field [58]. In the
rotating frame (and within the RWA), the driven TLS is described by:

ĤAC
int = ℏ

2 (∆ σ̂z + Ω σ̂x) = ℏ
2

(
∆ Ω
Ω −∆

)
. (2.5.25)

The solution of corresponding eigenvalue equation:

ĤAC
int |v⟩ = δ |v⟩ , (2.5.26)

yields the dressed-state energies [20]. The resulting energy shifts relative to the uncoupled case (Ω = 0) are
given by:

δ± = ±ℏ
2
√

∆2 + Ω2 ∓ ℏ∆
2

≈ ±ℏΩ2

4∆ , (|∆| ≫ Ω) . (2.5.27)

In the far-detuned regime, |∆| ≫ Ω, the transverse coupling term proportional to σ̂x can be adiabatically
eliminated, resulting in an effective AC-Stark Hamiltonian in the interaction picture:

ĤAC
eff = ℏδAC

2 σ̂z , with δAC = − Ω2

2∆ (2.5.28)
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being the transition shift, implying that in the far-detuned regime no Rabi oscillations are driven, and the
interaction leads solely to a modification of the energetic level spacing via the AC-Stark shift. The corresponding
unitary operator of the AC-Stark shift is given by:

ÛAC(t) = e−itĤAC
eff /ℏ = e−iδACσ̂zt/2 =

(
e−iδACt/2 0

0 e+iδACt/2

)
. (2.5.29)

The sign of the energy shift depends on the sign of the detuning ∆: for blue detuning (∆ > 0) the
ground-state energy is shifted upwards while the excited-state energy is shifted downwards, effectively reducing
the transition frequency, whereas for red detuning (∆ < 0) the opposite behavior is observed, as illustrated in
Fig. 2.16.

Δ/2

Δ/2

Δ/2

Δ/2

+δ

−δ

−δ

+δ

Fig. 2.16: AC-Stark shift of a two-level ion induced by an off-resonant laser field. Shown on the left is the case
of blue detuning (∆ > 0), for which the energetic lower state is shifted upward while the excited state is shifted
downward, resulting in a reduced transition energy. For red detuning (∆ < 0), shown on the right, the shifts
occur in the opposite direction, increasing the energy splitting. The dressed eigenstates (solid lines), relative to
the uncoupled states (dashed lines), exhibit level shifts of ±δ depending on the sign of the detuning.

2.5.2 Raman interaction Hamiltonian

The starting point and general approach remain the same as in the single-light-field case. However, the
interaction Hamiltonian Ĥ1 in Eq. 2.5.1 now involves two light fields, Ĥ1 = −µ̂ · (E1 + E2). These fields
couple the electronic ground and excited states of the ion via a virtual intermediate state, thereby defining a
stimulated Raman transition. Transformations analogous to those leading to Eq. 2.5.10 (a detailed derivation
can be found in Ref. 58), yield the effective interaction-picture Hamiltonian of a Raman scheme:

Ĥeff = ℏ
2 (−δR σ̂z + ΩR σ̂x) = ℏ

2

(
−δR ΩR
ΩR δR

)
, (2.5.30)

with δR being the so-called Raman two-photon detuning, defined by the angular frequencies ωL1 and ωL2 of
the respective light field:

δR = (ωL1 − ωL2) − ω0 . (2.5.31)

The definition of the Rabi frequency is accordingly modified for the Raman case and becomes:

ΩR = Ω1Ω∗
2

2∆ , (2.5.32)

where Ω1 and Ω2 denote the resonant single-photon Rabi frequencies of the two light fields, and ∆ := ∆1 =
ωL1 − ω0 ≈ ωL2 − ω0 = ∆2 is the common one-photon detuning. The generalized Raman-Rabi frequency is
then given by:

Ωeff,R =
√

δ2
R + Ω2

R . (2.5.33)

In general, the time-dependent state populations for Raman-driven transitions are given by:

pe(t) = Ω2
R

Ω2
eff,R

sin2
(

Ωeff,R t

2

)
, pg(t) = 1 − pe(t) = 1 − Ω2

R
Ω2

eff,R
sin2

(
Ωeff,R t

2

)
. (2.5.34)
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Furthermore, the Lamb–Dicke parameter relevant for Raman schemes is modified to:

ηj = |∆k · ej | x0,j , (2.5.35)

reflecting its dependence on the difference of the wave vectors of the two laser fields, ∆k. This dependence
can be exploited experimentally: using counter-propagating Raman beams maximizes the difference and thus
enhances the coupling to motional sidebands, while co-propagating beam geometries minimize ηj and largely
suppress motional coupling. Carrier transitions (δR = 0) can be driven in either configuration, whereas efficient
excitation of motional sidebands (δR = ±ωj) requires a sufficiently large wave-vector difference, as provided by
counter-propagating Raman beams. In both cases, coherent Raman-driven Rabi oscillations can be realized
even though both light fields are individually far detuned from the optical transition.

2.5.3 Optical forces

Light fields also exert mechanical forces on a trapped ion. Two principal types of light-induced forces can
be distinguished: the optical dipole force, also referred to as the optical gradient force, and the scattering
(radiation pressure) force. Both forces can be derived rigorously by assuming a time-dependent induced dipole
moment µ(t) and analyzing the resulting equations of motion. A detailed derivation of both forces can be
found in Ref. [50].

The complex polarizability α relates the induced dipole moment to the electric field amplitude according to:

µ(t) = α E(t) . (2.5.36)

This approach leads to a dipole potential of the form:

Udip = −1
2 ⟨µ(t) · E(t)⟩ = 1

2ϵ0c
Re{α} I , (2.5.37)

where ϵ0 denotes the vacuum permittivity, c the speed of light, and I the light-field intensity. The resulting
force is given by the negative gradient of the dipole potential and defines the optical dipole force:

Fdip(r) = −∇Udip = 1
2ϵ0c

Re{α} ∇I(r)

= −3πc2

2ω3
0

Γ∆
∆2 + Γ2/4 ∇I(r) , (2.5.38)

where ω0 is the angular resonance frequency of the atomic transition, Γ its natural linewidth, ∆ the laser
detuning from resonance, and I(r) the position-dependent intensity. The optical dipole force acts along the
direction of the intensity gradient.

The scattering force, on the other hand, arises from momentum transfer associated with photon absorption
and spontaneous emission and acts along the gradient of the optical phase ϕ(r) of the light field:

FSC(r) = 1
ϵ0c

Im{α} I ∇ϕ(r) = 3πc2

2ω3
0

Γ
∆2 + Γ2/4 I ∇ϕ(r) . (2.5.39)

2.6 Physical realization of gate operations

This section summarizes how the ion–light interactions introduced in the preceding sections can be exploited to
realize the gate operations presented in Sec. 2.1. Both single-qubit and entangling two-qubit gate operations are
discussed for the trapped-ion quantum computing platform. As a final topic, the recently developed transverse
approach for implementing an entangling two-qubit geometric phase operation is introduced.

2.6.1 Single-qubit gate operations

Gate operations on single ions can be physically realized using one or more of the methods listed below, as well
as combinations thereof.
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i) Rabi oscillations:
After preparing the ion in either the ground state or the excited state, the application of a resonant or
near-resonant laser field leads to coherent Rabi oscillations, as introduced in Sec. 2.5. Rabi oscillations enable
coherent population transfer between the ground and excited states, either completely or partially. A complete
population transfer from one state to the other is referred to as a π pulse or a π Rabi flop, while a transfer
corresponding to half of this population change is known as a π/2 pulse. On resonance, these transfers
correspond to interaction times of t = π/Ω for a π pulse and t = π/(2Ω) for a π/2 pulse, respectively.
Resonant and off-resonant Rabi oscillations can be driven using electromagnetic radiation over a wide frequency
range, including visible light (1014–1015 Hz), microwaves (300 MHz–300 GHz), and radio-frequency radiation
(3 Hz–300 MHz), depending on the specific energy splitting and the type of TLS. For example, a Zeeman qubit
is directly driven via magnetic-dipole transitions, while optical transitions are directly driven by visible light
via electric-dipole coupling. While the underlying physical mechanism is identical in all cases, these regimes are
commonly distinguished by terminology, which directly reflects the radiation frequency and the corresponding
energy scale involved.

ii) Stimulated Raman transitions:
If the qubit is encoded in a transition that cannot be directly addressed within the spectrum of visible light,
but optical manipulation is nevertheless desired, off-resonant stimulated Raman transitions provide a viable
alternative [60]. A description of the Raman transition scheme is given in Sec. 2.5. The resulting population
dynamics are closely analogous to those of Rabi oscillations driven by a single interacting light field, albeit
with modified definitions of the effective detuning and Rabi frequency.
For Raman transitions satisfying the resonance condition δR = 0, the resulting population dynamics are
identical to those shown in Fig. 2.15 for corresponding ratios δR/ΩR. Consequently, the terminology of π and
π/2 pulses remains unchanged.

iii) Composite pulse sequences:
As emphasized in Sec. 2.1, all single-qubit manipulations can be viewed as rotations on the Bloch sphere.
Consequently, the various possible interactions with and evolutions of an ion can be mapped onto rotations
within the Bloch sphere picture. By combining single-qubit rotations with periods of free precession in the
equatorial plane of the Bloch sphere, composite pulse sequences can be constructed to realize effective π pulses.
The mathematical equivalence of realizing a σ̂x bit-flip gate operation for a single ion in the register using a
composite pulse sequence (up to a global phase) is demonstrated by:

σ̂x |0⟩ = i R̂x(π) |0⟩
= R̂z(−π) R̂x(−π/2) R̂z(π) R̂x(π/2) |0⟩ (2.6.1)
= |1⟩ .

Thus, the bit-flip operation can either be implemented directly by driving resonant Rabi oscillations correspond-
ing to a π rotation about the x axis, as shown in the first line of Eq. 2.6.1, or alternatively by bringing the
qubit state to the equator of the Bloch sphere via a R̂x(π/2) rotation. The state then undergoes free precession
corresponding to an effective π rotation about the z axis, followed by a R̂x(−π/2) rotation. The final R̂z(−π)
rotation compensates the phase accumulated during the free evolution. An equivalent operation is obtained for
a free evolution of 2π, as well as for any even integer multiple of such free-evolution periods. Moreover, R̂y

rotations may be used instead of R̂x to realize the same class of gate operations. Care must be taken, however,
with respect to possible phase factors, which depend on the direction of evolution and the specific rotation
sequence applied. The sequential π/2 rotations in Eq. 2.6.1 can be viewed as a Ramsey scheme, whose working
principle is illustrated in Fig. 2.17(a).
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Single Ion Addressing

(b)

Fig. 2.17: (a): Ramsey scheme for implementing single-qubit gate operations on a single ion in the register.
(b): Ramsey-like scheme with additional induced AC Stark shift on an addressed ion, enabling single-qubit
gate operations in a multi-ion register.
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Ramsey schemes are widely used in high-resolution spectroscopy, calibration in atomic clocks, and in the field
of trapped-ion quantum computing, where they serve both to realize quantum gate operations and to perform
quantum-metrology experiments [61]. The appropriate choice of the Ramsey waiting time, τRamsey, is essential
for such gate operations and must be calibrated for the specific energy splitting of the addressed transition.
As qubit registers necessarily consist of more than a single ion, it is essential to be able to perform operations
in multi-ion registers. In addition to collective single-qubit manipulations, such a situation requires a means of
individual addressing, typically realized using a far off-resonant addressing beam that induces an AC Stark
shift on the selected ion [15]. Collective (global) manipulation acts uniformly on all qubits in the register. After
all ionic qubits are brought into the equatorial plane of the Bloch sphere by a collective, resonant π/2 pulse,
the selectively addressed ion undergoes the single-qubit gate operation.
During the Ramsey waiting time, the off-resonant addressing beam induces an AC-Stark shift on the addressed
ion, thereby modifying its qubit transition frequency. In the rotating frame defined by the unshifted qubit
frequency, the addressed ion therefore acquires an additional relative phase with respect to the unaddressed ions.
The Ramsey waiting time τRamsey and the addressing-beam intensity are calibrated such that this differential
phase equals ∆ϕ = π/2, corresponding to an effective single-qubit R̂z(π/2) rotation. A subsequent collective
R̂x(−π/2) pulse returns all unaddressed ions to their initial states, while the relative π phase accumulated by
the addressed ion transfers it to the opposite pole of the Bloch sphere, corresponding to a population inversion
with an additional phase factor. A final R̂z(−π) rotation compensates this phase and completes the gate
operation. The corresponding expression for describing the gate operation thus changes from Eq. 2.6.1 to:

σ̂(i)
x |00 . . . 0⟩ = R̂

(i)
z,addressed(−π) R̂x,collective(−π/2) R̂

(i)
z,addressed(π) R̂x,collective(π/2) |00 . . . 0⟩ (2.6.2)

= |00 . . . 01⟩ ,

where, for illustrative purposes, the i-th addressed ion is chosen to be the last ion in the qubit register. A
schematic representation of this procedure is shown in Fig. 2.17(b), in which the single-ion addressing induced
AC-Stark shift during the Ramsey wait time corresponds to the rotation about the z axis. Alternatively,
similar sequences can be realized using established techniques such as the Hahn echo sequence, which includes
a spin-echo pulse centered within the waiting time and can significantly enhance coherence times [62].

2.6.2 Two-qubit gate operations

Entangling two-qubit gate operations require the state of one qubit to conditionally influence the evolution of a
second qubit. In trapped-ion systems, this conditional interaction is mediated by the collective motional modes
of the ion crystal, which couple the internal states of different ions. Depending on the physical mechanism by
which this coupling is realized, three distinct approaches for implementing two-qubit operations are known and
have been experimentally demonstrated to date. Specifically, these approaches comprise sideband gate schemes
of the Cirac–Zoller type, geometric phase gate operations based on state-dependent optical forces such as the
Mølmer–Sørensen (MS) gate, and gate operations exploiting qubit-state-dependent AC-Stark light shifts, which
can be understood as a subclass of geometric phase gates in a broader sense [63].

Although Cirac–Zoller–type gate schemes allow the direct realization of a C-NOT operation through resolved
sideband interactions, this approach relies on population transfer via the motional degrees of freedom and
stringent cooling requirements [43]. In contrast, contemporary trapped-ion experiments predominantly employ
symmetric geometric phase gates, which act identically on the participating qubits and therefore do not directly
implement the asymmetric C-NOT gate operation commonly used in abstract quantum circuit representations.
As a consequence, the C-NOT must be synthesized from a combination of platform-native entangling two-qubit
gate operations and single-qubit rotations. This synthesis is illustrated in Fig. 2.18, which presents the standard
C-NOT circuit depicted in Fig. 2.18(a), together with several equivalent circuit decompositions based on local
basis transformations and gate operation identities, shown in Fig. 2.18(b)–2.18(d). These equivalences highlight
that different entangling primitives can be combined with single-qubit rotations to realize the same two-qubit
operation.

For light-shift (LS) gate implementations in trapped-ion quantum computing, the C-NOT operation is
realized via a controlled-phase (C-Z) operation sandwiched between Hadamard operations on the target qubit,
as shown in Fig. 2.18(c). Consequently, the following discussion focuses on this implementation, which directly
reflects the experimentally realized entangling operation. The equivalence between the C-NOT gate and the
Hadamard-transformed C-Z gate can be demonstrated using Eq. 2.1.20 in Sec. 2.1. Whenever the control qubit
is in the state that activates the conditional operation, the target qubit undergoes the transformation:

σ̂x = Ĥ σ̂z Ĥ , (2.6.3)
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which maps the controlled-phase interaction onto a C-NOT operation. The C-Z gate constitutes a native two-
qubit operation on the trapped-ion platform and can be realized via a geometric phase gate. LS gates directly
generate a C-Z-type interaction proportional to σ̂z ⊗ σ̂z, whereas MS gates implement an entangling interaction
of the σ̂x ⊗ σ̂x form. Despite their different physical realizations, both gate schemes are locally equivalent and
can be mapped onto a C-Z or C-NOT operation by applying appropriate single-qubit rotations [64, 65].
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Fig. 2.18: Entangling C-NOT gate operation and equivalent circuit decompositions visualized using the
PennyLane Python package [25]. (a): Standard quantum circuit representation of the C-NOT gate operation.
(b): Equivalent realization of the C-NOT decomposed into a sequence of single-qubit rotations and a two-qubit
X̂X̂ entangling interaction, which is typically used in a MS scheme. (c): Alternative equivalent implementation
of the C-NOT gate using a CZ gate operation sandwiched between Hadamard operations on the target qubit.
(d): Explicit rotation-based decomposition of the CZ gate seen in panel (c), highlighting the underlying
two-qubit entanglement arising from a ẐẐ interaction mechanism.

In both geometric phase gate schemes, a collective motional mode of the ion string is off-resonantly excited,
giving rise to a qubit-state-dependent force that displaces the motional state from equilibrium in phase space.
When the associated phase-space trajectories are closed, the motional degrees of freedom disentangle while
specific two-qubit basis states acquire a conditional phase. In the MS scheme, this force is generated by
simultaneously driving the red and blue motional sidebands in an off-resonant, bichromatic configuration. In
contrast, in the LS scheme the force arises from qubit-state-dependent AC-Stark shifts induced by off-resonant
addressing beams, which imprint the conditional phase via the shared motion of the ion crystal. The Hamiltonian
of the LS gate can be written as

ĤLS(t) = ℏΩηj

2

(
âje−iδjt + â†

jeiδjt
)

Ŝz with Ŝz :=
(

σ̂(A)
z + σ̂(B)

z

)
, (2.6.4)

where δj denotes the detuning from the motional mode j [43]. From Eq. 2.6.4 it follows that the state-dependent
force generated by the LS interaction is proportional to the eigenvalues of the spin operator Ŝz:

Ŝz |00⟩ = +2 |00⟩ Ŝz |01⟩ = 0
Ŝz |11⟩ = −2 |11⟩ Ŝz |10⟩ = 0 . (2.6.5)

Consequently, only the even-parity states |00⟩ and |11⟩ experience a non-zero, qubit-state-dependent force,
while the odd-parity states |01⟩ and |10⟩ remain unaffected by the spin operator. The opposite signs for |00⟩
and |11⟩ lead to phase-space displacements of opposite direction, which is the hallmark of the state-dependent
force underlying the LS geometric phase gate.

The motional dynamics can be described using the displacement operator:

D̂(αj(t)) = exp
(

αj(t)â†
j − α∗

j (t)âj

)
, (2.6.6)

where the complex time-dependent displacement amplitude αj(t) traces a trajectory in a phase-space picture
rotating at the detuning frequency δj [43]. For a time-dependent Rabi frequency Ω(t), the displacement
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amplitude depending on motional mode j is in general given by:

αj(t) = ηj

2

∫ t

0
Ω(t′) e−iδjt′

dt′ . (2.6.7)

The resulting phase-space trajectory, as well as the geometric phase accumulated along it during the LS gate
operation, can be visualized in a frame of reference rotating at the detuning frequency δj , as shown in Fig. 2.19.
By choosing the gate duration such that the motional displacement returns to the origin of phase space, the
trajectory forms a closed loop, thereby ensuring disentanglement of the motional degrees of freedom at the
end of the interaction. The colored and hatched areas enclosed by the loop correspond to the integral over
the trajectory in phase space, which defines the entangling phase Θ(t), also called gate angle. This entangling
phase has equal magnitude but opposite sign for the two even-parity states. The arrows indicate the direction
of the phase-space trajectory α(t) along the loop.
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Fig. 2.19: Closed loops of displacement in rotating phase-space picture, through which motion disentangles.
The accumulated phase is denoted by the gate angle Θ, which corresponds to the integral over the phase-space
trajectory α(t).

The unitary LS gate-operator, ÛLS(t), can be derived from the time-dependent Schrödinger equation using
the Magnus expansion for time-dependent Hamiltonians:

ÛLS(t) = exp
(

− i

ℏ

∫ t

0
ĤLS(t1) dt1 − 1

2ℏ2

∫ t

0
dt1

∫ t1

0
dt2
[
ĤLS(t1), ĤLS(t2)

])
, (2.6.8)

which accounts for the non-commuting nature of the Hamiltonian at different times and terminates exactly at
second order, since all higher-order nested commutators vanish [43]. Eq. 2.6.8 evaluates to:

ÛLS(t) = eiΦ(t)Ŝ2
z D̂
(

α(t)Ŝz

)
, (2.6.9)

where the first-order Magnus expansion provides an analytical expression for the phase-space trajectory:

αj(t) = ηjΩ
2δj

(
1 − eiδjt

)
, (2.6.10)

and the second-order term yields the geometric entangling (Magnus) phase function:

Φ(t) =
(

ηjΩ
2δj

)2 (
δjt − sin(δjt)

)
. (2.6.11)

At gate times tG = 2π/δj the motional degree of freedom disentangles because α(tG) = 0, such that:

ÛLS(tG) = exp
(

iΦ(tG)Ŝ2
z

)
= exp

(
iΦ(tG)

[
2I + 2 σ̂(A)

z σ̂(B)
z

])
∝ exp

(
−i

Θ(tG)
2 σ̂(A)

z ⊗ σ̂(B)
z /2

)

=


e−iΘ(tG)/2 0 0 0

0 e+iΘ(tG)/2 0 0
0 0 e+iΘ(tG)/2 0
0 0 0 e−iΘ(tG)/2

 = ÛLS(Θ(tG)) , (2.6.12)
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with the (time-dependent) geometric entangling phase defined as Θ(t) := −4Φ(t), such that Θ(tG) is the
accumulated two-qubit gate angle at the end of the gate interaction. The LS gate operator is implemented via
an AC-Stark shift interaction, as described by Eq. 2.5.29.

The state evolution during the LS gate operation can be investigated numerically or analytically. Since the
LS and MS gates are locally equivalent entangling operations, analytical expressions derived for the MS gate
can be applied to the LS interaction after appropriate π/2 basis rotations, which map the σ̂x interaction of the
MS gate onto the σ̂z interaction underlying the LS gate. For an idealized gate operation in the Lamb–Dicke
regime, the time-dependent populations of the two-qubit basis states can then be written as:

Pgg(t) = 3
8 + 1

2e−2|α(t)|2
cos
(
Θ(t)

)
+ 1

8e−8|α(t)|2

Pee(t) = 3
8 − 1

2e−2|α(t)|2
cos
(
Θ(t)

)
+ 1

8e−8|α(t)|2
(2.6.13)

Pge(t) = Peg(t) = 1
8

(
1 − e−8|α(t)|2

)
,

where |α(t)| denotes the magnitude of the motional displacement, and the logical basis is defined as |0⟩ ≡ |e⟩
and |1⟩ ≡ |g⟩. These expressions for the quantum state populations are derived explicitly in Ref. 66. In
the analytical simulation, applying the LS gate operation to a pair of ions prepared in the electronic state
|gg⟩ ≡ |11⟩ results in the state evolution shown in Fig. 2.20. After one and three gate times, the trajectories of
the spin-dependent displacement in the rotated phase space form closed loops. At these times, the motional
degrees of freedom disentangle from the internal states, and the effective entangling operation underlying the
C-NOT decomposition shown in Fig. 2.18(c) is physically realized.
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Fig. 2.20: Analytical simulation of the quantum-state evolution during an LS gate operation. Parameters:
ηj = 0.05, Ω/2π = 100 kHz, and detuning from the considered motional mode δ = 20 kHz. At one and three
gate times respectively, the system ideally reaches the Bell state |Φ+⟩ and is decoupled from the motion, since
the displacement trajectories in the phase-space representation form closed loops.

The complementary pair of odd-parity quantum states can be driven by modifying the LS gate operation such
that the qubit of subsystem B is flipped before the LS interaction and mapped back immediately afterwards.
This mapping corresponds to conjugating the LS gate operator of Eq. 2.6.12 by a Pauli-X̂ operation on qubit B:

ÛLS,odd(Θ) = (Î ⊗ X̂) ÛLS(Θ) (Î ⊗ X̂)

= exp
(

+ i
Θ
2 σ̂(A)

z σ̂(B)
z

)
. (2.6.14)

The pairs of quantum states that are not actively driven by the LS gate operation, for which the displacement
magnitude remains zero, still acquire a geometric phase during the interaction. At gate times corresponding to
maximal entanglement, this accumulated phase leads to destructive interference in the population amplitudes
of the non-driven states, such that their probabilities theoretically vanish and experimentally are suppressed.
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2.6.3 Transverse light-shift gate operation

This approach is based on the optical dipole (gradient) force, Eq. 2.5.38, and thus relies on the same physical
principle as optical tweezers and earlier implementations based on intensity gradients [67, 65]. As a minimal
example of how a transverse gradient force can be generated relative to the propagation direction of the
addressing beam, one may consider a single Gaussian TEM00 addressing beam incident along the radial trap
direction. Fig. 2.21 illustrates the relative alignment between the optical addressing field and a single ion for
this basic configuration, which enables axial gate operations orthogonal to a radially propagating addressing
beam via the optical gradient force. Since the axial motional modes are more widely spaced than their radial
counterparts, the spectral overlap between the addressed mode and neighboring modes is reduced, which allows
for higher gate fidelities due to suppressed addressing errors of motional modes [68].
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Fig. 2.21: Alignment used to realize transverse gate operations. The ion is positioned at the point of maximal
intensity gradient, enabling axial manipulation via the optical dipole (gradient) force. For a single fundamental
Gaussian addressing beam, the point of strongest gradient occurs at z = z0 ± σ = ±σ (z0 = 0).

For a red-detuned optical dipole force, the ion is pulled toward the point of highest intensity, whereas for
blue detuning it is pushed away from this point. Since the radial addressing beam is far off-resonant, it induces
an AC-Stark shift whose sign depends on both the detuning and the local intensity gradient. A periodical
intensity modulation of the TEM00 addressing beam makes the ion experiences a time-dependent AC-Stark
shift, allowing controlled coupling to the axial motional modes.

In the new, transverse LS gate implementation, no collective standing wave is generated across the ion
chain [69]. Instead, a superposition of TEM00 and TEM10 modes is employed, which locally forms an effective
standing wave only at the position of the addressed ion(s). This configuration enables fully orthogonal addressing,
motivating the term transverse.

By detuning the relative frequencies of the involved laser fields, the superposition beats at the sum of the
axial trap frequency and an additional detuning from the selected motional mode j, ωbeat = ωaxial + δj . This
approach maximizes the achievable intensity gradient while requiring less spatial extent than a single-beam
configuration, thereby reducing addressing errors caused by overlap with neighboring ions. The superposition
creates a field along the axial trap direction (x), transverse to the beam propagation (z):

Etot(x) ∝ [E0ϵ0 +
√

2E1ϵ1(x − x0)e−i∆ϕ] · e
−

(x − x0)2

2σ2 , (2.6.15)

with ∆ϕ := ωbeat t = (ωTEM00 − ωTEM10) t being the relative phase mismatch of involved laser frequencies and
ϵi the polarization unit vector of respective light field. In the ideal case both focal planes meet exactly at
the plane of the ion chain to form the superposition of TEM00 and TEM10 Hermite-Gauss modes. A field
superposition of the form seen in Eq. 2.6.15 leads to a resulting intensity of:

Itot(x) = |Etot(x)|2

= [|E0|2 + 2|E1|2(x − x0)2 + 2
√

2E0E1(x − x0) cos (∠(ϵ0, ϵ1))︸ ︷︷ ︸
overlap in pol.

cos (∆ϕ)] · e
−

(x − x0)2

σ2 . (2.6.16)

Additionally, the scattering error is proportional to the ratio of the individual field strengths involved
in the superposition (∝ E0/E1), which provides an additional parameter for minimizing the total error
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budget, including addressing-related errors such as crosstalk and photon scattering [70, 71]. The ratio of
the individual field strengths also determines where the slope reaches the maximum as well as the point of
destructive interference to zero. These points of local maxima, minima and strongest gradients are crucial
to realize the periodic AC-Stark shifts to generate the intended geometric phase. The points of destructive
interference correspond to positions where the local optical field amplitude vanishes. For parallel polarizations
(cos(∠(ϵ0, ϵ1)) = 1), this condition can be obtained directly from the field superposition in Eq. 2.6.15 by
requiring:

Etot(x) = 0 . (2.6.17)

Neglecting the Gaussian envelope when locating the local extrema and setting x0 = 0 yields:

x± = ± E0√
2E1

, (2.6.18)

for the positions of destructive interference and relative phase differences ∆ϕ ∈ {0, π}. At these locations the
optical intensity vanishes while the local intensity gradient is maximized for a relative phase shift of π, enabling
the generation of a strong state-dependent optical dipole force. Only for the choice E0 = E1, the point of
strongest gradient equals the point of destructive interference with zero intensity for a phase shift of ∆ϕ = π.
Fig. 2.22 shows the individual and the resulting superposition intensities.
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Fig. 2.22: (a) Individual intensities of the TEM00 and TEM10 modes. (b) Resulting intensity of superposition
for a given phase difference of ∆ϕ = 0.

The process of the transverse LS gate operation can also be visualized by plotting the gradient of the
superposition intensity directly for different moments of time, seen in Fig. 2.23. In Fig. 2.23(a) we are on one
extreme of the motion and the ion is pushed with a phase difference between axial trap frequency and beat
note of ∆ϕ = 0.
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Fig. 2.23: Gradient of the resulting superposition for different relative phase differences, shown in direct
correspondence to the ion’s axial motion in the trap (ωbeat = ωaxial). (a): Gradient of superposition with
∆ϕ = 0. (b): Gradient of the superposition for ∆ϕ = π/2. (c): Gradient of the superposition for ∆ϕ = π.

In the equilibrium position of the ion’s axial oscillation, seen in Fig. 2.23(b), the phase difference of the
superposition shifts to ∆ϕ = π/2 and the gradient equals zero. The ion does not experience an AC-Stark shift
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gradient and therefore no gradient force. In Fig. 2.23(c) we are on the opposite extreme of the ion’s pendulum
motion and the phase difference of the superposition intensity equals ∆ϕ = π. The ion is pulled toward the
maximal gradient as the sign of the gradient changed and thus the direction of the optical dipole force. Since
the axial motion is quantized, the gradient force directly couples to the motional energy eigenstates.

The action of a LS interaction on the ionic level can be understood by considering the mathematical
description of the gate operation sequence as implemented on the experiment, which resembles the circuit in
Fig. 2.18(c) but with the Hadamards being replaced by rotations around the x axis of the Bloch sphere:

|Ψ⟩final =
(

R̂(A)
x (−π/2) ⊗ R̂(B)

x (−π/2)
)

ÛLS(Θ)
(

R̂(A)
x (π/2) ⊗ R̂(B)

x (π/2)
)

|11⟩AB

= 1
2

(
R̂x(−π/2) ⊗ R̂x(−π/2)

)
ÛLS(Θ)

[
− |00⟩ − i |01⟩ − i |10⟩ + |11⟩

]
= 1

2

(
R̂x(−π/2) ⊗ R̂x(−π/2)

) [
e−iΘ/2(|11⟩ − |00⟩

)
− ie+iΘ/2(|01⟩ + |10⟩

)]
= cos(Θ/2) |11⟩ + i sin(Θ/2) |00⟩ . (2.6.19)

which for an entangling phase of Θ = π/2 yields the Bell state |Φ+⟩ of Eq. 2.1.24 up to a correctable phase
factor in |00⟩. This erroneous phase originates from the use of R̂x rotations instead of Hadamards, and although
it does not change the population, it must be accounted for further computational processes.
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Chapter 3

Qubit considerations

This chapter discusses two ionic species commonly employed in trapped-ion quantum computing, 40Ca+ and
138Ba+. The atomic and molecular physics concepts required to evaluate and compare their suitability as
qubit encodings are introduced. Certain encoding strategies can substantially enhance coherence and lifetime
parameters. A prominent example is qubit encoding in hyperfine ground states, which can exhibit lifetimes
extending to many days and may therefore be regarded as effectively infinite on experimental timescales [72,
73]. Despite these advantages, the discussion in this chapter is restricted to optically encoded qubits, that is,
qubit encodings based on transitions in the optical domain. This choice reflects the experimental context of
the present work, in which optical qubits offer straightforward individual ion addressing, fast gate operations
enabled by large transition frequencies [43, 19]. Restricting the discussion to optical encodings therefore allows
a direct and consistent comparison between 138Ba+, which is used in the experiment, and the widely employed
40Ca+ system.

3.1 Qubits with calcium ions (40Ca+)

Hydrogen-like ionic species, i.e. ions that possess a single valence electron after ionization, are commonly used
as working species, since they exhibit a comparatively simple electronic level structure. In trapped-ion quantum
computing, such hydrogen-like configurations are typically realized using alkaline earth elements (second main
group of the periodic table), like calcium or barium, which become hydrogen-like after the removal of a single
electron. These ions combine a simple electronic structure with experimentally accessible optical transitions,
making them particularly suitable for quantum control.

Although all alkaline earth elements share this electronic structure after single ionization, their physical
properties can differ substantially. In particular, the internal electronic states of different ion species exhibit
different lifetimes T1, and therefore different natural linewidths Γ = 1/T1. The lifetime T1, also known as
relaxation time, plays a crucial role in quantum information processing, as it sets a fundamental upper bound
on the time available for coherent quantum operations: all manipulations must be completed well within this
timescale to avoid information loss due to spontaneous decay. The associated natural linewidth Γ directly
determines the spectral resolution of optical transitions. Long-lived states correspond to narrow linewidths,
which allow for highly frequency-selective addressing of individual transitions and reduce off-resonant excitation
of nearby levels [58]. This is particularly important in multi-level atomic systems, where undesired couplings
can lead to leakage errors or additional decoherence channels [43]. Conversely, short-lived excited states exhibit
broad linewidths, which facilitate fast optical pumping and state preparation, but at the same time limit the
achievable coherence and impose stricter constraints on gate durations and laser stability [43]. As a result,
the choice of ion species and electronic transition involves a trade-off between long coherence times, spectral
selectivity, and practical requirements such as achievable laser power and technical noise. These considerations
play a central role in determining the suitability of a given ion species for high-fidelity quantum gate operations.

In addition to population relaxation and linewidth, the coherence time T2 is a key figure of merit and can
vary significantly between ion species. This variation arises, for example, from different sensitivities of the
electronic states to magnetic-field fluctuations, which are governed by the coupling of the electronic angular
momentum to external magnetic fields [74, 75]. Even for a fixed ion species, the achievable coherence time
depends strongly on the experimental environment, including laser phase noise and ambient magnetic-field
noise. In the absence of technical noise and for sufficiently long T1, the coherence time is limited only by pure
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dephasing, Tϕ, according to [76]:

1
T2

= 1
2T1

+ 1
Tϕ

. (3.1.1)

A central challenge in trapped-ion quantum computing, shared with the neutral-atom platform, is therefore
the careful selection not only of a suitable ion species, but also of the specific electronic states used for qubit
encoding and auxiliary operations. The chosen transitions must be experimentally feasible: a long-lived state
is of limited practical value if it cannot be reliably addressed with available laser technology. Furthermore,
atomic selection rules must be considered to identify whether transitions are electric-dipole allowed, quadrupole
allowed, or forbidden, and to determine the possible decay channels of excited states. In this context, branching
ratios (BRs) play an important role whenever multiple electronic transitions are available. The electronic
configuration of 40Ca+ is given by:

[40
20Ca+] = 1s2 2s2p6 3s2p6 4s1

= [40
18Ar] 4s1 (3.1.2)

and can be found in standard textbooks or derived using the Bohr–Sommerfeld atomic model, the Pauli
principle, and Hund’s rules [77]. The configuration gives information about which orbitals are filled, but
also about the energetic closest ones that are still unoccupied. Using these insights and concepts like the
fine-structure (also commonly known as l-s coupling), one can create an energetic level diagram in order to
visualize the possible transitions for the single valence electron [78]. For 40Ca+ this leads to an energy-level
diagram as shown in Fig. 3.1.
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Fig. 3.1: Energy level diagram of 40Ca+ with all relevant transitions that are (usually) used. Furthermore all
relevant parameters like branching ratios (BR), Landé g-factors (gj), linewidths (Γ) and thus also relaxation
times (T1) are included therein [79, 80, 81].

The optical qubit is encoded between the ground-state 4S1/2 manifold and the metastable 3D5/2 manifold
and is coherently coupled with resonant 729 nm light [82]. The principles of state preparation, readout and
cooling stay qualitatively the same as explained in Sec. 2.4 for the case of 138Ba+. The specific electronic states
used and therefore also linewidths and wavelengths change, however. As 40Ca+ is a commonly used ion species
for trapped ion quantum computing, there have been numerous investigations of lifetimes as well as coherence
times. In Ref. [81] the lifetime of the metastable state was shown to be approximately 1.1 s, which is in good
agreement to the theoretical value. The achievable coherence time depends on the specific experimental setup,
including the linewidths of the involved lasers and the ambient noise conditions. Reported coherence times
T2 typically lie in the range 10 ms - 100 ms, without spin-echo pulses, which may increase coherence times
significantly [62, 83].

For related experiments working with calcium, the chosen transition scheme implies the possibility of radial
single ion addressing with coherent 729 nm light directly. With this wavelength, it is still possible to focus the
beam to sufficiently small spot sizes (≈ 1 µm), such that the addressing beam fits between neighboring ions and
no significant addressing error is introduced. The inter-ion spacing is typically of the order of 3 µm to 5 µm,
corresponding to axial trap frequencies (in the case of calcium) of approximately 600 kHz to 1.3 MHz [83]. The
usage of coherent light for radial addressing generally restricts access to axial motional modes, since momentum
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transfer occurs predominantly along the beam propagation direction, unless the radial addressing is realized
under an angle that provides access to the axial modes. Another advantage for experiments working with
40Ca+ qubits is given by the circumstance that all optical transitions involved have reliable, commercial laser
systems available, owing to the long-standing experimental use of 40Ca+ in trapped-ion research.

Despite its widespread use and well-understood level structure, 40Ca+ also exhibits several disadvantages for
scalable trapped-ion quantum computing. Most notably, the optical qubit encoded on the narrow 4S1/2–3D5/2
electric-quadrupole transition at 729 nm is intrinsically sensitive to laser phase noise and magnetic-field fluctua-
tions, thereby limiting the achievable coherence time in the absence of dynamical decoupling techniques [15].
Furthermore, the finite lifetime of the metastable 3D5/2 state imposes an upper bound on idle times and long
gate sequences [81]. From an experimental perspective, the use of a quadrupole transition requires compara-
tively high optical intensities and excellent beam-pointing stability, which increases technical complexity and
sensitivity to alignment drifts. These limitations motivate the investigation of alternative ion species and qubit
encodings that offer longer intrinsic coherence times and reduced susceptibility to technical noise [43].

3.2 Qubits with barium ions (138Ba+)

The 138Ba+ ion is significantly heavier than 40Ca+ and, owing to its higher atomic number, possesses a larger
number of electrons that occupy inner atomic shells. Despite this increased electronic complexity of the core,
138Ba+ retains a hydrogen-like structure for the valence electron and is therefore well suited for quantum
control. The electronic configuration of the 138Ba+ ion is given by:[138

56 Ba+] = 1s2 2s2p6 3s2p6d10 4s2p6d10 5s2p6 6s1

=
[131

54 Xe
]

6s1 , (3.2.1)

where the closed-shell xenon core is inert for the optical transitions relevant to quantum information processing.
The resulting energy-level diagram, together with the transitions typically employed for quantum information
processing, is shown in Fig. 3.2. The working principles of state preparation, readout, and laser cooling for
138Ba+ ions are discussed in detail in Sec. 2.4 and are therefore not repeated here.
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Fig. 3.2: Energy level diagram of 138Ba+ with all relevant transitions that are usually used. Furthermore all
relevant parameters like branching ratios (BR), Landé g-factors (gj), linewidths (Γ) and thus also relaxation
times (T1) are included therein [48, 49, 84].

When comparing the energetic level structure and relevant parameters of 40Ca+ and 138Ba+, pronounced
differences emerge within the wavelengths of the employed optical transitions. The Doppler-cooling wavelength
of 493 nm in barium, for instance, is significantly less blue than the corresponding transition in calcium. This
represents a practical advantage, since laser diodes in the deep-blue spectral range are more challenging to
realize and typically exhibit inferior long-term stability compared to diodes operating in other regions of the
visible spectrum [43]. Therefore, wavelengths farther from the ultraviolet (UV) spectrum are of interest for
scalable integrated photonic systems, as they can facilitate stable long-term light delivery.

A second, more consequential difference concerns the qubit-encoding transition at 1762 nm. The wavelength
associated with this transition is comparable to the typical inter-ion spacing in linear ion chains and, owing to the
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diffraction limit of the Airy disk, renders efficient radial single-ion addressing via resonant light fundamentally
infeasible without incurring substantial addressing errors [85]. Eq. 2.2.10 implies a diffraction-limited spot size
of approximately 2.7 µm for 1762 nm. While this value appears sufficiently small at first glance, only about
86 % of the total optical power is contained within the minimal waist w0 [27, 49]. Consequently, the achievable
confinement is insufficient for high-fidelity single-ion addressing. In ion-chain experiments with barium qubits,
the use of off-resonant light therefore becomes unavoidable, and gate operations are implemented via Raman
transitions or sequential rotations based on the AC-Stark shift rather than coherently driven resonant Rabi
oscillations.

A major advantage of barium qubits becomes apparent when considering the relevant relaxation time
scales. For 138Ba+, the excited-state lifetime T1 is approximately 31 s, which constitutes an improvement
by roughly a factor of 30 compared to 40Ca+ [84]. In the present experiment, the coherence time T2 for
138Ba+ is on the order of 200 ms (without spin-echo). Even more favorable lifetimes are found in other barium
isotopes. The isotope 137Ba+, for example, possesses a non-zero nuclear spin I = 3/2, giving rise to hyperfine
structure through spin–spin coupling. These hyperfine states can be used for qubit encoding with a practically
infinite lifetime and fewer leakage channels, since they exhibit a less complex energy-level structure [77, 72, 73].
However, factors other than the lifetime alone must also be taken into account. For example, 133Ba+ also offers
hyperfine levels, but this isotope is weakly radioactive, with a half-life time of 10.51 years [86]. As a result, it is
subject to regulatory constraints, such as the Austrian "Strahlenschutzverordnung 2020" (StrSchV 2020), which
reduces its attractiveness for laboratory research and prospective commercial quantum-computing applications.

The magnetic-field sensitivity of both qubit species discussed in this chapter is, to first order, governed by
the linear Zeeman effect. In the presence of an external magnetic field, the coupling of the electron’s orbital
and spin angular momenta leads to a splitting of the atomic energy levels. The magnitude of this splitting is
determined by the Landé g-factor, which characterizes the coupling strength between the ion’s total angular
momentum and an external magnetic field B [77]. When the magnetic field defines the quantization axis of the
angular momentum, the resulting shift of the transition frequency can be written as:

∆E = ∆µ |B| = (gj,0 m0 − gj,1 m1) µB |B| = h ∆ν , (3.2.2)

where gj,i denotes the Landé g-factor of state i, mi the corresponding magnetic quantum number, µB the Bohr
magneton, h the unreduced Planck constant, and ∆ν the resulting frequency shift. Using the Landé g-factors
shown in Fig. 3.1 for 40Ca+ and Fig. 3.2 for 138Ba+, Eq. 3.2.2 yields the magnetic-field sensitivities illustrated
in Fig. 3.3. The slopes of the curves define the transition-frequency sensitivity α = ∂ν/∂B, expressed in units
of MHz G−1. For the chosen encodings, 40Ca+ exhibits a smaller sensitivity of α ≈ 0.56 MHz G−1, while 138Ba+

shows a larger value of α ≈ 0.84 MHz G−1. Consequently, calcium qubits are intrinsically less sensitive to
magnetic-field fluctuations, whereas the increased sensitivity of the barium qubit constitutes an important
limitation of the chosen encoding.
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Fig. 3.3: Visualization of the frequency shifts induced by the linear Zeeman effect for the 138Ba+ and 40Ca+

qubits, using a state encoding shown in Fig. 3.2 and Fig. 3.1, respectively.

The optical linewidths Γ of the qubit transitions in both 138Ba+ and 40Ca+ are narrow, which is advantageous
in terms of long state lifetimes, since these scale inversely with Γ. At the same time, such narrow linewidths
impose stringent requirements on the frequency stability of the driving laser fields, as even minute frequency
fluctuations translate directly into accumulated phase noise of the optical qubit. The laser systems must
therefore ideally address optical transitions at several hundred THz with uncertainties reaching the single-digit
mHz regime in the case of 138Ba+ [15, 43].
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Chapter 4

Experimental setup

This chapter provides an overview of the experimental setup, with particular emphasis on the imaging system
and the single-ion addressing, as well as on the alignment of the involved light fields. The acousto-optic deflector
(AOD), which enables controlled beam steering for individual-ion addressing, is introduced together with the
underlying principles of its operation. The addressing units themselves are described in the following chapter
(Chap. 5). Furthermore, the control breadboard responsible for light distribution and for driving the addressing
units, thereby enabling qubit manipulations on the ions, is presented.

4.1 Overview and laser alignment

In Fig. 4.1, a schematic of the opto-mechanical setup of the experiment as implemented on the optical table is
shown. The two addressing units are arranged symmetrically so that both addressing beams propagate over
equal distances before being imaged onto the ions by a high-NA microscope objective.

.

.

.

.

.

Unit 1

TRAP

Ion chain

Imaging
lens
doublet

DM DM

PG PG

Control

EMCCD

Unit 2

532nm493nm

Fig. 4.1: Top-view schematic of the optical layout and trap region of the experiment. The individual addressing
beams at 532 nm of the double-sided counter-propagating addressing system, as well as the 493 nm fluorescence
used for state-dependent readout, are depicted. Relevant optical components of the addressing and imaging
systems, together with their respective beam paths, are indicated by color. The viewports on both sides of the
trap are marked by interrupted lines of the trap enclosure. Abbreviations: PG – high-NA microscope objective
manufactured by Photon Gear; DM – dichroic mirror; EMCCD – electron-multiplying charge-coupled device.

46



A dichroic mirror (DM) enables both fluorescence detection and ion addressing from the same direction,
allowing parts of the optical paths to be shared. The DM reflects the 532 nm addressing beam while transmitting
the 493 nm fluorescence light. Following the DM, a lens doublet focuses the image onto the sensor array, which
consists of an electron-multiplying charge-coupled device (EMCCD), completing the opto-mechanical imaging
system. The fluorescence photons are detected by the EMCCD camera, which converts the incoming photons
into electrons and amplifies them such that the recorded electron counts can be traced back to individual
photon events. In this experiment, a commercially available Andor camera1 is used. The sensor chip of this
camera model is cooled to approximately −90 ◦C to reduce dark counts, i.e. registered events that are not
caused by incident photons.

The external magnetic field defining the quantization axis and lifting the Zeeman degeneracy is oriented along
the optical addressing axis (radial trap dimension) [43, 15]. Permanent magnets in a Helmholtz configuration
are installed around both viewports to produce a uniform magnetic field of approximately 4.5(1) G. The ion-trap
chamber of the experiment is mounted on an air-floated optical table equipped with pneumatic vibration
isolators2. This mechanical isolation is employed to suppress the transmission of environmental vibrations to
the trapping apparatus, thereby stabilizing both the ion positions and the alignment of the optical systems.
Fig. 4.2 shows the measured vibration transmission as a function of frequency for both the horizontal and
vertical directions, illustrating the effective attenuation provided by the isolation system over the relevant
frequency range.

(a) (b)

Fig. 4.2: Quantification of the vibration-isolation performance of the pneumatic isolator system, as provided by
the manufacturer on the product webpage [87]. (a) Horizontal isolation response with a resonance frequency
of 1.5 Hz and approximately 9 dB amplification at resonance, achieving 95 % isolation at 10 Hz. (b) Vertical
isolation response with a resonance frequency of 1 Hz and approximately 10 dB amplification at resonance,
achieving 98 % isolation at 10 Hz.

In addition to mechanical isolation, the ion chamber is operated under ultra-high-vacuum (UHV) conditions
at a pressure of approximately 1 × 10−11 mbar. The UHV environment suppresses collisions between the
trapped ions and the residual background gas, which would otherwise lead to heating, decoherence, or ion
loss from the trap. Together, the mechanical vibration isolation and the UHV environment establish a stable
experimental platform that is essential for long trapping times and reproducible quantum operations. In many
aspects described in this section, the experimental setup is comparable to other ion-trap experiments reported
in the literature [19, 82, 88].

Fig. 4.3 illustrates the spatial alignment of all laser fields involved in the experiment, with the exception
of the ablation laser. The ablation laser, which operates at a wavelength of 532 nm, is positioned separately
from the actual trapping region and is directed onto a solid barium sample. It is employed exclusively during
the ion-loading procedure described earlier in Sec. 2.3 and is therefore not co-aligned with the remaining
laser beams. The indicated 416 nm and 553 nm beams are used to drive the two-photon photoionization (PI)
process. All other laser wavelengths employed in the experiment, together with their specific roles in cooling,
state preparation, manipulation, and detection, are described in detail in Sec. 2.4, where the corresponding
energy-level diagrams are also provided.

1Andor iXon Ultra 897
2S-2000 StabilizerTM

47



. . . . . . . . .

Ion chain
1762nm 416nm

z

x

532nm

TEM10

532nm

TEM00

(a)

. . . . . . . . .

Ion chain

493nm, 553nm

614nm, 650nm

z

y

(b)

Fig. 4.3: Overview of the laser-beam alignment used in the experiment. (a) Top-view schematic showing
the alignment of the radial single-ion addressing TEM00 beam together with its counter-propagating TEM10
counterpart, both at 532 nm. In addition, the two collectively illuminating beams at 1762 nm, used for coherent
ion manipulation, and 416 nm, used for the photoionization (PI) process, are shown. (b) Side-view schematic
showing the alignment of the remaining laser fields, each of which illuminates and acts collectively on the full
ion chain when active, like for instance the 553 nm beam, which is the second beam used for the two–PI process.

4.2 Optical addressing and imaging

As a first step in constructing the optical system used for addressing and imaging the ions, the expected optical
properties were simulated using Zemax software [89]. Fig. 4.4 shows the resulting simulation for the complete
addressing system. The simulation begins on the left with a collimated beam entering the beam-expander and
ends on the right with the focus created by the Photon Gear microscope objective in the plane of the ions.

Photon Gear

objective

Beam expander

Addressing unit

Ion planeRe-collimation

Fig. 4.4: Zemax simulation of the addressing optics. A collimated beam with a diameter of d = 2 mm enters
the final stage of the addressing unit, the beam-expander objective, which increases the beam divergence to
make use of the full numerical aperture (NA) of the Photon Gear objective. A two-lens relay system in front of
the Photon Gear objective re-collimates and conditions the beam before it is tightly focused onto the ion plane.
Relevant optical components as well as the ion plane position are labeled for clarity.

The most informative outputs of these Zemax simulations were the spot diagrams, which can be evaluated
at arbitrary positions along the beam path. Fig. 4.5 shows such a spot diagram of the simulated addressing
system, evaluated at the image surface (IMA) in the ion plane. These diagrams provide the calculated spot size
using two commonly applied metrics: the root-mean-square (RMS) spot radius, which quantifies the average
radial deviation of the traced rays from the reference image point, and the geometric (GEO) spot radius, which
corresponds to the maximum distance of any traced ray from that point. These spot diagrams also show how
the focus degrades for off-axis field points, parameterized in Zemax by the object-space field angle (OBJ). With
increasing OBJ, the spot becomes asymmetric and elongated, revealing off-axis aberrations such as coma and
the influence of field curvature. The associated axial shift of the best-focus position is indicated by the IMA
values below each subfigure. Thus, the spot diagrams provided both quantitative spot size information and
insight into how off-axis aberrations affect the focal quality in the ion plane.
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Because the Photon Gear objectives used in the experiment are commercial products, the individual optical
components and their geometrical parameters are not accessible to the user. Instead, the vendor provides a
so-called “black-box” model that encapsulates the full optical behavior, which can be used directly within
Zemax. Although the internal description cannot be inspected or modified, Zemax is still able to perform
full ray tracing through the compiled model, enabling the calculation of spot diagrams, aberrations, and
field-curvature effects. Ray tracing itself is based on Snell’s law:

n1 sin(θ1) = n2 sin(θ2) , (4.2.1)

with ni being the respective refractive index of the optical medium, θ1 the angle of incidence and θ2 being the
angle of refraction [90].

Fig. 4.5: Zemax spot diagram of the 532 nm addressing beam at the image plane (IMA), evaluated for three
object-space field angles (OBJ): 0.0◦, 0.6◦, and 1.2◦. The root-mean-square (RMS) spot radii of 0.009 µm,
0.012 µm, and 0.024 µm quantify the average radial deviation of the traced rays from the reference image point.
The geometric (GEO) spot radii of 0.016 µm, 0.033 µm, and 0.071 µm correspond to the maximum distance of
any traced ray from that point. The grid spacing is 0.2 µm.

The Zemax simulations and the behavior predicted by the simulations provided valuable insight into the
design and performance of the overall optical system. For the imaging path as well, shown schematically in
Fig. 4.1, a corresponding Zemax model was used to guide the implementation and alignment of the optical
components.

The central element of the addressing system is the AOD, which is a form of acousto-optical modulator
(AOM) optimized for angular beam steering rather than pure optical frequency shifting. This functionality
is achieved by using a crystal cut that differs from standard AOMs, producing distinct acoustic and optical
properties due to the crystal’s lattice orientation. This specific crystal cut and interaction geometry suppresses
the observable consequences of the intrinsic frequency shift, so that the device acts predominantly as a beam
deflector rather than a frequency shifter. In addition, the optical phases of the beams emerging from the
two AOD devices of the double-sided addressing can be synchronized and precisely adjusted with a suitable
RF signal generator. The first pulse of the manipulation sequence defines the phase reference and thereby
determines whether the resulting single-qubit rotation on the Bloch sphere is performed around the x or the y
axis. All subsequent pulses are defined relative to this initial phase, such that a phase shift of π/2 switches the
rotation axis from x to y. This change of rotational axis follows directly from the rotating-wave approximation
(RWA) and is explicitly visible in Eq. 2.5.20.

While the lenses in the addressing system establish the required beam characteristics, the AOD provides
the lateral beam displacement needed to select the ion(s) to be addressed. The device is driven by a RF signal
that generates an acoustic wave inside the crystal, from which the optical beam diffracts. When multiple RF
frequencies are applied simultaneously, the resulting superposition of acoustic waves produces a corresponding
superposition of diffracted beam positions. In this way, multiple ions can be addressed simultaneously without
requiring additional laser systems. Fig. 4.6 illustrates the AOD and its underlying working principle. The AOD
operates in the Bragg regime, where only the ±1st diffraction orders satisfy the Bragg condition:

mλ = 2Λ(νRF) sin(θBragg) =⇒ θBragg ≈ m λ

2 Λ(νRF) = m λ νRF

2 vac
, (4.2.2)
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where Λ(νRF) = vac/νRF is the acoustic wavelength with velocity vac generated in the crystal by the applied
RF frequency νRF, λ is the optical wavelength, m denotes the diffraction order, and θBragg is the internal Bragg
angle.

θ𝑜𝑢𝑡

RF

AOD

Λ(𝜈𝑅𝐹)

L
0th order

+1st order

θ𝑖𝑛

Fig. 4.6: Schematic of the AOD showing the 0th and +1st diffracted orders. The incident angle is denoted
by θin, while the deflection angle of the diffracted beam is labeled θout. The length of the optical–acoustic
interaction region inside the crystal is indicated by L. RF marks the applied radio-frequency drive, and Λ(νRF)
denotes the acoustic wavelength generated in the crystal as a function of the RF frequency νRF, which sets
the Bragg condition and thereby the resulting deflection angle. The blue bar indicates an acoustic absorber
used to suppress back reflections of the sound wave, typically mounted at a slight angle to minimize residual
back-propagating waves.

In contrast to conventional Bragg diffraction from a stationary lattice, the light in an AOD diffracts from
a traveling sound wave. Momentum conservation with the traveling acoustic grating changes the beam’s
propagation direction, producing an angular deflection that scales approximately as [30]:

∆θout = arctan
(

kac

k

)
≈ kac

k
= λ

Λ(νRF) , (4.2.3)

with kac being the wave-vector magnitude of the acoustic wave traveling inside the crystal and k that of the
optical input beam. Varying the RF frequency νRF changes the acoustic wavelength and thus the Bragg
condition, enabling rapid tuning of the output angle. The internal Bragg angle itself varies linearly with the
RF frequency as Eq. 4.2.2 shows. If the incidence angle is fixed, as it is the case within our experiment, large
frequency excursions eventually lead to a mismatch between the incidence angle and the Bragg angle, reducing
the diffraction efficiency. This effect defines the angular acceptance bandwidth of the AOD. The achievable
rate of deflection variation is limited by several temporal factors: the electrical rise time of the RF signal, the
time required for the acoustic wave to build up inside the crystal, and the access time, i.e., the time needed for
the acoustic wave to traverse the optical beam. Given the acoustic velocity in quartz (5 km s−1 to 6 km s−1),
deflection rates up to several MHz are feasible. The same principles apply to negative diffraction orders, except
that they require the opposite incidence angle.

When the incidence angle is precisely matched to the Bragg angle, the diffraction efficiency and bandwidth
are maximized, and the resulting spectral bandshape reduces to a pure sinc- or Bessel-type function, depending
on the effective aperture of the AOD3 [91]. If the incidence angle is geometrically detuned from the ideal
Bragg condition, the diffraction efficiency can be obtained using more elaborate methods. These approaches
can involve a momentum-space (k-space) construction to evaluate the phase-matching condition geometrically,
rather than solving the coupled differential wave equations directly. Small angular detunings introduce a
modified bandshape consisting of the usual sinc/Bessel envelope accompanied by characteristic side lobes
(“ripples”) around the central frequency. For first-order Bragg diffraction, the efficiency can be described by
the coupled-wave solution of Kogelnik [92]:

η(s, ζ) = s2

s2 + ζ2 · sin2
(√

s2 + ζ2
)

, (4.2.4)

where η denotes the diffraction efficiency, s represents the coupling strength determined by the acoustic wave
inside the crystal and is proportional to the square root of the applied RF power, s ∝

√
PRF, and ζ := 1

2 ∆kzL

3Acousto-optic deflector of type DTSX-400-532-M023, designed for operation at 532 nm.
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is the dimensionless longitudinal phase mismatch between the interacting waves. Here, ∆kz denotes the
difference of the relevant optical and acoustic wave-vector components along the propagation direction z and
thus incorporates deviations from exact Bragg matching, in particular angular detuning of the incident beam.
The interaction length is given by L and is equivalent to the width of the optical crystal. The contrast between
the bandshape under ideal Bragg matching and the band profile arising from angular detuning is illustrated in
Fig. 6.2(b) and Fig. 6.3(b) in Sec. 6.2. Furthermore, it should be noted that the scalar description used here
does not treat polarization effects explicitly. These effects enter through the effective acousto-optic coupling
coefficient, which depends on the photo-elastic tensor of the crystal and on the input and output polarization
vectors. In general, this coupling can be written schematically as:

κ ∝ e∗
out · ∆ε · ein , (4.2.5)

where ∆ε denotes the acoustically induced permittivity modulation [30]. A full vectorial treatment is therefore
required to describe possible polarization changes caused by the AOD. In the scalar model used in Eqs. 4.2.2–
4.2.4, such polarization-dependent effects are absorbed into the effective coupling strength s and are not
described explicitly.

4.3 Light distribution and addressing control

In this section, the breadboard responsible for controlling the operational actions of the addressing units is
introduced. A schematic of this breadboard is shown in Fig. 4.7.

Photo-diode for

PID

power stabilization

λ/4

Unit 2Unit 1

532nm

laser 

λ/2

PBC

Feedback -

loop

λ/4

M

M

M M

M

f lf l

PBC

BS
M

+𝜈RF +𝜈RF

Fig. 4.7: Schematic of the control breadboard. Abbreviations: M – mirror; BS – non-polarizing beam splitter
with fixed splitting ratio; PBS – polarizing beam splitter cube; λ/2 – half-wave plate; νRF – RF drive frequency
of the AOMs; f l – focusing lens. A 532 nm laser serves as the input source to the breadboard. A small fraction
of the power (about 1 %) is directed onto a photodiode for active power stabilization via a feedback loop. The
remaining power is evenly split into two AOM double-pass paths in cat-eye configuration, using half-wave
plates and PBS cubes, each providing the controlled input beam for one addressing unit.

A 532 nm laser system4 provides the light source for the control breadboard. A small fraction of the
optical input power (approximately 1 %) is directed onto a photodiode, which serves as the detector for a
power-stabilization branch. The photodiode produces a voltage proportional to the incident optical power,
providing the error signal for the power-stabilization feedback loop that is returned to the laser power control
input. This signal is then processed by a proportional–integral–derivative (PID) controller, which adjusts
the laser output power to maintain a constant intensity [93]. The remaining optical power is divided evenly
between two AOM double-pass setups, each providing a total frequency shift of 2νRF. The combination of λ/2
phase-retarding wave plates and polarizing beam-splitter cubes (PBCs) allows us to distribute the laser power

4Coherent – Verdi V5
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between the different arms according to the experimental requirements. A theoretical framework for this kind
of power-distribution scheme based upon light polarization and PBCs is provided in Sec. 2.2.

The double passes are implemented in a cat-eye configuration: the first positive AOM-diffracted orders
are focused onto retroreflecting mirrors such that, upon reflection, they retrace (almost exactly) the incoming
paths through the AOM during the first pass [94]. The zeroth orders are directed into a beam dump. A pair of
λ/4 phase-retarding wave plates placed in front of the retroreflectors rotates the polarization of the returning,
double-passed beams by 90◦ relative to the input, ensuring that the PBCs preceding the double passes reflect
the beams rather than transmitting them. Finally, the double-passed light is coupled into optical fibers, which
provide the inputs for the addressing units. If the two double-pass AOMs are not operated exactly at the same
radio frequency +νRF but are slightly detuned with respect to each other, the superposition of the TEM00
and TEM10 modes acquires a time-dependent relative phase, ∆ϕ(t) = ∆ω t = ∆ν 2π t, resulting in a temporal
beating of the combined mode.
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Chapter 5

Layout of addressing units and
incorporation of phase plate

For the physical realization of quantum gate operations in trapped-ion experiments, one requires the capability
to manipulate individual ions with high precision. This task, known as single-ion addressing, is achieved by
introducing a tightly focused laser beam, the addressing beam. The pointing and steering of such addressing
beams are performed by the addressing units.

The addressing units used in the experiment are compact optical devices capable of steering the beam
direction and controlling additional beam properties such as polarization, spot size, focal depth, and divergence,
in conjunction with the remaining optical elements of the experiment. In our setup, two such units illuminate
the ions from opposite sides along the propagation of the horizontal radial direction of the trap.

The addressing unit design used in the experiment builds upon an established system that has been
successfully used in other trapped-ion experiments, such as the LinTrap setup [88]. The following sections
describe the design and operating principles of the addressing units employed in the experiment, as well as the
function of their individual components.

5.1 Addressing unit layout

Fig. 5.1 shows a two-dimensional top-view schematic of the addressing-unit layout. The light path of the
off-resonant 532 nm addressing beam begins in the upper left corner with a fiber-coupled input collimator1.
The polarization of the input light is aligned with the principal axis of the fiber-coupled collimator using a
polarimeter2 to prevent intensity noise arising from polarization fluctuations introduced by the fiber.

Fiber coupled

collimator

Phase – Plate

(1)

Elliptical beam 

shaper (2)

Beam expander 

objective (9)

λ/2 – plate

(3)

Prisms (4)

Polarizing beam

splitter cube (7)

Mirror

(5)

AOD

(6)

λ/2 and λ/4

- Plates (8)

Fig. 5.1: 2D-schematic of addressing unit layout. The input for the addressing is provided by a fiber-coupled
collimator (on the top left in the schematic). All subsequent optical elements are numbered and explained in
the main text in a detailed list with corresponding item number.

1Schäfter & Kirchhoff: 60FC-M-12 with a special coating optimized for the addressing wavelength of 532 nm
2Schäfter & Kirchhoff — SK010PA, 450–800,nm
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1. The first optical element after the input collimator is the phase plate, which is used to generate a TEM10 mode
from the incoming fundamental TEM00 mode. This phase plate is the only optical element that is not present
in both addressing units and is included exclusively in the unit providing the TEM10 addressing beam. The
integration of this phase plate, as well as its theoretical working principle, are described in detail in Sec. 5.2.

2. The next optical element is the elliptical beam shaper, which modifies the beam waist only along the axial trap
direction while leaving the vertical radial direction unchanged, thereby producing an elliptical beam profile.
This component prevents illumination and charging of the compensation electrodes and avoids clipping of the
addressing beam, while allowing use of the full NA along the axial trap dimension. According to Eq. 2.2.9,
increasing the beam waist before a focusing optic reduces the focus spot size, making axial beam shaping
sufficient for addressing a linear ion chain.

3. The subsequent λ/2 phase plate sets the correct polarization for the AOD. Because several reflective optical
elements lie between this phase plate and the AOD, the light path is first aligned up to the intended AOD
position. Instead of installing the AOD at this stage, a polarimeter is placed at its location to measure and
adjust the polarization of the beam accordingly.

4. The next elements in the beam path are two fixed 45◦ prisms mounted on translation stages, which deflect the
beam upward toward downstream optical components. In contrast to adjustable mirror mounts, these prisms
provide a mechanically stable and well-defined beam deflection while allowing lateral beam position adjustments
through the translation stages. They provide the degrees of freedom required to align the addressing beam
through the apertures of downstream optical elements, such as the AOD device or the final beam-expander
objective, without introducing additional angular alignment parameters at this stage.

5. The following mirror, together with the adjustable orientation of the AOD device, determines the angle of
incidence onto the AOD. This interplay between mirror orientation and AOD alignment influences both the
diffraction efficiency and the available bandwidth of the AOD. If the beam propagation is tilted at this stage,
the mirror mount allows for correcting the alignment before the beam enters the AOD.

6. The AOD device follows next in the beam path. It is mounted on a specially designed base plate that can rotate
over a limited angular range (approximately 30◦). This rotating plate is itself mounted on a goniometer, which
provides rotation around the beam propagation axis and allows compensation for small relative tilts between
the addressing path and the ion chain inside the trap. For theoretical background on AOD operation, the
reader is referred to Sec. 4.2 of this thesis and Ref. 91, 92. Details of the AOD characterization are presented
in Sec. 6.2.

7. A Glan–Taylor polarizing beam-splitting prism is next in the beam propagation path. This element serves two
purposes within the addressing system. First, it re-cleans the polarization of the addressing beam. Second,
it suppresses the undesired diffraction orders produced by the AOD. In the Bragg regime and for the chosen
alignment, the AOD primarily generates the desired −1st diffraction order together with a residual 0th order,
while all higher diffraction-order intensities are negligible (below the 1 % level). Due to the compact design
of the addressing units, spatially blocking the undesired 0th order (e.g. with a razor blade) is not feasible, as
the separation between the orders in the remaining propagation distance is insufficient. Although simulations
performed at AQT indicate that the 0th order is sufficiently displaced from the ion chain at the trapping region
(100 µm to 150 µm), it is nevertheless good experimental practice to minimize unnecessary stray light. This
prism exploits the polarization dependence of the diffracted beams: the −1st order receives a polarization
rotation, whereas the 0th order remains unchanged, allowing efficient separation based on polarization. The
measured extinction ratio of the prism is Rext = 4.37(6) %.

8. Next follows a combination of λ/4 and λ/2 phase-retarding wave plates, both mounted in rotational mounts.
Together, these wave plates allow precise control of the polarization of the addressing beam at the ion position
and enable independent polarization settings for each addressing unit. In this way, the system can be operated
either with intensity gradients (identical linear polarizations) or with polarization gradients (different linear
polarizations).

9. Finally, the addressing beam enters the beam-expander objective, which is realized in an afocal relay configuration
enabling largely independent control of spot size and angular mapping [95]. This element introduces a controlled
beam divergence to match the entrance field diameter of the Photon Gear microscope objective and thereby
efficiently utilize the NA of the optical system. The focal depth can be fine-adjusted by varying the spacing
between the two lens groups of the beam-expander objective. In addition, the objective allows tuning of the
effective angular magnification, which determines the displacement of the addressing beam per MHz of AOD
input frequency. Identical displacement of the two superimposed addressing beams is ensured by matching
this angular magnification between both addressing units via fine adjustment of the position of the final lens
element (the tip) relative to the remaining lenses. Both adjustment degrees of freedom are indicated in Fig. 5.1
(item 9) by the gaps between the individual lenses.
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5.2 TEM10 mode creation and phase plate incorporation

A major adaptation to the addressing-unit design was the incorporation of the phase plate, which is used to
generate a TEM10 Hermite–Gauss mode for the double-sided addressing system. This section is divided into
two parts. First, the physical working principle by which the phase plate converts an incoming fundamental
TEM00 mode into the desired higher-order mode is discussed. Second, the mechanical integration of the phase
plate into one of the two addressing units is described. This integration is realized by means of a specially
designed mount adapter, which was partially fabricated in-house.

5.2.1 Physical working principle of the phase plate for TEM10 mode generation

The creation of a TEM10 mode using a phase plate can be understood within the framework of Fourier optics [30,
96, 97]. A central concept of Fourier optics is the description of image formation in a linear, shift-invariant
optical system via spatial convolution:

g(x, y)︸ ︷︷ ︸
image

= f(x, y)︸ ︷︷ ︸
object

∗ h(x, y)︸ ︷︷ ︸
PSF

, (5.2.1)

where f(x, y) denotes the object field, h(x, y) the point spread function (PSF), which describes the system’s
response to a point-like light source, and g(x, y) the resulting image field. The convolution operation, denoted
by the symbol ∗, is defined in one dimension as:

(f ∗ g)(x) =
∫ ∞

−∞
f(x − x̃) g(x̃) dx̃ . (5.2.2)

In Fourier optics, the Fourier transform is taken with respect to spatial coordinates. For a one-dimensional
transverse coordinate x, it is defined as:

F (kx) = F{f(x)} =
∫ ∞

−∞
f(x) e−ikxx dx , (5.2.3)

with kx being the spatial frequency of dimension x. Applying the Fourier transform to the imaging equation
yields:

g(x, y) = F−1 [F{f(x, y)} · F{h(x, y)}]
= F−1[F (kx, ky) · H(x, y)︸ ︷︷ ︸

OTF

] , (5.2.4)

where H(x, y) is the optical transfer function (OTF), which is defined as the Fourier transform of the PSF. The
OTF characterizes how spatial frequencies of the object are transmitted by the optical system to the image.
Equation 5.2.4 follows from the convolution theorem, which states that convolution in the spatial domain
corresponds to multiplication in the spatial-frequency domain.

Within this Fourier-optics framework, numerical simulations were performed to model the action of the
phase plate. In these simulations, the phase plate was approximated as a step function imposing a relative
phase shift of π between the two halves of an incident fundamental TEM00 beam. Although the phase step
can be idealized as infinitely sharp, the resulting discontinuity in the phase profile inevitably introduces high
spatial-frequency components. Upon propagation through the phase plate, these components give rise to
diffraction-induced side-lobes extending beyond the central TEM10 intensity distribution.

These diffraction side-lobes constitute an undesired contribution to the addressing beam profile of an ideal
TEM10 mode, as they can increase crosstalk to neighboring ions. Two mitigation strategies were identified:
either the implementation of an additional spatial-filtering stage, such as a cleaning telescope with a pinhole
placed in its Fourier plane, i.e. the focal plane of the cleaning telescope, or a rotation of the TEM10 mode
with the side-lobes still present, such that the side-lobes are oriented away from the ion chain. In the present
experiment, the latter approach was chosen, and the TEM10 addressing beam was rotated by approximately 15◦,
selected empirically as a compromise between side-lobe suppression and usable force gradient. This rotation
reduces addressing errors without introducing additional optical complexity.
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5.2.2 Mount adapter

For symmetry reasons, it is imperative to align the fundamental TEM00 beam centrally with respect to the
phase plate. Any lateral misalignment breaks the intended spatial symmetry of the generated TEM10 mode
and thereby distorts the resulting optical force profile acting on the ion. Since the coupling to motional degrees
of freedom is determined by the spatial gradient of the light field, preserving the symmetry of the addressing
beam is essential to ensure controlled and selective excitation of the desired motional modes while suppressing
unwanted couplings. In the harmonic axial trapping potential, this symmetry directly maps onto the coupling
strengths between the optical dipole force and the motional eigenmodes of the ion.

In the ideal situation, one would aim for a stable alignment precision of the complete optical system at a level
of a single µm, in order to guarantee a high degree of symmetry and, consequently, well-defined parity. However,
the thermal expansion coefficients of standard metals lead to spatial changes on the order of several tens of
micrometers (10 µm to 30 µm), rendering such alignment precision difficult to realize in practice. Achieving this
level of stability would require the use of expensive high-end materials throughout the entire experiment and
all involved opto-mechanical components.

To address this challenge and enable stable, highly central alignment of the addressing beam, a suitable
mount adapter was developed. In collaboration with the university’s mechanical workshop, standard commercial
opto-mechanical components were adapted to introduce additional degrees of freedom. These adaptations
allow high-precision alignment of the addressing beam with respect to the center of the phase plate, within the
expected deviations caused by the thermal expansion of aluminum.

In this mount-adapter design, the thread of the input collimator mount is removed and replaced by two
guiding pins that act as linear rails. The collimator mounted within this structure can therefore be translated
in a controlled manner, similar to a translation stage. Once aligned, the position is fixed rigidly using two
additional set screws. A SolidWorks blueprint of the developed mount adapter is shown in Fig. 5.2.

(a) (b)

Fig. 5.2: SolidWorks blueprint views of the partially self-manufactured mount adapter used for precise phase
plate alignment. (a) Front blueprint view of the partially self-manufactured mounting adapter. The input
collimator is omitted in the rendering to make the central alignment line of the integrated phase plate clearly
visible. (b) Angled sectional view of the mounting adapter.
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Chapter 6

Characterization and implementation
of addressing units

The following sections present the opto-mechanical characterization of both addressing units and their individual
components. For the investigation of single components and their specific properties, test setups external to
the addressing units were frequently employed. These free-standing test setups provided improved accessibility
and additional degrees of freedom for alignment and diagnostics.

For certain properties of interest, such as the collimation quality of the laser beam within the addressing
units, it was otherwise not possible to acquire a sufficient number of data points within the compact geometry of
the units themselves. Unless stated otherwise, the quoted uncertainties throughout this chapter correspond to
statistical errors derived from the respective measurements or measurement series and do not include systematic
contributions, such that the total uncertainty is likely underestimated.

The final section of this chapter, Sec. 6.7, focuses on the implementation, alignment, and quantum mechanical
performance optimization of the addressing units in the experiment, utilizing the confined ions in a quantum
metrology sense. This chapter, and in particular its final section, therefore constitutes the main experimental
results of this thesis.

6.1 Collimation quality of addressing unit input

The goal of this section was to verify that the input light field of the addressing units matches the beam
parameters assumed in the optical simulations used for the design of the experiment. To this end, several
candidate fiber-coupled input collimators were characterized. In the following, only the results for the collimator
ultimately selected for operation are presented.

For the measurements, beam-radius data and associated uncertainties were obtained using a beam profiler1.
Each data point along the propagation direction was recorded with a detection time of one minute. The
observed variation in the uncertainties is mainly attributed to the laser delivery path, whose optical power was
not actively stabilized during the measurements.

Fig. 6.1 shows the measured beam radii at the input of the first addressing unit for both spatial dimensions
transverse to the propagation direction z, namely x and y, together with least-squares fits based on the Gaussian
beam propagation model:

w(z, z0, w0, zR) = w0

√
1 +

(
z − z0

zR

)2
,

which follows from Eq. 2.2.4 with the inclusion of an additional longitudinal offset z0. For the transverse
x direction, the fit yields a Rayleigh length of zR,x = 3.1(2) m, a waist position of z0,x = 43(2) cm, and a
minimum waist of w0,x = 950.0(4) µm, implying a difference to the Zemax simulation of 5 %. For the transverse
y direction, the fit reveals a Rayleigh length of zR,y = 3.0(1) m, a waist position of z0,y = 42(1) cm, and a
minimum waist of w0,y = 972.3(3) µm, corresponding to a difference to the theoretically assumed value in the
simulations of approximately 3 %.

1Ophir Photonics Ltd., Spiricon SP620U beam profiling camera
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Fig. 6.1: Gaussian beam waist as a function of propagation distance for the input beam of the first addressing
unit. Least-squares fits based on Eq. 2.2.4 are shown for both transverse directions. (a) Transverse x direction,
yielding a spatial offset of z0,x = 43(2) cm, a minimum waist of w0 = 950.0(4) µm, and a Rayleigh length of
zR,x = 3.1(2) m. (b) Transverse y direction, yielding z0,y = 42(1) cm, w0,y = 972.3(3) µm, and zR,y = 3.0(1) m.

The slight differences between the fitted parameters in the two transverse directions indicate weak astigmatism
of the input beam, which is commonly observed in practical free-space beam delivery systems and can arise
from residual alignment imperfections or optical aberrations. The extracted values agree within uncertainties
and exhibit comparable propagation behavior on both transverse axes. The measured waist sizes in both
spatial dimensions are closest to the value used in the Zemax simulations (w0 = 1 mm) among all tested
input collimators, deviating by approximately 4 % when averaged. This level of agreement between theoretical
simulation and experimental observation was used as the basis for the addressing optics input and the subsequent
experimental implementation.

The second input collimator for the opposing addressing unit was ordered at a later stage, after experimental
validation of several candidates, and was therefore not available during the quantitative measurements presented
here. Although preliminary attempts were made to characterize the collimation quality of the second input
collimator, the limited available space did not permit a comparable measurement. In agreement with the
experimental team, a qualitative assessment was therefore considered sufficient. Given the use of the same fiber
type and an identical collimator model, no physical mechanism is expected to prevent comparable beam waist
and Rayleigh length values from being achieved. The qualitative inspection of the second input collimator was
consistent with the results obtained for the first input collimator.

6.2 Efficiency and bandwidth of both AOD devices

As a next step, both AOD devices were analyzed, as they constitute a key optical element of the addressing
units. The AOD enables controlled steering of the laser beam by varying the applied RF signal. As described
in more detail in Sec. 4.2, changes in the RF frequency lead to different angular deflections of the diffracted
beam. The quantification of the deflection performance included several complementary aspects. In particular,
the optical diffraction efficiency and the accessible bandwidth of the employed −1st diffraction order of both
AOD devices were studied. The investigation and results of these two aspects are presented in this section,
while the analysis of optical aberrations is treated separately in Sec. 6.4.

Fig. 6.2 shows the results obtained for the first AOD device. Each data point and its associated uncertainty
were measured using a power meter2, with a total of 50 measurement samples per data point. On the left,
in Fig. 6.2(a), the transmitted optical power of the −1st diffracted order is plotted as a function of the RF
power applied to the AOD. For this measurement, the RF frequency was kept constant at a central value of
ν0 = 80 MHz. With an initial optical power before the AOD of 975(5) µW, the optical diffraction efficiency
shown here was obtained by normalizing the transmitted power to this input value. The absolute RF power
corresponding to the x-axis was determined using a handheld RF spectrum analyzer, where a setting of
−4.4 dBm corresponded to approximately 1 W of RF output power for the specific RF amplifier3 and RF signal

2Thorlabs, model 100D power meter
3Mini-Circuits ZHL-SW-1+ RF amplifiers
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Fig. 6.2: Measurement results for the first AOD device. (a) Optical power efficiency of the −1st diffraction
order as a function of the RF power applied to the AOD crystal. (b) Optical power efficiency of the −1st
diffraction order as a function of the RF frequency applied to the AOD crystal.

generator4 configuration used. The recorded data points exceed the specifications given in the manufacturer
datasheet, which lists an efficiency of > 78 % for the −1st diffraction order. The maximum efficiency observed
in the present measurement series amounts to 93(1) %.

The next property investigated for the first AOD device was its total bandwidth. In addition to the material
properties of the acousto-optical crystal, the bandwidth is mainly determined by the angle of incidence at the
crystal surface. This angle governs the shape of the diffraction efficiency curve and therefore directly determines
the accessible bandwidth [91]. In Fig. 6.2(b), the transmitted optical power of the −1st diffraction order is
plotted as a function of the applied RF frequency across the full nominal bandwidth of 50 MHz, centered
around ν0 = 82(4) MHz, as specified by the manufacturer. The overall shape of the measured bandwidth profile
is consistent with the provided test datasheet. However, distortions and asymmetries are visible, which are
attributed to optical power fluctuations during the measurement. Since the acquisition of the full bandwidth
measurement required a certain time, with each data point obtained from 50 individual samples, the system had
sufficient time to undergo slow drifts between successive measurement points. In particular, the optical power
of the beam was not actively stabilized during these measurements. Nevertheless, the qualitative behavior of
the AOD bandwidth is clearly demonstrated. Additional, unrecorded measurements employing continuous
sweeps of the RF frequency further confirmed that a smooth and symmetric bandwidth profile can be achieved
under more stable conditions.

The quantitative determination of the bandwidth was based on the full width at half maximum (FWHM)
criterion. Within the tested frequency range of 50 MHz, none of the recorded diffraction efficiencies dropped
below half of the maximum peak value for the chosen settings of the first AOD device. This result implies an
effective bandwidth that is at least as large as, and potentially larger than, the value specified in the provided
test datasheet of 50 MHz. Overall, the advertised performance characteristics of the AOD device were verified
and confirmed.

For the second AOD device, the same characterizations of optical diffraction efficiency and total diffraction
bandwidth were performed. Fig. 6.3 shows the measurement results for the optical diffraction efficiency as a
function of RF power (Fig. 6.3(a)) as well as for the total diffraction bandwidth (Fig. 6.3(b)). The optical
diffraction efficiency of the second AOD device exhibits qualitatively the same dependence on RF power as
observed for the first device, while the absolute efficiency values and the shape of the curve differ slightly.
This deviation becomes apparent when directly comparing Fig. 6.2(a) and Fig. 6.3(a). It is mainly attributed
to small variations in the RF signal chain, including the amplifier, signal generator, and RF cabling. Even
when identical device models are used, individual components in respective devices and cable lengths can
introduce minor differences in the effective RF power delivered to the AOD. In addition, the power fluctuations
contribute to the differences. Within the bandwidth measurement of the second AOD device, the influence of
the chosen angle of incidence was investigated. A higher diffraction efficiency at the central frequency results in
a bandwidth profile that approaches a single-peaked shape, reflecting the absence of additional angular detuning.
This behavior is explained in more detail in Sec. 4.2 and Ref. [91]. When operated with the same angular

4Rigol Technologies DSG815 RF signal generator
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Fig. 6.3: Measurement series for the second AOD device. (a): Measurement of optical power efficiency of the
−1st diffracted order as a function of the RF power applied to the AOD crystal. (b): Measurement of optical
power efficiency of the −1st diffracted order as a function of the RF frequency applied to the AOD crystal
(with no angular detuning in place to visualize bandwidth-shape change).

detuning, the diffraction efficiency profile of the second AOD device over the measured frequency interval
qualitatively matches that of the first device. A direct comparison of the measurement uncertainties in Fig. 6.2
and Fig. 6.3 shows improved stability during the characterization of the second AOD device. Quantitatively,
the maximum relative uncertainty for the first device amounts to ±1.12 %, whereas for the second device the
maximum uncertainty is reduced to ±0.64 %. This corresponds to a reduction of the maximum noise level to
approximately 57 % of the original value for the second AOD device.

For implementation in the experiment, neither of the bandwidth settings shown above was chosen. Instead,
an intermediate operating point was selected in the transition region of the bandwidth profile. This choice
provides a relatively high optical diffraction efficiency of approximately 85 % at the central frequency while
yielding flatter slopes around the maximum of the efficiency curve. Flatter slopes correspond to a reduced
sensitivity of the optical diffraction efficiency to variations in the applied RF frequency. In the experiment,
optical diffraction efficiency and bandwidth profile are used in an interdependent trade-off. Frequency dependent
variations in diffraction efficiency can be compensated by adjusting the RF power. For this reason, both
AOD devices are chosen to operate in a linear regime of the efficiency curve, below saturation, where such
compensation remains feasible. The reduced slope of the selected bandwidth profile further minimizes the
required compensation, thereby improving operational robustness. Fig. 6.4 shows the chosen bandshape,
analytically simulated using coupled-wave theory of Kogelnik as introduced in Sec. 4.2.
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Fig. 6.4: Simulated optical diffraction efficiency profile for the chosen bandwidth setting according to Eq. 4.2.4,
with s ≈ 509 and an angular detuning of ∆θ ≈ 31 µrad. The detuning parameter ζ is varied via a linearized
mapping of the RF-frequency detuning, resulting in an optical diffraction efficiency of 84.9 % at the central
AOD RF frequency of 80 MHz. The red dashed line indicates the target diffraction efficiency of 85 % used for
the experimental alignment of the AOD device at the central RF frequency.
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6.3 Fundamental addressing properties in the ion plane

The purpose of the test setup used in this section was to observe and quantify fundamental properties of the
addressing beams under realistic experimental conditions, without requiring direct implementation on the
actual experiment. These properties include the achievable spot size, the accessible deflection range in the ion
plane, and the magnitude of Airy-fringe-induced crosstalk. Fig. 6.5 shows a schematic overview of the test
setup and its main components.

Addressing unit

Photon Gear

F1
F2

Test-Setup

test window

M1

M2

focal lens

Re-coll.

Olympus

Fig. 6.5: Schematic overview of the test setup illustrating the indirect spot-size measurement principle using a
Keplerian telescope. The addressing unit under characterization provides the light, which is reflected by two
mirrors (M) before being re-collimated and subsequently illuminating the Photon Gear microscope objective.
After transmission through the test window, the Photon Gear objective produces a tightly focused beam at the
ion plane (F1). The beam is subsequently re-collimated by an Olympus objective, and a final focusing lens
generates a second focus (F2). The two focal planes F1 and F2 are related via the combined magnification of
the Olympus objective and the final focusing lens, forming an effective Keplerian telescope.

This test setup was equipped with the same mount for the Photon Gear objective as used in the experiment.
In addition, it contained a test window positioned at the correct relative distance with respect to the Photon
Gear objective. The test window closely matched the one used in the experiment. The window deviated in
thickness (by approximately 50 µm) and lacked the dedicated anti-reflection coating for the 532 nm addressing
wavelength due to time and cost constraints.

As a final optical component, the test setup featured an additional objective, namely an Olympus objective,
which, in combination with a focusing lens of focal length flens =180 mm, provides a magnification of M = 20.
The beam waist at the position of the ion plane (F1) is theoretically on the order of a single µm or below and
is therefore too small to be resolved directly. The beam profiler5 used for the measurements in this section has
a detector array with pixel dimensions of 3.69 µm × 3.69 µm, meaning that a single pixel is already larger than
the expected spot size.

This limitation is overcome by an indirect measurement scheme implemented at the output of the test setup.
After the focus in the ion plane, the Olympus objective re-collimates the addressing beam and, together with
the final focusing lens, forms a Keplerian telescope. This optical configuration produces a second focus (F2),
which is well resolvable and stands in direct relation to F1 via the magnification.

6.3.1 Spot size characterization after the Photon Gear objective

After assembling the test setup, the distances between the optical elements were matched to the simulated
values as accurately as permitted by the available alignment tools. For this purpose, a pocket ruler with an
uncertainty of 0.5 mm was used. When feasible, and for distances small enough to allow it, a calibrated digital
caliper with a nominal uncertainty of 0.01 mm was employed to further improve the alignment precision. In
addition to the intrinsic uncertainties of the measurement devices, parallax alignment errors were considered.
These errors arise from imperfect alignment of the observer eye relative to the measurement scale. Since the
optical elements were not directly contacted during alignment to avoid surface damage, such parallax errors are
unavoidable in this context.

Following the alignment of the opto-mechanical components, the addressing beam was adjusted to illuminate
the Photon Gear objective centrally and under normal incidence. The vertical spatial dimension was verified

5Ophir Photonics Ltd., Spiricon LBP2 beam profiling camera (SP928 series)
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using several height checks with an optical iris, while the orthogonal horizontal dimension was referenced to the
threaded hole grid of the optical table.

After all components had been adjusted to the specified alignment tolerances, measurements of the spot
size produced by the Photon Gear objective were performed. For these measurements, a beam profiler mounted
on a translation stage was used. Fig. 6.6 shows the recorded data and the corresponding evaluation for one
exemplary frame (Fig. 6.6(a)), as well as the resulting beam waist evolution over the recorded propagation
range (Fig. 6.6(b)).

A focusing lens with a focal length of exactly 180 mm was not available, so one with a focal length of 200 mm
was used at the output of the test setup. The final 20 mm of the beam propagation were recorded and the
extracted beam waist values were analytically converted according to Eq. 2.2.9 to the effective focal length of
180 mm, ensuring consistency with the magnification of the optical configuration.

0 50 100 150 200 250

x (pixel)

0

1000

2000

3000

4000

5000

p
ro

fi
le

r 
co

u
n
ts

 N

Recorded data

Gaussian fit

(a)

0 5 10 15 20

propagation distance (mm)

0

100

200

300

G
au

ss
ia

n
 b

ea
m

 w
ai

st
 (
µ
m

) Waist value w(zi)

Fit of waist-prop. w(z)

(b)

Fig. 6.6: Measurement series using the test setup shown in Fig. 6.5, including the indirect spot size measurement
principle. (a) Representative single-frame analysis at the beginning of the recorded beam propagation, positioned
20.0(6) mm before the final focal plane F2. A Gaussian fit yields a beam waist of w(z0 = −20 mm) = 175(4) µm.
(b) Sixteen consecutive frames were analyzed and averaged to obtain one beam waist value per propagation
position, with an associated 1σ uncertainty. Adjacent positions were separated by 1 mm, with a total uncertainty
in propagation distance of 0.6 mm, arising from the use of a pocket ruler and parallax error. In total, 20
positions were recorded before the final focal plane F2, where optical aberrations remained minimal. A fit using
a Gaussian beam waist propagation model w(z, z0, w0, zR) yields a minimal waist of w0 = 1.3(2) µm.

At each of the 20 recorded propagation positions, the beam profiler recorded a total of 16 image frames.
For each propagation position, the 16 individual fit results and their associated uncertainties were averaged to
obtain a single beam waist value with a corresponding 1σ uncertainty. Inspection of the data and the Gaussian
fit of the exemplary frame shown in Fig. 6.6(a) revealed that the transverse beam profile deviated noticeably
from an ideal Gaussian distribution. This behavior was most likely attributed to optical aberrations. The
influence of these aberrations was also evident in the analyzed data for the full beam propagation shown in
Fig. 6.6(b), as these data points were directly based on the individual positional evaluations. In addition, the
beam profile on the far side of the final focus F2 consistently exhibited stronger distortions than on the near
side.

As a consequence, the Gaussian beam waist propagation could only be fitted asymmetrically with respect
to the focal plane F2, rather than around it. Furthermore, the coefficient of determination, R2, defined as:

R2 = 1 −
∑

i(yi − fi)2∑
i(yi − ȳ)2 , (6.3.1)

was used to assess the quality of the fits by quantifying the deviation of the experimental data from the physical
model through the corresponding residuals [98]. The fit model and the number of free parameters were fixed
for all datasets, preventing artificial increases of R2 through over-parameterization. The individual fit results
for each position were averaged and yielded values below 0.87, as did the resulting global fit of the Gaussian
beam waist propagation. This result indicates that neither the individual positional fits nor the resulting global
fit of the Gaussian beam waist propagation were of sufficient quality to support quantitative conclusions. The
fitted spot size values obtained from this analysis can therefore only be interpreted as upper thresholds for the
achievable spot size when using the complete test setup.
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Realigning the objectives and adjusting their relative angular tilt had no measurable effect on the aberrations.
Despite considerable effort and senior support, this strategy did not lead to any improvement. Therefore, the
approach was altered: instead of relying on the indirect characterization scheme via a Keplerian telescope using
the complete test setup, the beam propagation of interest around the focal plane F1 was measured directly. A
custom adapter mount was fabricated, allowing the beam profiler to be positioned within the confined space
of the test setup (Fig. 6.7(b)), after which the Keplerian telescope based on the Olympus objective and the
corresponding focusing lens were replaced (Fig. 6.7(a)). The region of interest, the focal area in the ion plane,
indicated by the red box around F1 in Fig. 6.5, was thus directly accessible. Although the spot size of the focus
in the ion plane F1 remained too small to be resolved, the waist evolution in this region could be recorded
directly.

(a) (b)

Fig. 6.7: Test setup and an adapted version of it. (a) Olympus objective on a custom-made mount, resting on
a 3D translation stage. (b) Custom-made adapter holding a beam profiler for measuring the Gaussian beam
propagation directly after the test window.

For all measurement runs employing this direct approach, the beam profiler was placed immediately after
the test window, at the minimum achievable distance permitted by the device dimensions and the required
neutral-density (ND) filters protecting it. The same adapter mount holding the beam profiler in the test setup
was used to determine the position of the focal plane F1 produced by the Photon Gear objective behind the
test window, yielding a focal length of fPG = 16.20(5) mm. Using this focal plane as a reference point, all beam
profiler measurement runs were translated into a common axial coordinate system. Within this coordinate
system, the minimum beam waist was consistently observed at a position corresponding to an effective detector
offset of approximately 13.27(5) mm behind the test window.

The first measurement runs using the direct approach showed that the previously observed optical aberrations
encountered when using the complete test setup were no longer present. This observation indicates the
aberrations originate in the re-imaging stage (Olympus objective + relay), not in the Photon Gear objective.
The possible causes of these aberrations are therefore narrowed down to either a relative angular misalignment
between the two objectives, which could not be corrected, or an insufficient optical aperture of the Olympus
objective for the strongly diverging beam. With this optical limitation bypassed by the direct measurement
approach, data could be recorded in the focal region with sufficient fit quality to permit a reliable interpretation
of the results.

After using mechanical instruments as guidance to align the beam profiler orthogonally to the beam
propagation path directly after the test window, the two mirrors in front of the Photon Gear objective, M1
and M2, were used for beam walking. The process of beam walking continued until moving the translation
stage of the profiler along the propagation direction no longer caused a noticeable shift in the addressing beam
position on the detector array. This alignment ensured that there was no relative tilt between the Photon Gear
objective and the beam profiler detector array. In Fig. 6.8, the data and the fits for the waist propagation of
two separate measurement runs taken with the direct approach are shown.

Again, 16 data frames were recorded for each position, this time, however, symmetrically around the focus
F1, and for a total of only 12 different propagation positions. The 16 frames were fitted individually as before
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Fig. 6.8: Measurement series using the adapted test setup with the direct approach of recording directly
(starting approximately 13.27 mm after the test window). (a): Gaussian beam waist as a function of propagation
distance without the AOD in place. The fit yields a minimal waist of w0 = 851(9) nm and a spatial offset of
z0 = 16.2(1) mm. (b): Same as (a) but with the AOD in place. The fit yields a minimal waist of w0 = 772(4) nm
and a spatial offset of z0 = 16.2(1) mm.

and then averaged to obtain the waist value at a given propagation position and its uncertainty. The resulting
data points and their least-squares evaluation can be seen in Fig. 6.8. The uncertainty in the propagation
distance, 70 µm, arising from the combined contributions of calibrated caliper uncertainty, parallax error, and
thermal expansion of aluminum, is not visible in the plot, as the total recorded propagation range exceeds this
value by approximately a factor of 100. For the same reason, the individual uncertainties of the beam waist
values (4 µm to 13 µm) are not resolved. Given the strong convergence and divergence of the beam around the
focus, with a Rayleigh length of only 3.51 µm, the resulting y-axis scaling prevents these error bars from being
resolved. The measured waist evolution is well described by Gaussian beam propagation with an average value
for the coefficient of determination R2 > 0.99. Since with this direct approach the minimum waist and the
region around it could neither be recorded, the minimum waist w0 was fitted according to Eq. 2.2.4 assuming
an ideal effective beam quality factor of M2 = 1.

In the specific measurement run shown in Fig. 6.8(a), the AOD was removed from the optical path to
test whether any difference in the beam properties would occur, which was not the case. The fit of the
Gaussian beam waist propagation reveals a minimum beam radius of w0 = 851(9) nm. The plot in Fig. 6.8(b)
shows the same measurement, now with the AOD in place. The analysis yields a minimum beam radius of
w0 = 772(4) nm. This waist value obtained with the AOD in place represents the closest achieved match to
the minimal attainable spot size, which is diffraction-limited and corresponds to the Airy disk radius given by
Eq. 2.2.10. The diffraction limit determines the smallest possible spot size as a function of the wavelength
under consideration and the numerical aperture (NA) of the optical system [27]. For the NA of the present
system and the used wavelength, the theoretical limit amounts to:

rmin = 1.22
2 · λ

n sin θ
= 0.61 · λ

NA = 406 nm .

Based on the analysis, the most likely factor limiting the achievable spot size at the time of these measurements
with the test setup was the beam-expander objective, in particular the condition of its tip. The beam-expander
converts the collimated beam into a diverging beam and provides several degrees of freedom, in particular
adjustable separations between the two elements of the expander and the position of the final lens (the tip),
as described in more detail in Sec. 5.1. Together with the distances between the optical elements along the
propagation path and the properties of the collimated input beam, these degrees of freedom determine the depth
and size of the focus. The issue of the beam-expander tip being mechanically stuck was resolved later, during
the implementation of the addressing system in the experiment. After correcting this condition, subsequent
tests using ions as quantum-metrology sensors yielded results closer to the diffraction limit (in average 640 nm),
indicating the system limitations of the optical addressing were almost reached during the measurements with
the test setup.
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The spatial offset values obtained from the data shown in Fig. 6.8, which correspond to the focal length of
the Photon Gear objective behind the test window, initially indicated a potential discrepancy. The experimental
design requires the focus to be located approximately 18 mm behind the ion-trap viewport, whereas the
measurement results suggested a value of 16.2 mm behind the test window. Upon further investigation, this
discrepancy was traced back to the use of an outdated simulation configuration. In the two simulation versions,
the beam-propagation distance from the end of the addressing unit to the illumination point of the Photon
Gear objective differed by 2.1 cm. The experimental result was therefore re-evaluated using Zemax with the
beam-propagation distances corresponding to the test setup as implemented. Under these conditions, the
simulation reproduces the measured focal position of 16.2 mm behind the test window. This result confirms
that, for the intended final geometry, the focus is correctly located at the ion plane, approximately 18 mm
behind the ion-trap viewport.

For the counter-propagating addressing unit providing the TEM10 mode, a similar strategy was followed.
First, the complete test setup was used and the focus was optimized for a single-shot measurement, as shown
in Fig. 6.9. However, this approach again proved to be of limited success. Due to optical aberrations, only one
half of the mode exhibited the expected intensity distribution, as illustrated in Fig. 6.9(a). A one-dimensional
intensity profile derived from Eq. 2.2.7 was fitted to the measured data using a least-squares procedure, as
shown in Fig. 6.9(b). This fit yields a minimum waist size of w0 = 1.5(2) µm. However, the goodness of fit,
characterized by an R2 value of 0.75, limits the confidence with which the result can be interpreted. The
obtained value can therefore only be regarded as an upper-bound estimate.
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Fig. 6.9: Visualization and data analysis of the Hermite-Gaussian TEM10 mode in focus F2 (as indicated in
the test setup schematic of Fig. 6.5) using the whole test setup. (a) Image of the TEM10 mode, taken with a
beam profiler. (b) Analysis of the TEM10 mode yielding a minimal waist of w0 = 1.5(2) µm.

Next, the direct measurement approach was applied again, and propagation data points were recorded
directly after the test window (F1 in the schematic of Fig. 6.5), where the previously observed optical aberrations
were avoided. Representative frames of these measurements are shown in Fig. 6.10. The initial measurement
position was chosen immediately after the test window, identical to the starting position used for the TEM00
case. Characterizing the properties of the TEM10 mode beam requires fitting the corresponding intensity
distribution for each recorded propagation position within the framework of Fourier optics. In contrast to
the fundamental mode, the TEM10 mode intensity profile cannot be described by a simple Gaussian beam
model when transitioning between Fourier space and real space. Instead, its propagation must be modeled
using either a partial Fourier transformation or an explicit Fresnel diffraction integral approach:

U(x′, y′, z) = eikz

iλz

∫∫
U(x, y, 0) exp

[
ik

2z

(
(x′ − x)2 + (y′ − y)2)] dx dy , (6.3.2)

which must be evaluated for each individual propagation position [30]. However, a convenient relation exists,
introduced as Eq. 2.2.8 in Sec. 2.2, that connects the waist w(z) of a fundamental TEM00 mode to that of a
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general TEMnm mode [27]. This relation implies:

w0,(n=1,m=0) = w0
√

2n + 1
√

2m + 1 = w0
√

3 , (6.3.3)

which permits the result of the TEM00 mode analysis to be scaled by a factor of
√

3. For the minimal beam
waist of the TEM10 mode, this yields w0,(1,0) = 1.337(7) µm. This approach is justified, since at the time of
these measurements only a single input collimator was available for the characterization of both addressing
units. The fundamental waist w0 at the entrance of the addressing optics thus remained unchanged between
the measurements of the two units.
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Fig. 6.10: Visualization of TEM10 mode propagation directly after the test window around focus F1 (as
indicated in the test setup schematic of Fig. 6.5). (a) TEM10 Fourier-space pattern at the starting position
directly behind the test window (before focal plane F1 and approximately 13.27 mm after the test window).
(b) TEM10 Fourier-space pattern after 4 mm of propagation distance relative to the starting position. (c)
Real-space manifestation of the TEM10 mode near the focal plane F1 after 6 mm propagation relative to the
starting position.

6.3.2 Deflection range

Another aspect investigated with this particular test setup, whose schematic is shown in Fig. 6.5, was the
maximum achievable deflection angle of the AOD device. This angle directly determines the spatial range that
the focus of the addressing beam can cover within the ion plane of the trap, referred to as the deflection range.
Together with the axial trap voltage and the number of ions loaded, both of which set the inter-ion spacing,
the deflection range determines the total number of ions that can be addressed [83].
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Fig. 6.11: (a): Three laser beam positions for three different RF frequencies (75 MHz, 80 MHz, 85 MHz) applied
to the AOD. (b): Analysis of the three positions shown in (a), yielding positional pixel offsets of Gaussian fit
model x0 = 96.09(1), 189.88(1), 284.04(1) from left to right.

The complete test setup enabled measurements probing the total bandwidth over a range of approximately
10 MHz around the central frequency, while remaining within the sensor array of the beam profiler. Accordingly,
eleven distinct deflection positions were recorded, corresponding to eleven RF frequencies spaced by 1 MHz

66



around the central frequency ν0 ≈ 80 MHz. Fig. 6.11(a) shows a composite image of three representative beam
spots corresponding to the central frequency and the two extrema of the accessible RF input frequency range
of the first AOD. The quantitative analysis of the recorded data is presented in Fig. 6.11(b).

For this investigation, an additional optical iris was introduced and installed on the front side of the Photon
Gear objective. By closing the iris and thereby blocking a large fraction of the incoming beam, the resulting
spot size in the ion plane F1 was effectively increased, in accordance with Eq. 2.2.10. While the spot size in
the focal plane of the Photon Gear objective changed, the propagation wave vector of the beam remained
theoretically unchanged.

This theoretical expectation was verified experimentally by selecting a region of interest (ROI) on the beam
profiler device. The ROI was defined with the iris fully opened, while observing the accessible range of the
addressing beam, including the presence of optical aberrations, in the final focal plane F2. After closing the iris,
the same ROI remained accessible for the now aberration-free addressing beam. This approach yields beam
spots that are easier to fit and analyze, while still covering the same spatial range as the original distorted
spots. The resulting measurement series and its analysis indicate a total deflection range of 156(9) µm over the
full bandwidth range of 50 MHz. A second, simplified test setup qualitatively confirmed this value for the other
AOD device, consistent with the deflection angle of 41 mrad stated in the data sheet over the full considered
bandwidth.

The observation that this increased spot size could be imaged correctly at focus F2 using the complete test
setup demonstrates that the observed optical aberrations originate from the combination of an insufficient
optical aperture of the specific Olympus objective and a relative angular tilt between the two objectives used
in the test setup. For the smaller spot size produced by the Photon Gear objective, the beam diverges too
strongly such that, despite a working distance of 1.2 mm to the Olympus objective, its full aperture becomes
illuminated. As a consequence, the beam is partially clipped, leading to scattering and interference effects that
give rise to optical aberrations, independent of the optical alignment.

6.3.3 Estimation of Airy fringe induced crosstalk

When light passes through a circular aperture such as a lens, pupil, or pinhole, every point of the aperture
acts as a secondary source according to the Huygens–Fresnel principle [90]. As a result, the incoming light
wave does not form a perfectly sharp focus but instead undergoes diffraction. The secondary wavelets interfere
constructively and destructively, thereby forming concentric bright rings around the focus, known as Airy
fringes [31].

In our experiment, the entrance field diameter of the Photon Gear objective is matched, and the formation of
Airy fringes in the ion plane F1 must therefore be expected [90]. To investigate the magnitude of ion crosstalk
induced by these Airy fringes, measurements using the complete test setup were required. A beam profiler was
positioned at focus F2, as indicated in Fig. 6.5, and the position of the nearest neighboring ion was assumed
to be 4 µm, which for 138Ba+ ions corresponds to an axial trap frequency of ωaxial ≈ 470 kHz according to
numerical simulation.

(a) (b)

Fig. 6.12: Recorded data used to estimate crosstalk caused by the Airy fringe on the neighboring ion. (a) beam
profiler image of the TEM00 mode addressing beam after the full test setup, recorded with an exposure time of
64 µs. The crosshair marks the position of the neighboring ion when the addressing beam is centered on the
target ion. (b) Zoom-in of (a).
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The magnification of the Keplerian telescope, formed by the Olympus objective and the corresponding
focusing lens, together with the pixel dimension of the beam profiler device was used to calculate the approximate
position of the assumed neighboring ion (Fig. 6.12). The exposure time was then increased until the pixel of
the beam profiler array at the position corresponding to the neighboring ion reached saturation (Fig. 6.13).
The linear relation between exposure time and photon flux (intensity) allowed the estimation of Airy fringe
magnitude at the assumed neighboring-ion position in comparison to the actually addressed ion.

Fig. 6.13: Saturation test of the beam profiler sensor at the position corresponding to a neighboring ion. The
exposure time needed to be increased to 419 ms to reach saturation on that pixel.

Asymmetric aberrations in the final focal plane F2 complicated the assessment of crosstalk induced by the
Airy fringes. Consequently, the crosstalk was evaluated on both sides of the focus, and the final estimate was
obtained by averaging the two values. This procedure yields a first Airy-fringe crosstalk of 0.17(16) %, which is
acceptable for Raman gate operations, since the Raman Rabi frequency depends on the product of the two
addressing fields (ΩR ∝ E1E2).

6.4 Quantification of aberrations through addressing optics

Possible optical aberrations of both addressing units and their individual components were quantified using
the Nijboer–Zernike diffraction theorem, which is introduced and discussed in more detail in Sec. 2.2. The
corresponding Zernike coefficients can be measured using a wavefront-sensor6. However, care must be taken, as
multiple conventions exist for the ordering and indexing of the Zernike modes. The specific wavefront-sensor
device used for this characterization defines Z-4 as the astigmatism Zernike coefficient rotated by 45◦ with
respect to the optical axis (denoted by Z−2

2 ), Z-5 as the defocus (Z0
2), and Z-6 (Z+2

2 ) as the astigmatism Zernike
coefficient.

As a first step, the influence of the AOD device itself was investigated. Measurements were performed at
two RF frequencies—the central drive frequency and a frequency at the edge of the acoustic bandwidth—each
at two different RF power settings. For each configuration, the data were averaged over 100 samples. The
resulting second-order Zernike coefficients of the first AOD device are summarized in Tab. 6.1. Based on the
specified wavefront-sensor sensitivity of λ/15 and the number of samples, an uncertainty of ±0.007 · λ per
coefficient is obtained and indicated only for the first table entry (λ = 532 nm). Although coefficients up to
fourth order were extracted, all higher-order terms remain negligible within this uncertainty and are therefore
omitted. No statistically significant dependence on RF power or drive frequency is observed, indicating that
neither parameter constrains the operating regime with respect to beam quality.

Table 6.1: Measurement of Zernike coefficients for different RF frequencies (RF-F) and RF powers (RF-P)
applied to the first AOD device, with the remainder of the addressing unit excluded. All Zernike coefficients
are given in units of the wavelength λ = 532 nm.

1st AOD RF-F = 80 MHz RF-F = 105 MHz

Zernike Coefficient RF-P = −5.8
dBm

RF-P = −8.8
dBm

RF-P = −5.8
dBm

RF-P = −8.8
dBm

Z-4 (2/ − 2) −0.012(7) −0.010 −0.009 −0.008
Z-5 (2/0) 0.044 0.045 0.046 0.044
Z-6 (2/2) −0.014 −0.013 −0.010 −0.009

6Thorlabs Shack–Hartmann wavefront sensor, WFS series (WFS150-5C)
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The next step involved a series of measurements was performed to investigate the Zernike coefficients of
individual optical components as well as their combined effects in different configurations. The measurements
were again carried out using the wavefront sensor and averaged over one hundred measurement shots. The
corresponding results are presented in Tab. 6.2 and carry the same uncertainty as in the AOD investigation.
Only second-order Zernike coefficients are presented, as all higher-order terms remain negligible within the
uncertainty, with the exception of the Trefoil aberration coefficient, stated here explicitly as Z+3

3 = −0.009 · λ.

Table 6.2: Measurement of Zernike coefficients, given in units of wavelength λ = 532 nm, for various configura-
tions of the addressing unit’s optical components, comparing partial setups to the fully assembled system.

Zernike-Coefficient Setup 1 Setup 2 Setup 3 Setup 4 Setup 5 Setup 6
Z-4 (2/ − 2) 0.001 0.003 −0.005 0 −0.008 −0.010
Z-5 (2/0) 0.045 −0.100 0.050 0.046 0.047 −1.006
Z-6 (2/2) −0.007 −0.500 0.003 −0.006 −0.003 0.054

Setup 1 is the collimator alone, the starting point of this analysis, and part of every setup as it is the light
source. Setup 2 looks at the elliptical beam shaper alone (next to the input collimator). The effects on the
fundamental input Gaussian beam are clearly visible, compared to setup 1. Z-5, the so-called defocus, and
Z-6, the astigmatism Zernike coefficient, are altered substantially. This increase in the astigmatism coefficient
is expected, as the elliptical beam shaper deliberately introduces astigmatism by design through converting
a symmetrical input beam into an elliptical output one. The defocus coefficient, on the other hand, most
likely arises from non-optimized spacing between the shaper elements during this measurement. The next
configuration, setup 3, consisted of input collimator and all reflective parts of the addressing unit. More specific
the two prisms and the dielectric mirror. Compared again to the input, setup 1, there is hardly a significant
change in any of the relevant Zernike coefficients.

In setup 4 three phase retarding wave plates were added to setup 3, two λ/2 and one λ/4. In setup 5
another optical element was added on top of those in setup 4: a Glan-Taylor polarization cleaning prism.
These configurations, setup 4 and setup 5, also show hardly any differences compared with the input alone
in setup 1. Finally, in the last measurement all parts of the addressing unit, with the exception of the phase
plate, were observed together in setup 6. The most notable differences cause the elliptical beam shaper and the
beam-expander objective. With the beam-expander objective in place though, also the change in the defocus
coefficient is expected naturally. As the observed changes are consistent with the expected diverging behavior
(defocus coefficient), the investigation reveals no indication of a systematic issue. Consequently, no adaptations
for optimization were required.

6.5 Quality of created TEM10 mode

The quality of the generated TEM10 Hermite–Gaussian mode is investigated in this section, as deviations from
the ideal mode profile could affect the addressing fidelity and crosstalk performance of the system. As described
in Sec. 5.2, the mode is generated using a phase plate mounted in a specially designed adapter. The resulting
interference pattern in the Fourier plane is imaged onto a beam profiler, on which a series of 16 single-shot
measurements is recorded. A lens with a large focal length (fl = 500 mm) is employed to ensure that the image
in the focal plane is sufficiently large to be conveniently resolved, in accordance with Eq. 2.2.9. One exemplary
measurement, together with the corresponding analyzed data, is shown in Fig. 6.14. The fit is performed along
a single transverse dimension only with the coefficient of determination, averaged over the fits performed in this
measurement series and quoted with one standard deviation of uncertainty, amounting to R2 = 0.934(1). This
value indicates good agreement between the physical fit model and the recorded data. The result therefore
confirms that the phase plate generates a TEM10 Hermite–Gaussian mode with a quality consistent with the
requirements of the addressing experiment.

During this measurement, a residual lateral misalignment between the input collimator and the phase plate
produced a visible asymmetry in the intensity peaks, as shown in Fig. 6.14(b). The average relative difference
between the two peak intensities in this measurement series amounts to 8(2) %. An analysis of the residuals
shows that the deviation from the ideal value of R2 = 1, which corresponds to perfect agreement between the
physical model and the measured data, can be attributed partly to this asymmetry in peak height and, more
significantly, to the observed lobes. The physical origin of these lobes is discussed in Sec. 5.2. At a later stage,
the alignment was readjusted, resulting in an improved symmetry of the intensity profile. The results presented
here should therefore be regarded as a conservative lower bound on the mode quality achievable with the phase
plate itself, with the performance in the final experimental configuration expected to be higher.
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Fig. 6.14: Visualization and quantitative characterization of the generated TEM10 mode. (a) Single-shot beam
profiler image visualizing the generated TEM10 mode. (b) Intensity profile along the pixel row with maximum
illumination, fitted using the theoretical TEM10 distribution (based on Eq. 2.2.7, for one spatial dimension x
only) to assess the mode quality.

6.6 Contrast investigation of addressing beam superposition

This investigation is motivated by the question of how well the two addressing beams can be superimposed
under realistic experimental conditions. As explained in Sec. 2.6, the transverse gate operation investigated
in this experiment relies on the gradient force arising from the intensity distribution of the superimposed
addressing beams to control both the sign and the magnitude of the AC-Stark shift, which in turn determines
the phase acquired by the addressed ion. The more precisely the two beams interfere, both constructively
and destructively, the more accurately the intended phase shifts can be imparted. The achievable interference
contrast, commonly referred to as the visibility, is defined in terms of the maximal and minimal intensities:

C := Imax − Imin

Imax + Imin
, (6.6.1)

where the constant prefactor depends only on the fixed spatial position and the chosen field-amplitude ratio.
The visibility is a relevant figure of merit, as it provides a direct characterization of the beam superposition
quality. For the investigation of the contrast, the two double-pass AOMs of the control breadboard, depicted
and described in Sec. 4.3, were used as the light source in a test setup configured as shown in Fig. 6.15.
One arm of the test setup supported the fundamental TEM00 mode, while the second arm was used for the
generation of the TEM10 mode by means of the phase plate. The phase plate was mounted on a one-dimensional
translation stage, which enabled precise alignment of the beam such that it passed centrally through the plate.
An additional λ/2 phase-retarding wave plate in the TEM00 arm provided the degree of freedom required to
adjust the relative polarization between the two arms and, consequently, between the two addressing modes. A
50:50 beam-splitter cube combined the optical fields from both arms with equal intensity, independent of their
polarization, thereby allowing the superposition of the two modes. The mirror (M), in combination with the
fiber collimator mounts, was used to optimize the spatial overlap of the two beams. The resulting superimposed
intensity distribution was then imaged onto the detector array of the beam profiler device using a focusing lens.

A dual-channel RF signal generator7 was used to drive the double-pass AOMs of the control breadboard.
The device provides a common clocked frequency reference for both output channels and allows adjustment
of the relative phase between the two outputs. Despite these capabilities, the relative phase could not be
held fixed over the duration of the measurement. Instead, the superposition of the two modes exhibited a
slow and irregular temporal beating. While the dual-channel RF signal generator itself operated as specified,
environmental influences such as mechanical vibrations, air currents, and possible pressure fluctuations in the
optical fibers led to random phase drifts. Additional systematic effects, including polarization instability at the
fiber collimators, further contributed to the observed temporal beating.

Since this issue could not be resolved without implementing additional stabilizing mechanisms, multiple
image series comprising a total of 64 frames of the slowly and randomly beating interference pattern were
recorded, ensuring that the points of interest, or positions very close to them, were captured within the dataset.

7Windfreak Technologies, SynthHD (v2)
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Fig. 6.15: Schematic of the test setup used to investigate polarization-dependent interference and the resulting
contrast achievable. Two fiber-coupled collimators are supplied with 532 nm light from the respective AOM
double-pass paths of the control breadboard (see Fig. 4.7). The beams are combined in a Mach–Zehnder–like
interferometer geometry, where one arm contains the TEM00 addressing beam and the other passes through the
phase plate to generate the TEM10 addressing beam. A λ/2 phase-retarding wave plate before the non-polarizing
50:50 beam splitter (BS) enables polarization tuning without modifying the beam intensities.

Fig. 6.16 shows a representative image from the measurement series recorded with opposite polarizations of
the two addressing modes. All frames in this dataset are statistically identical, as the conditions required
for interference are not met when the polarizations are orthogonal. While the absence of interference in this
configuration is expected from a theoretical standpoint, it was nevertheless recorded and included in the final
evaluation of the contrast as a function of the polarization difference.
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Fig. 6.16: Exemplary image of the superposition between the TEM00 and TEM10 addressing beams with
orthogonal polarization, resulting in suppressed interference.

The other extreme, corresponding to a superposition with identical polarizations, is shown in Fig. 6.17.
This configuration produces the temporal intensity distribution ideally required for driving the transverse gate
operation investigated in our experiment, which relies on an intensity gradient, as illustrated earlier in Fig. 2.23.
In Fig. 6.17(a), the superposition corresponds to a phase difference of ∆ϕ(t) = 0. In Fig. 6.17(b), the system is
shown at the intermediate phase of the temporal beating, corresponding to ∆ϕ(t) = π/2. Finally, Fig. 6.17(c)
shows the opposite turning point of the beating, at a phase difference of ∆ϕ(t) = π.

A measurement series comprising 5 different relative polarization differences, ranging from identical to
orthogonal polarizations, enables the investigation of the contrast over the full polarization-difference range,
as shown in Fig. 6.18. The analysis strategy for each data point therein proceeded as follows: one frame of
the respective series was selected, and the pixel with maximal intensity was identified by fitting the expected
intensity distribution given in Eq. 2.6.16. The obtained pixel position was then used to extract the intensity at
the same position in all other recorded frames of that series. In this way, the contrast C was calculated for
each frame pair in the series according to Eq. 6.6.1.
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Fig. 6.17: Three exemplary images recorded with identical polarization settings, showing the superposition of the
TEM00 and TEM10 addressing beams for different time-dependent phase differences ∆ϕ(t). (a) Superposition
at ∆ϕ(t) = 0. (b) Superposition at ∆ϕ(t) = π/2. (c) Superposition at ∆ϕ(t) = π.

The 100 largest contrast values among the total measurement series were selected to determine the mean
and spread of the maximum achievable contrast, corresponding to frames closest to constructive and destructive
interference and yielding a variance that remained stable against moderate changes in the selection size.
For orthogonal polarization settings, all obtained contrast values were included in the final evaluation, as
without interference the distribution of pairwise contrasts is dominated by intensity fluctuations arising from
registration noise in the single-pixel evaluation. The theoretical model employed for the least-squares fitting of
the polarization-dependent contrast C is based on Eq. 2.6.16 and, in combination with the definition of the
contrast, yields:

C = 2
√

2E0E1(x − x0)
E2

0 + 2(x − x0)E2
1

·
∣∣cos

(
∠(ϵ0, ϵ1)

)∣∣ = const. ·
∣∣cos

(
∠(ϵ0, ϵ1)

)∣∣ , (6.6.2)

where the expression is evaluated for a fixed spatial position and a fixed absolute field ratio E0/E1.
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Fig. 6.18: Polarization-dependent contrast C of the superposition of the TEM00 and TEM10 addressing beams.
Each data point is obtained from 100 frame pairs sampling the interference beating at different relative phase
values, from which the maximal contrast values are extracted. For orthogonal polarization, all 4096 frame pairs
are used to determine the mean value and standard deviation, since a single-pixel evaluation in the absence of
interference otherwise yields spurious contrast values caused by intensity fluctuations and registration noise.
The fit yields an amplitude of A = 90(1) %, corresponding to the maximum achievable contrast.

The contrast does not reach unity due to the chosen relative optical powers of the two modes, whereas equal
field amplitudes would yield a contrast of one. Under the power settings used throughout this section, with the
TEM00 power set to approximately two thirds of the TEM10 power, a numerical evaluation yields a maximum
achievable contrast of 93(3) % at the approximate position of the strongest intensity gradient. This power ratio
was selected to represent a realistic operating point constrained by scattering. In an addressing system of the
present type, the scattering error scales with the field-amplitude ratio, ∝ E0/E1. The ratio employed here
therefore reduces the scattering error, which constitutes the dominant limitation in such a setup [99]. The
measured data and the corresponding analysis yield a contrast of C = 90(1) %, which agrees within uncertainty
with the predicted upper bound under the chosen power settings.
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6.7 Implementation and performance optimization

This section documents the installation of the addressing system into the experiment. Since the 532 nm
addressing light is intrinsically off-resonant with the barium transitions, direct alignment via resonant Rabi
oscillations was not possible. Instead, the AC-Stark shift described by Eq. 2.5.28 was exploited in combination
with a Ramsey-type sequence, which is discussed in more detail in Sec. 2.6. An illustration of the specific
scheme used for optimizing the alignment is shown in Fig. 2.17(b). Within this approach, the ions effectively
served as quantum probes for the alignment procedure.

First, a chain of ions was trapped and the system was initialized such that all ions in the register were
prepared in the ground state. After initialization, a collective optical π/2 pulse using coherent 1762 nm light
transferred all ions from the ground state to the equatorial plane of the Bloch sphere. In this superposition
state, the qubits accumulate a relative phase determined by the energy splitting between the ground and
excited states. In the rotating frame defined by the energy splitting, the qubits ideally remain stationary on the
Bloch sphere within the coherence time of the system, after which decoherence processes modify the effective
phase evolution.

Without addressing any of the ions, the Ramsey time was calibrated to be large and within the coherence
time, τRamsey = 1 ms. At the end of the Ramsey interval, a second collective π/2 pulse transferred the qubits
to the excited state. The system was then reinitialized and the sequence was continuously repeated, with the
addressing beam acting during the Ramsey interval between the two collective π/2 pulses. The search for the
AC-Stark shift signal was performed using this continuously running Ramsey sequence, while the degrees of
freedom provided by the mirror mounts were adjusted to optimize the alignment of the addressing beam.

As soon as the addressing beam illuminated an ion, the induced AC-Stark shift caused the qubit, which was
stationary on the equatorial plane in the rotating frame, to acquire an additional phase during the Ramsey
interval. As a result, the final collective π/2 pulse no longer transferred the addressed qubit to the excited
state with a probability of 1. The accumulated phase is proportional to both the Ramsey wait time and the
magnitude of the induced AC-Stark shift, allowing the shift strength to be estimated from the measured phase
for a given Ramsey time. With increasing AC-Stark shift, the population of the excited state after the final
π/2 pulse was progressively suppressed due to the accumulated phase during the Ramsey interval, indicating
improved spatial overlap between the addressed ion and the focus of the radial addressing beam.

For sufficiently large AC-Stark shifts, the qubit was over-rotated, such that the excited-state population
increased again after reaching complete suppression. At this point, the Ramsey time was reduced, which
weakened the suppression due to the shorter interaction time of the addressing beam. The alignment was then
further optimized to suppress the excited-state population again at the reduced Ramsey time. This procedure
was iterated until no further improvement was observed and the Ramsey wait time was reduced to a practically
achievable minimum of τRamsey = 100 µs.

Once the initial alignment of the addressing beam was completed, an additional aspect was investigated:
the focal depth. For this purpose, the relative distance between the Photon Gear microscope objective and
the viewport of the ion trap was varied slightly to verify whether the focal plane coincided with the ion plane
or was located slightly before or after it. In parallel, the adjustable spacing between the lens groups of the
beam-expander objective was used to fine-tune the focal depth.

After the AC-Stark signal strength was optimized, the deflection axis was aligned with the ion chain inside
the trap. A relative tilt between the deflection axis and the ion chain would result in a diagonal scan across the
ions, thereby inducing different AC-Stark shift magnitudes along the qubit register. The goniometer integrated
into the addressing unit was therefore used in combination with beam-walking to align the deflection axis with
the ion register, such that variations of the AOD input RF frequency result in beam deflection strictly along
the axial trap direction, i.e. along the ion chain, without any relative tilt. The sequence used to verify and
visualize this alignment closely resembles the sequence employed for detecting the AC-Stark shift signal. The
essential difference is that, in this case, the AOD input RF frequency additionally serves as a scan variable
and is incremented between successive sequence cycles. An example of such a Ramsey deflector scan for the
fundamental TEM00 addressing beam with seven ions in the register is shown in Fig. 6.19.

The separation of the peaks in Fig. 6.19, with a mean value of 1.4(1) MHz, directly reflects the relative
position of the focal plane with respect to the ion chain as well as the angular magnification set by the
beam-expander tip. An increase in the peak separation corresponds to a focal plane located closer to the ions or
to a higher angular magnification. The maximum achievable separation indicates that the ions are positioned
in the focal plane under the maximal angular magnification. In addition, the envelope of peaks visible in the
scan originates from the selected bandwidth profile of the AOD device and from the absence of optical power
stabilization in the addressing system at the time of measurement.
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Fig. 6.19: Ramsey-type sequence with underlying single-ion addressing deflector scan with the TEM00 mode
addressing beam and the Ramsey waiting time fixed at τRamsey = 100 µs.

An analytical simulation including the mass of 138Ba+ ions and an axial trap frequency of ωaxial = 340 kHz
yields a total distance of 29.5 µm spanned by the 7 ions in the chain and allows translation of the RF frequency
scan variable into spatial distances. This relation provides access to the minimum waist of the addressing
beam via the measured peak widths. With a mean value of 0.19(1) MHz, the TEM00 mode peak widths
in Fig. 6.19 correspond to an averaged minimum waist of w0 = 0.6(3) µm. A systematic error of one axial
pixel dimension (16 µm) of the EMCCD camera was included in this estimate, which is likely to overestimate
the actual uncertainty. However, the yielded value is consistent with the minimum waist obtained prior to
implementation in the experiment.

The optimization of the optical addressing system with the TEM00 mode beam was confirmed using the same
Ramsey-type scheme as before, but with a modified measurement protocol. The AOD input RF frequency was
kept fixed in order to ensure repeated addressing of the same ion, while the waiting time of the Ramsey sequence
served as the scan variable instead of a calibrated, fixed Ramsey time. In this configuration, off-resonant Rabi
oscillations induced by the AC-Stark shift were driven on the addressed ion. Due to residual crosstalk in the
single-ion addressing, the AC-Stark shift experienced by the other, non-addressed ions likewise induced Rabi
oscillations, albeit at significantly lower frequencies. The resulting Rabi frequencies therefore provide a direct
measure of the crosstalk error associated with single-ion addressing. The coherent crosstalk coupling from ion j
to ion i is quantified by the ratio of the corresponding Rabi frequencies:

ϵi|j = Ωi

Ωj
, (6.7.1)

where Ωj denotes the Rabi frequency of the addressed ion and Ωi the undesired coherent coupling on ion i. An
exemplary Ramsey time scan for addressing the first of the 7 ions in the chain is shown in Fig. 6.20.
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Fig. 6.20: An example of a Ramsey-type time scan with constant single-ion addressing of the first ion in the
chain is shown, where the Ramsey waiting time is used as the scan variable. A cosine fit yields a Rabi frequency
of Ω = 102.3 Hz for the addressed ion, Ω = 7.6 mHz for the nearest neighboring ion, and Ω = 1.8 mHz for the
remaining spectator ions with determinable coupling.
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The increased noise floor compared to Fig. 6.19 originates primarily from the efficiency of resolved sideband
cooling, as well as from experimental factors such as the calibration of the collective π/2 pulses. By repeating
this Ramsey-type time scan while individually addressing each ion in the chain and extracting the corresponding
Rabi frequencies of both the addressed and spectator ions, the addressing-induced crosstalk couplings can be
represented in matrix form, as shown in Fig. 6.21. Although these values should be regarded as preliminary
due to ongoing optimization of the addressing optics, the measured performance is already comparable to, and
in some cases exceeds, crosstalk levels reported in similar experiments [100, 101].
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Fig. 6.21: Matrix of coherent crosstalk couplings ϵi|j between the 7 ions in the chain, obtained from Rabi
oscillation fits while individually addressing each ion in separate scans. Each matrix element gives the ratio of
the Rabi rate on ion i to that on the intentionally addressed ion j. The diagonal elements are normalized to
unity and indicate the driven ion itself.

Owing to the Airy-fringe diffraction limit, it is physically reasonable that only off-resonant addressing
schemes [102] achieve crosstalk couplings on the order of O(10−5) without the use of elaborate compensation
techniques [103]. As physical gate error rates below typical fault-tolerance thresholds of O(10−3) are compatible
with effective quantum error correction (QEC), addressing approaches in other experimental implementations
do not necessarily require such stringent suppression of crosstalk couplings when combined with QEC [104].

In view of one of the stated goals of the experiment, namely maximizing the overall gate operation fidelity,
the implemented and characterized optical addressing system for single-ion addressing can be regarded as
successful. The crosstalk coupling induced by single-ion addressing, which contributes to the total gate error, lies
within an acceptable range. Even at this preliminary stage, the best-performing cases for directly neighboring
ions reach crosstalk couplings on the order of O(10−5). When considering all nearest-neighbor pairs in the
chain, the crosstalk coupling remains on the order of O(10−4) or below.

A comparison of the off-diagonal elements of the crosstalk coupling matrix in Fig. 6.21 reveals that the
investigated TEM00 mode alignment allows for further improvement. The observed asymmetry indicates that
one neighboring ion already exhibits crosstalk couplings close to the targeted level of O(10−5), while the
opposite neighbor remains approximately one order of magnitude larger. This behavior is consistent with
residual coma aberrations, as suggested by the differing structure of the upper-left and lower-right regions of
the matrix, where crosstalk coupling is distributed asymmetrically. The white entries in the matrix correspond
to crosstalk couplings below the measurable threshold, as the finite coherence time limits a reliable extraction
of values on the order of O(10−6) and below.

The installation of the second counter-propagating radial addressing unit, which completes the double-sided
addressing system used to investigate transverse gate operations, was characterized using the same Ramsey-type
deflector scans with a fixed waiting time for the addressing unit providing the TEM10 mode. Fig. 6.22 shows
one of the early deflector scans obtained for the TEM10 side. The widths of the double peaks were already in
the vicinity of the targeted magnitude, with a mean value of 0.23(1) MHz, corresponding to a minimum waist
of w0 = 2(1) µm. The separation of the peaks, with a mean value of 0.66(6) MHz, is significantly smaller than
that observed for the TEM00 mode in Fig. 6.19, where a mean separation of 1.4(1) MHz was obtained. All
values were extracted under the same assumptions as for the TEM00 side.
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Fig. 6.22: Ramsey-type sequence with underlying single-ion addressing deflector scan with the TEM10 mode
addressing beam and the Ramsey waiting time fixed at τRamsey = 100 µs.

The notable differences in peak separation of both addressing sides are explained by variations in beam
propagation lengths, the relative distances between all involved components of the two addressing arms, the
properties of the collimated input beams, and the magnification set by the final lens of the beam-expander
objective in each addressing unit. The ability to adjust the magnification using the beam-expander objective
allows compensation of these contributions. For the early Ramsey deflector scan of the TEM10 side shown in
Fig. 6.22, the magnification had not yet been properly adjusted.

Bringing the two addressing beams into superposition with such a pronounced mismatch in magnification
would result in significantly different spatial deflections per MHz. As a consequence, a stable superposition as
aimed for would only be achieved for a single AOD input RF frequency. The rate at which the superposition
degrades determines the AOD input RF-frequency range over which it remains undisturbed and is governed by
the difference in spatial deflection, which is directly reflected in the separation of the peaks observed in the
deflector scans. The optical addressing system was therefore further adjusted to better match the magnifications
of both sides, and thus the spatial deflection per MHz, of both addressing arms. The resulting alignment can
be demonstrated by overlaying two Ramsey deflector scans, one for the TEM00 mode and one for the TEM10
mode. Fig. 6.23 shows the achieved superposition of the two addressing beams for a single ion in a 7-ion chain,
illustrated by the overlapping Ramsey-type deflector scans. The blue curve corresponds to the Ramsey deflector
scan of the TEM00 mode, while the red curve corresponds to that of the TEM10 mode. The TEM00 mode sits
at the minimum of the double-peaked intensity distribution of the TEM10 mode.
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Fig. 6.23: Aligned superposition of TEM00 and TEM10 addressing beams for a single ion sitting close to the
central AOD frequency of 80 MHz.

As Fig. 6.23 shows the alignment of the addressing-beam superposition only for a single ion, based on a
zoomed-in region of two overlaid Ramsey-type deflector scans for a 7-ion chain, it reveals the quality of the
superposition only within a very limited range. The plot in Fig. 6.24 therefore shows both Ramsey deflector
scans overlaid for the complete ion register. As before, the blue curve corresponds to the Ramsey-type deflector
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scan of the TEM00 mode, while the red curve corresponds to that of the TEM10 mode. The central ion,
corresponding to the fourth peak of the blue curve, reproduces the zoomed-in region shown previously and
represents the target configuration for the alignment, namely a superposition of the two modes at the central
frequency of 80 MHz.
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Fig. 6.24: Superposition of the TEM00 and TEM10 addressing beams for the full 7-ion string, showing the
remaining mismatch in angular magnification.

Since the spatial separation of the peaks of both addressing sides was not yet perfectly matched, the two
modes exhibit different spatial deflections per MHz, as discussed above. The resulting degradation of the
superposition is visible in Fig. 6.24 on both flanks of the central frequency, where the quality of the overlap
progressively deteriorates with increasing deflection. For the TEM00 mode, the peak separation remained
at 1.4(1) MHz, while for the TEM10 mode it improved to 1.3(1) MHz. Although the resulting difference in
spatial deflection per MHz appears small, it is not negligible. Subsequent investigations revealed that a faulty
component within the beam-expander objective was responsible for the persistent difference in magnification
between the two addressing arms. After the beam-expander objective was fixed and the angular magnifications
of both addressing sides could be matched, a transverse light-shift (LS) gate operation involving two ions in a
2-ion chain was implemented and successfully observed. While the population fidelity was initially decent, the
parity population was not. Only after further investigation and additional cooling of the radial modes could a
transverse LS gate operation with a total fidelity of 93 % be achieved. The corresponding measurement of the
quantum-state evolution during the transverse LS gate operation is shown in Fig. 6.25.
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Fig. 6.25: Evolution of quantum states during a transverse light-shift gate operation for 2 ions in a 2-ion chain,
visualized by a time scan of the gate operation. For a theoretical comparison, see Fig. 2.20 in Sec. 2.6.
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Chapter 7

Conclusion and outlook

This thesis presents several contributions to the mechanical assembly and opto-mechanical characterization
of the optical addressing system. The optical characterization began with an assessment of the fiber-coupled
input collimators of both addressing units, enabling the selection of a configuration whose properties most
closely matched the simulation-based requirements. Dedicated test setups were assembled to investigate system
parameters such as efficiency, bandwidth, and frequency response of the acousto-optic deflectors (AODs). In
addition, the expected focal spot size and accessible deflection range in the ion plane were analyzed, and the
magnitude of Airy-fringe-induced crosstalk was estimated. A detailed analysis of the Zernike coefficients further
allowed the exclusion of significant optical aberrations within the addressing systems.

Furthermore, the mechanical integration of the phase plate used to generate the TEM10 addressing beam was
carried out, followed by a systematic characterization of the resulting beam quality. The achievable total contrast
of the superposed addressing beams was experimentally investigated as a function of polarization configuration
and relative field amplitudes. The experimental work concluded with a comprehensive documentation of
the addressing system installation and performance optimization, culminating in a quantitative investigation
of ion-addressing-induced crosstalk. This investigation resulted in the measurement of a complete crosstalk
coupling matrix, shown in Fig. 6.21, which provides an experimental assessment of addressing-induced coupling
across the ion chain.

With respect to transverse gate operations, the counter-propagating off-resonant radial addressing scheme
implemented in the experiment was most likely coupling too strongly to unwanted radial motional modes of
the ion chain. This undesired coupling excites additional radial motion and consequently degrades the parity
fidelity and, therefore, the overall gate operation fidelity. This observed fidelity degradation originates from the
wave-vector mismatch mechanism known from Raman-type gate operations, which arises from the non-zero
difference in the propagation wave vectors of the manipulating beams, as described in Eq. 2.5.35 of Sec. 2.5.

Nevertheless, a proof of principle for realizing an entangling light-shift (LS) gate operation using the transverse
addressing approach could be demonstrated. After additional cooling of the relevant radial motional modes,
a transverse-type LS gate operation with an average total fidelity of 93 % was achieved. The corresponding
state evolution is shown in Fig. 6.25. Although the detailed implementation of this gate scheme remains under
development, this result confirms the fundamental feasibility of the transverse LS gate concept.

Based on the insights gained in this work, the addressing scheme of the experiment has since been reconsidered.
In particular, a transition to a configuration employing co-propagating addressing beams was chosen. This
configuration is expected to suppress coupling to radial motional modes and thereby address the principal
limitation identified for the transverse approach. A detailed discussion of this revised scheme is presented in
another publication, Ref. 68.

Beyond the specific results obtained in this work, the experimental methods and analysis strategies developed
for the characterization of tightly focused optical addressing systems may also be applicable to related trapped-
ion experiments. In particular, the systematic assessment of optical beam quality, deflection performance, and
addressing-induced crosstalk provides a practical framework for evaluating and improving individual-ion control
in multi-ion architectures. In this sense, the results presented here contribute to ongoing efforts toward scalable
and high-fidelity quantum gate operations based on optical addressing.
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