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Abstrakt
Náplní doktorské práce je návrh a realizace nové experimentální aparatury pro optické
iontové hodiny s vysoce stabilním a homogenní magnetickým polem v oblasti zachycených
iontů. Hlavním cílem práce je využít poznatky z předchozí generace experimentální ses-
tavy optických iontových hodin a radikálně zlepšit homogenitu magnetického pole, které je
kritické pro minimalizaci systematických frekvenčních posuvů při spektroskopii úzkopás-
mových přechodů iontu vápníku 40Ca+.
Práce se zabývá návrhem a konstrukcí klíčových subsystémů, zahrnujících kompaktní vak-
uovou komoru, lineární Paulovu past a především systém cívek určených pro generování
homogenní magnetického pole. Důležitou částí práce je také návrh a realizace pasivního
magnetického stínění pro oblast zachycení iontů.
Za tímto účelem bylo provedeno množství numerických simulací a optimalizací generování
a stínění homogenního magnetického pole, na jejichž základě byla nová sestava realizována.
Praktická část práce prezentuje dosažení ultravysokého vakua a charakterizaci gener-
ovaného magnetického pole, která potvrzuje shodu s teoretickými modely. Experimentálně
byla také ověřena realizace buzení magnetického pole pomocí uspořádání souboru perman-
entních magnetů.
Realizovaná nová aparatura představuje robustní platformu připravenou pro spektroskopii
zachycených iontů vápníku a pro následnou implementaci kvantové logické spektroskopie
s ionty hliníku.

Klíčová slova
Lineární Paulova past, ultravysoké vakuum, magnetické stínění, Helmholtzovy cívky, sed-
lové cívky, homogenní magnetické pole, ionty vápníku, optické hodiny, numerické simulace



Abstract
The doctoral thesis focuses on the design and implementation of new experimental ap-
paratus for optical ion clocks with a highly stable and homogeneous magnetic field in
the area of trapped ions. The main objective of the thesis is to use the knowledge from
the previous generation of experimental optical ion clock setup to radically improve the
homogeneity of the magnetic field, which is critical for minimizing systematic frequency
shifts in the spectroscopy of narrow-band transitions of the calcium ion 40Ca+.
The work deals with the design and construction of key subsystems, including a com-
pact vacuum chamber, a linear Paul trap, and a system of coils designed to generate
a homogeneous magnetic field. An important part of the work is also the design and
implementation of passive magnetic shielding for the ion trapping area.
For this purpose, a number of numerical simulations and optimizations of the generation
and shielding of a homogeneous magnetic field were performed, on the basis of which the
new assembly was implemented.
The practical part of the work presents the achievement of an ultra-high vacuum and
the characterization of the generated magnetic field, which confirms its consistency with
theoretical models. The implementation of magnetic field excitation using an assembly of
permanent magnets was also verified experimentally.
The implemented new apparatus represents a robust platform ready for spectroscopy of
trapped calcium ions and for the subsequent implementation of quantum logic spectro-
scopy with aluminum ions.

Keywords
Linear Paul trap, ultra-high vacuum, magnetic shielding, Helmholtz coils, saddle coils,
homogeneous magnetic field, calcium ions, optical clocks, numerical simulations
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Introduction
Ion traps are a key tool for experiments in precision spectroscopy and time metrology,
enabling optical clocks to achieve frequency uncertainties on the order of 10−18 [1]. To
achieve such accuracy, it is necessary to ensure a stable and defined environment, with
magnetic field being one of the critical parameters. Its inhomogeneity or fluctuations
cause unwanted shifts in ion energy levels due to the Zeeman effect, which for many clock
species represents a significant contribution to the systematic error budget [2].

The Institute of Scientific Instruments of the Czech Academy of Sciences has many
years of experience in researching trapped calcium ions 40Ca+ [3]. However, the current
experimental setup (ION1) has reached its limits in terms of magnetic field properties and
optical access. This work therefore focuses on an engineering solution for generating a
highly homogeneous magnetic field in a compact vacuum system that will enable the future
operation of optical clocks based on 27Al+ aluminum ions (ION2). This ion is attractive for
metrology due to its extremely narrow clock transition (8mHz) and negligible sensitivity
to blackbody radiation shift [4]. Since aluminum lacks a suitable transition for direct
cooling, it is necessary to use quantum logic spectroscopy to manipulate it, where the role
of the cooling and detection ion is performed by the calcium ion 40Ca+ [5, 6].

Objectives of the dissertation

The main objective of the dissertation is to design, construct, and experimentally verify
new experimental setup ION2 that overcomes the limitations of previous generations
of experiments (Fig. 1). The thesis aims to radically improve the homogeneity of the
magnetic field and create a robust platform for quantum logic spectroscopy. Specifically,
the goal was to design and assemble a complete experimental apparatus for trapping and
laser cooling ions, to design a system for generating a homogeneous magnetic field in the
region of trapped ions, and to experimentally investigate the distribution of the magnetic
field.
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Figure 1: Comparison of the original experimental setup ION1 (left) and the newly im-
plemented setup ION2 (right). While the ION1 was limited by its external dimensions,
the new design uses a compact vacuum chamber that allows for the effective integration
of a hybrid system of coils and magnetic shielding in close proximity to the ion trap.
This optimized geometry is key to generating a highly homogeneous magnetic field while
providing significantly better optical access for fluorescence detection. Another advantage
of the ION2 over the first one is that all the necessary optics will be outside the magnetic
shielding and it will not be necessary to open it for adjustment.
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1. Design of experimental setup
The design of experimental apparatus for ion trapping is a complex task that requires the
integration of a number of subsystems. This chapter provides a description of the designed
and constructed apparatus, which was developed with the aim of minimizing systematic
measurement errors, particularly those associated with magnetic field inhomogeneity. At
the core of the entire experiment is a custom-designed ion trap located in a vacuum
chamber, equipped with a magnetic field generation system, magnetic shielding, and an
optical system for manipulation and detection of ions.

1.1 Ion trap

The key component of the entire experimental setup is a linear Paul trap (Fig. 1.1)
[7], whose design directly determines the quality of ion trapping and the stability of the
experiment. A new trap was designed from scratch for this work, consisting of four radial
electrodes (RF) and two axial electrodes (DC).

(a) (b)

Figure 1.1: (a) Schematic diagram of the ion trap and (b) 3D model of the custom-
designed ion trap.

The trap body is made of titanium, with the electrodes isolated from each other by
sapphire blocks [8]. This combination of materials was chosen for its excellent properties,
specifically low thermal expansion and high mechanical strength, which ensures the long-
term geometric stability of the trap. Another key factor in the choice of titanium and
sapphire was their non-magnetic properties and compatibility with ultra-high vacuum
(UHV).

A unique manufacturing process was chosen to achieve maximum positional accuracy
of the radial electrodes. The trap was first manufactured as a single monolithic piece of
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material. Only after the sapphire insulators and titanium rings had been precisely bonded
using a special UHV-compatible adhesive [9] were the individual electrodes separated from
each other by electroerosion machining (EDM)[10]. This process ensures that the mutual
position of the electrodes is defined with micrometer precision already on the original
semi-finished product and is not affected by mounting errors of individual parts.

The disadvantage of titanium is its natural tendency to form a non-conductive layer of
oxides on its surface and its generally lower electrical conductivity [11]. Due to the use of
high-frequency voltage (28MHz), where the skin effect [12, 13] with a penetration depth of
approximately 13 µm applies, it was necessary to modify the surface of the electrodes. A
galvanic plating method was developed (Fig. 1.2), in which a thick layer of copper (17 µm)
was applied to the electrodes, followed by a protective layer of gold (3 µm). This thickness
safely exceeds the penetration depth and ensures that RF currents flow only through the
highly conductive layer, minimizing dielectric losses and ion heating [14, 15]. The surface
quality was optimized during the process to achieve the lowest possible roughness, which
was monitored using a profilometer and a confocal microscope (microscope images of trap
blades after EDM are shown in Fig. 1.3 and samples of layers in Fig. 1.4).

(a) (b) (c)

Figure 1.2: Experimental samples for final layers. (a) Gold and copper tests on titanium
sheet metal, (b) sample of radial electrodes, and (c) sample of axial electrode.

(a) 2.5x (b) 10x (c) 20x

Figure 1.3: Images from a confocal microscope with various magnifications. Surface of
one radial electrode after machining with an EDM.
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(a) (b)

Figure 1.4: Investigation of deposited (b) copper and (b) gold layers on titanium samples
using a confocal microscope. Checking layer height and surface roughness.

1.2 Ultra-high vacuum system

To minimize collision shifts, motional heating and extend the lifetime of the captured ions,
it is necessary to achieve UHV conditions with residual gas pressures below 1×10−11mbar

[16]. To achieve UHV, extreme cleanliness of all vacuum parts, perfect tightness of con-
nections, and proper pumping procedures are required.

The central part of the vacuum chamber (Fig. 1.5), where the trap is located, was
designed and manufactured from titanium [6] due to its non-magnetic properties. The
use of titanium eliminates the deformation of the external magnetic field in the area of
trapped ions, which would otherwise occur in a stainless steel chamber.

The chamber is equipped with 14 optical viewports made of fused silica, which are
coated with an anti-reflective layer. The technical challenge was to connect the silica glass
to the titanium body (Fig. 1.6). A technique was used in which the windows are first
glued into titanium rings using the same adhesive that was used to glue the ion trap, and
these assemblies are then welded into the chamber body using an electron beam. This
procedure ensures perfect tightness and mechanical strength of the bond.

All components located inside the vacuum were designed as a single compact modular
unit (Fig. 1.7), which is mounted on the upper flange with electrical feedthroughs. In
addition to the trap itself, this in-vacuum insert also contains an integrated calcium
oven, combined ablation targets, and a passive neg-evaporation getter (NEG). Precise
and repeatable positioning of this assembly in the center of the chamber is ensured by a
spring system that fixes the insert relative to reference surfaces in the chamber body.

To achieve UHV, the entire vacuum assembly underwent a strict cleaning protocol, fol-
lowed by a bake-out process (Fig. 1.8). The apparatus was pumped with a turbomolecular
pump and heated in a special oven to a temperature of 170 ∘C for 10 days. After cool-
ing, an ion pump (NexTorr D 100) was activated in combination with NEG. This passive
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Figure 1.5: 3D model of the vacuum chamber assembly. The upper part of the chamber
is closed with a flange with feedthroughs, below which is the main titanium part with
vacuum windows and a trap, and below that is a tube that is divided into two branches
at the bottom. One leads to an ion pump and the other to a vacuum valve.

(a) (b)

Figure 1.6: (a) Titanium part of vacuum chamber without windows and (b) adhesive-
bonded pair window-ring
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pumping method allows a pressure of 1 × 10−11mbar to be maintained without any vi-
brations that would be generated by mechanical pumps.

(a) (b)

Figure 1.7: (a) The 3D model of the in-vacuum assembly and (b) final realization of the
in-vacuum assembly.

1.3 Magnetic field system

The design of the magnetic system is one of the most critical parts of this work. The goal
was to design an assembly capable of generating a magnetic field of 3G to 3.5G1 with a
homogeneity that would ensure that field variations in the ion crystal region would not
cause a frequency shift greater than 1Hz for the selected transitions. This corresponds
to a limit inhomogeneity below ≈ 0.29𝜇G at a distance of 100𝜇m, which represents
the typical maximum length of trapped ion crystals that could be used for spectroscopy
measurements. At the same time, the system had to respect the space limitations of the
vacuum chamber and the requirements for optical access.

1Note: In this thesis, the unit Gauss (G) is used for magnetic induction, as is common in the field of
ion trapping. The conversion to the unit Tesla is 1 G = 10−4 T.
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Figure 1.8: Baking out of the vacuum chamber in modified oven for baking UHV compon-
ents with holes for vacuum hose. Temperature control in the oven is fully programmable
and controlled.

1.3.1 Design and simulation of a hybrid coil system

When designing a magnetic field source for quantum experiments, it is necessary to take
into account not only spatial homogeneity, but also temporal stability and spectral noise
characteristics. Different methods of field generation exhibit different dominant sources
of instability, which have a direct impact on trapped ions [16].

An active field generation system was primarily chosen for the experimental setup,
which, unlike permanent magnets, allows for dynamic parameter changes and active drift
compensation. After analyzing the space requirements, the traditional configuration of
three pairs of Helmholtz coils was found to be unsuitable for combination with a cylindrical
vacuum chamber.

For this reason, a unique hybrid system was designed (Fig. 1.9), combining different
coil geometries for each axis. While a classic pair of Helmholtz coils was used for the axis
parallel to the cylindrical chamber, two pairs of saddle coils were designed for the remain-
ing axes perpendicular to the chamber. The shape of these coils copies the cylindrical wall
of the chamber, allowing the entire assembly to remain compact while ensuring sufficient
space for the laser beams.

To optimize this design, a detailed numerical model was created in Python using
Biot-Savart’s law [13]. Both ideal coil cases and magnetic field contributions from each
individual turn of a real winding with a precisely defined position of each turn were
examined.

Simulation of Helmholtz coils revealed that when using real wire with a finite cross-
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(a) (b)

Figure 1.9: Model of a combined coil system. The inner and outer coils are saddle coils,
and the inner pair of coils are Helmholtz coils. The coil frames are designed for mounting
detection lenses.

section mounted in the designed holder, the mutual distance between the pair of coils
shifts in order to maintain field homogeneity. To achieve maximum homogeneity, it was
therefore necessary to correct the distance between the coils by 0.15mm compared to the
theoretical ideal 𝑑 = 𝑅. The results of simulations comparing the ideal and real models
are shown in Fig. 1.10.

Even more complex optimization was performed on saddle coils, where homogeneity
is strongly dependent on geometric parameters. The calculations began with an optimal
height-to-radius ratio of ℎ/𝑅 = 3.5 [17] (ℎ/𝑅 = 4 and 𝛼 = 120∘ are optimal solutions
according to [18]). The critical parameter is the coil opening angle 𝛼. Numerical op-
timization found the ideal angle 𝛼 = 120.45∘, at which homogeneity is maximized. A
comparison of the ideal and real winding models confirmed that the geometry designed in
this way meets the strict requirements for homogeneity. The second pair of saddle coils
had to maintain the same coil height, which led to a geometrical ratio of ℎ/𝑅 = 2.7. For
this ratio, the ideal angle 𝛼 = 123∘ was found. The ideal and real windings were compared
again. Fig. 1.11 (inner pair of coils) and Fig. 1.12 (outer pair of coils) show the calculated
results and a comparison of the real and ideal coil.

1.3.2 Coil design

The physical design of the coils was based on simulated parameters. Special aluminum
alloy frames were designed to ensure maximum winding accuracy. These frames have
precisely milled slots that define the position of each individual thread.
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Figure 1.10: Comparison of field homogeneity at the center of Helmholtz coils. The
green curve represents the ideal model, the blue curve represents the actual winding while
maintaining the ideal geometry 𝑑 = 𝑅, and the orange curve represents the winding after
optimizing the distance between the coils, where 𝐿 = 𝑅 + 0.15mm.

Figure 1.11: Comparison of field homogeneity at the center of inner pair of saddle coils
(ℎ/𝑅 = 3.5, 𝛼 = 120.45∘). The orange curve represents the ideal model, the blue curve
represents the actual winding while maintaining the ideal geometry. Both variants meet
the requirement of field homogeneity.
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Figure 1.12: Comparison of field homogeneity at the center of outer pair of saddle coils
(ℎ/𝑅 ≈ 2.7, 𝛼′ = 123∘). The orange curve represents the ideal model, the blue curve
represents the actual winding while maintaining the ideal geometry. Both variants meet
the requirement of field homogeneity.

Aluminum was chosen for its machinability and non-magnetic properties. The surface
of all frames was then anodized. This surface treatment creates a non-conductive layer of
aluminum oxide, which serves as electrical insulation against inter-turn short circuits in
the case of damage to the conductor insulation. The coil frames serve a dual function in the
assembly, in addition to supporting the winding, they also serve as a precise mechanical
platform for mounting the detection lenses.

1.3.3 Passive permanent magnet system

As an alternative for specific applications requiring spectral purity without electronic
noise from power supplies, a passive system using permanent magnets (commonly Nd-
FeB, SmCo) was analyzed. The arrangement uses a configuration of two coaxial rings of
magnets (analogous to Helmholtz coils).

A numerical model in Python describes each magnet as an ideal magnetic dipole.
This model was further verified using the finite element method (FEM) in COMSOL
Multiphysics software with the actual volume of used magnets (Fig. 1.13).

Analytically, two optimal ring distances are calculated ∆± = 𝑅
√︀
6±

√
30 [19]. The

more suitable solution is ∆+ ≈ 3.38𝑅, which, unlike the more compact solution ∆−,
provides a significantly wider area of homogeneity (a comparison of both results is shown
in Fig. 1.14). This system allows discrete tuning of the field strength by changing the
number of magnets in the rings. Although this system suffers from the temperature
dependence of the material’s remanence, simulations have confirmed its suitability for
precision experiments where short-term stability is a priority. To verify this concept, the
system was implemented and tested on experimental setup ION1.
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Figure 1.13: Comparison of the predicted axial magnetic field profile from the ideal dipole
model (solid blue curve) and the detailed FEM simulation (dashed red curve) for the ∆+

configuration.

Figure 1.14: Detailed comparison of field homogeneity for two solutions for Helmholtz-
like configuration of magnetic rings ∆+ and ∆−. Both solutions provide sufficient field
homogeneity comparable to coils. ∆− is represented by the orange curve and ∆+ is
represented by the blue curve and provides a much wider area of homogeneity.
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1.3.4 Magnetic shielding

An essential part of the design for ensuring the stability of the weak magnetic field is the
isolation of the experiment from fluctuations in the external environment, in particular
from the surrounding laboratory environment, 50Hz power grid interference, and the
Earth’s magnetic field. For this purpose, passive shielding made of a material with high
permeability (Mu-metal [20, 21]) was designed.

A parametric study in the COMSOL environment (Fig. 1.15) optimized the ratio of
the length to the diameter of the shielding (𝐿/𝐷) with regard to the necessary openings
in the shielding faces for optical access. The resulting design consists of three concentric
layers with a thickness of 1mm and gaps of 10mm. The original cylindrical geometry was
approximated by a regular octagon for easier manufacturing and assembly. The results of
simulations studying the 𝐿/𝐷 ratio are shown in Fig. 1.16, and the results studying the
number of layers, layer thicknesses and the gaps between them are shown in Fig. 1.17.

After mechanical processing, the individual shielding parts go through a process of
annealing in a protective hydrogen atmosphere. This step is necessary to restore the
crystallic structure and high permeability of the material, which is degraded by mechanical
stress during mechanical processing in the production of parts. The simulation predicts a
shielding factor exceeding 7000 for this configuration. The model of the resulting shielding
and its implementation in the vacuum chamber is shown in Fig. 1.18.

1.4 Optical setups

1.4.1 Laser system and ion generation

The experiment requires the manipulation of two types of ions, which places require-
ments on the laser system. For calcium 40Ca+, a set of diode lasers is used for photoion-
ization (422 nm, 377 nm), Doppler cooling (397 nm), repumping (866 nm, 854 nm) and
spectroscopy on a quadrupole transition (729 nm). For aluminum 27Al+, lasers are used
for ablation (515 nm pulsed), photoionization (394 nm) and clock transition spectroscopy
(267 nm).

The traditional method of generating atoms using resistance ovens has been replaced in
this work by the more modern method of pulsed laser ablation (PLA) [22, 23]. Nanosecond
laser pulses (515 nm) strike the target and create a cloud of atoms and ions. A special
combined target was developed for this purpose (Fig. 1.19), where the calcium material
is inserted into a pure aluminum holder. This solution allows switching between Ca and
Al generation simply by changing the position of the laser beam impact without the need
to interfere with the vacuum. Custom software was developed to control the ablation
process, allowing precise pulse timing and thus the possibility to optimize the process of
capturing the desired number of ions.
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(a) (b) (c)

(d) (e) (f)

Figure 1.15: FEM simulation on magnetic shielding in COMSOL for 1, 2 and 3 layers of
cylindrical Mu-metal shield.

Figure 1.16: Dependence of the shielding factor on the ratio of height to diameter (𝐿/𝐷)
for a single-layer cylindrical shield. The blue curve shows an ideal closed cylinder, the
gray curve shows a completely open cylinder at its ends, and the orange curve shows the
actual configuration of a closed cylinder with openings in the ends. The graph shows that
the optimal ratio lies in the range of 1.3− 1.5 for the orange curve.
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Figure 1.17: Comparison of different magnetic shielding configurations for 2 to 4 layers
with sheet thicknesses of 0.5 mm and 1mm and gaps between layers of 5, 10, and 15mm.

(a) (b)

Figure 1.18: (a) The 3D model of magnetic shielding and (b) cross-section of a 3D mag-
netic shielding assembly.
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(a) (b)

Figure 1.19: The combined target for Ca and Al. (a) Finished aluminum holder with pure
calcium material glued in and (b) the 3D model with combined target and backup source
as calcium oven.

1.4.2 Fluorescence and state detection

The quantum state of ions is read out by detecting fluorescence at a wavelength of 397 nm.
For maximum photon collection efficiency, an optical setup with a high numerical aperture
(𝑁𝐴 = 0.45) was designed. The key element is an aspheric lens integrated into one of the
vacuum viewports at a distance of only 28mm from the center of the trap (Fig. 1.20).

The collected light is then spatially filtered and detected either by a highly sensitive
EMCCD camera (Andor iXon), which is used for spatial imaging of crystals, or by a single
photon detector for fast real-time state detection (image of trapped ions on Fig. 1.21).

Figure 1.20: Cross-section of a 3D model showing the integration of an ion trap with
optics for high numerical aperture collection. The aspheric lens is positioned 28 mm from
the center of the trap to maximize photon collection efficiency (NA = 0.45). Detection
lenses can be attached to all 4 main windows.
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(a) (b) (c)

Figure 1.21: Fluorescence images of captured 40Ca+ ions taken by an EMCCD camera
during Doppler cooling at the 397 nm transition (𝑆1/2 ↔ 𝑃1/2). (a) Single captured ion.
(b) Linear crystal of three ions. (c) Linear crystal of four ions. The images confirm stable
capture conditions and effective laser cooling.

1.5 Complete experimental setup

All of the subsystems described above were individually tested and then successfully in-
tegrated into a single functional unit located on an optical table. The overall experimental
setup includes the central vacuum chamber with the ion trap, which is surrounded by a
system of hybrid coils and enclosed in an octagonal magnetic shield. Optical access to the
trap is provided by a complex system of mirrors and lenses for laser beams. This entire
hardware setup is fully synchronized and controlled by custom-developed software, en-
abling routine trapping and manipulation of ions. In Fig. 1.22 and 1.23 are photographs
of the experimental setup without magnetic shielding.

The final verification of the fully assembled ION2 system was its initial operation
and the first trapping of calcium ions. After the chamber achieved UHV conditions, the
necessary RF and DC voltages were applied to the trap electrodes and lasers for ionization,
cooling, and repumping were precisely aligned in the center of the trap. Neutral calcium
atoms were generated into the trap from a calcium oven, which were then ionized and
cooled. Furthermore, they were also generated into the trap using a pulsed laser aimed
at an ablation target.

The successful trapping of ions was confirmed by detecting their fluorescence at 397 nm
on a camera (see Fig. 1.21). Monitoring of the ion crystal proves that the entire hardware
development process was successful and the apparatus is fully functional. The ION2
assembly is therefore ready for the next phase of optical clock implementation.
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Figure 1.22: Photograph of the complete experimental apparatus on the optical table.
The assembly is shown without external magnetic shielding to reveal the central titanium
chamber surrounded by optomechanical components. The image also includes the detector
and the camera.

Figure 1.23: Photograph of the complete experimental apparatus on the optical table.
The assembly is shown without external magnetic shielding to reveal the central titanium
chamber surrounded by optomechanical components.
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2. Characterization of the magnetic field
This chapter summarizes the results of the experimental characterization of the designed
systems. The verification was carried out in two consecutive phases. First, a macroscopic
characterization of individual components generating a magnetic field was performed using
a fluxgate magnetometer. The aim of this phase was to verify the agreement of the field
topology with numerical models. In the second phase, precise microscopic measurements
were performed directly in the ion trap using trapped 40Ca+ ions as quantum sensors in
ION1 setup.

2.1 Characterization of the field using a magnetic probe

2.1.1 Experimental setup

Before final integration into the vacuum system, individual coil and magnet configurations
were tested on an optical table. To map the spatial distribution of the field, a measuring
apparatus was assembled based on a motorized linear stage with micrometric precision
and a triaxial magnetic probe (Sensys FGM3D). The entire measurement took place in-
side a cylindrical magnetic shield made of Mu-metal, which eliminated the influence of the
surrounding magnetic field (schematic diagram of the experiment in Fig. 2.1). To control
the experiment and collect data, custom software was developed in Python, which auto-
mated the scanning of the probe position, reading measured values and synchronization
of measured data.

Figure 2.1: Diagram of an experimental setup for measuring a magnetic field using a
magnetic probe.

The measurements were performed in steps of 0.5mm along the axis of symmetry
of the system (𝑧), which corresponds to the axis of the trap. To eliminate hysteresis,
each sequence was measured in both directions of movement. The background (measured
without the presence of the test sample) was then subtracted from the measured data to
obtain a clean profile of the generated field.
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2.1.2 Evaluation of results

Helmholtz coils

Characterization of the Helmholtz coil pair showed agreement between the measured
profile and the numerical model. At the geometric center of the system, a magnetic
induction value of 𝐵𝑒𝑥𝑝 = 0.860G was measured, which represents a deviation of less than
1% compared to the theoretical prediction of 0.868G . This slight difference is attributed
to the tolerances of the 3D printing of the supporting frame and the accuracy of the probe
positioning. Analysis of the central area confirmed that the field profile is flat within the
resolution of the probe and shows no measurable inhomogeneities, which validates the
macroscopic correctness of the design. Results are summarized in the graph in Fig. 2.2.

Figure 2.2: Characterization of Helmholtz coils with raw data (blue), background (grey),
resulting profile without background (red) and theoretical curve (black dotted).

Saddle coils

For saddle coils, whose geometry is significantly more complex, a value of 𝐵𝑒𝑥𝑝 = 0.850G
was measured at the center, compared to the modeled value of 0.837G (deviation of
+1.53%). The higher deviation is due to the greater sensitivity of this configuration to the
accuracy of the coil opening angle and the radius of the arcs. Furthermore, a 3D-printed
winding frame was used instead of the final aluminum frame, which could not be passed
through with a magnetic probe. However, the field profile copies the theoretical curve,
confirming the functionality of the design for generating a magnetic field. More accurate
aluminium alloy frames are used for the final apparatus, which ensure better definition of
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the position of the wire than the 3D-printed prototypes. Results are summarized in the
graph in Fig. 2.3.

Figure 2.3: Characterization of saddle coils with raw data (blue), background (grey),
resulting profile without background (red) and theoretical curve (black dotted).

Permanent magnets

A passive configuration consisting of two rings of NdFeB permanent magnets was also
tested. Here, a deviation in field amplitude of +4.3% was found, which is an expected
result given the manufacturing tolerance of the remanence of commercial magnets. Unlike
coils, this deviation cannot be compensated for by changing the current. However, the
measurement made it possible to calibrate the actual remanence of the magnets used and
confirmed the proposed field profile. There was no significant gradient in the central area,
which confirms the accuracy of the numerical model. Results are summarized in the graph
in Fig. 2.4.

Table 2.1: Comparison of simulated and measured magnetic field parameters.

Configuration Simul.
𝐵𝑧(𝑧 = 0) (G)

Meas.
𝐵𝑧(𝑧 = 0) (G)

Dev.
(%)

Note

Helmholtz coils 0.868 0.860 -0.89 % Mutual distance
Saddle coils 0.837 0.850 +1.53 % Sensitivity to geometry
Permanent magnets -0.333 -0.348 +4.3 % Material tolerance (𝐵𝑟)
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Figure 2.4: Characterization of magnetic rings with raw data (blue), background (grey),
resulting profile without background (red) and theoretical curve (black dotted).

2.2 Characterization of field with ions

While the magnetic probe verified the macroscopic topology of the field (section 2.1),
the final homogeneity test requires a sensor with microscopic spatial resolution and high
sensitivity to magnetic fields. The concept of using atomic particles as field sensors has
been demonstrated with ultracold cesium atoms [24]. For this purpose, a crystal of two
trapped 40Ca+ ions was used as a quantum gradiometer.

2.2.1 Gradient detection methodology

The measurement principle is based on detecting the difference in resonance frequencies
between two ions that are spatially separated by a distance of 𝑑 ≈ 5𝜇m in the trap. This
frequency difference is directly proportional to the local magnetic field gradient.

To achieve maximum sensitivity, the Ramsey method was used with interrogation
on the side of the central interference fringe (at a point with an excitation probability
of 𝑃 ≈ 0.5), where the signal steepness is highest. The measurement was performed as
follows. The experimental sequence alternately interrogated the left and right slopes of the
Ramsey fringe for both ions simultaneously. The frequency shift ∆𝜈 between the ions was
calculated from the difference between these measurements. This approach effectively
suppresses "common-mode" noise (e.g., global magnetic field fluctuations) that affects
both ions equally and sensitively detects only the difference in fields at the ion locations.
A schematic explanation of the experiment is shown in Fig. 2.5.
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In addition, the ion shifting technique was used to verify the linearity of the gradient.
By changing the voltage ratio on the axial electrodes, the center of the crystal was shifted
along the 𝑧 axis by ±4.7𝜇m (Table 2.2). Measurements at these three positions made it
possible to reconstruct the field profile in a wider area.

Table 2.2: Voltages 𝑈1 for 𝑈2 ion crystal positions.

Crystal position
(µm)

𝑈1 (V) 𝑈2 (V)

−4.7 1404.6 995.4

0 1420.0 980.0

4.7 1435.3 964.7

2.2.2 Characterization and compensation results

The process of evaluating and optimizing field homogeneity took place in three phases,
during which the main sources of inhomogeneity were identified and gradually eliminated.
First, the magnetic field was mapped at several positions in the trap, then the field was
mechanically optimized, and in the third phase, the field was optimized using active coils.

Mapping the residual gradient

In the first step, the field profile was measured in the setup ION1 at all three reference
positions. The measurements revealed a linear gradient of approximately 3.8𝜇G/𝜇m.
The main finding was that the steepness of this gradient was constant at all measured
points within the measurement error. This confirmed that, on a microscopic scale, this
is a linear inhomogeneity that can be effectively compensated. The geometry of the ion
position measurements is visualized in Fig. 2.6a and the measured field profile in Fig.
2.6b.

Passive optimization

Based on the analysis, the cause of the high gradient was identified, primarily due to
the influence of the magnetic components of the ion pump located inside the magnetic
shielding box. Although the pump is equipped with its own magnetic cover, its effective-
ness proved to be insufficient. After mechanical modifications to the assembly and better
sealing of the shielding around the ion pump, the gradient value dropped to 1.1𝜇G/𝜇m.
Given the verified linearity of the field gradient from the first phase, further optimization
was performed by measuring only at the central position of the crystal.

25



Figure 2.5: Visualization of differential gradient measurement on two ions. The upper
and lower panels correspond to measurements on ions 1 and 2. The central part shows
interleaved Ramsey fringes, where the position of their centers determines the frequency
detuning of individual ions (∆𝜈1 and ∆𝜈2). The mutual difference between these values
then gives the total shift ∆𝜈, which is directly proportional to the magnetic field gradient.
The side graphs illustrate the actual measured data (raw data) at the working points
(𝑃 ≈ 0.5), from which the resulting measured probability 𝑃𝑚𝑒𝑎𝑠 is calculated and the
resonance position is then determined.
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(a) (b)

Figure 2.6: (a) Geometry of the ion crystal arrangement in the trap at different axial
voltages. (b) Mechanical optimization of the magnetic field gradient.

Active optimization

A system of coils in an anti-Helmholtz configuration was used for the final suppression
of the residual gradient. For this purpose, the existing pair of coils, currently used for
the mechanical fixation of permanent magnets, was utilized. By changing the polarity of
the connection, a condition was achieved in which the current in the coils flows in the
opposite direction, whereby the assembly generates a pure magnetic gradient with zero
contribution to the absolute field strength in the center of the trap.

For precise adjustment, it was necessary to calibrate the system experimentally. By
measuring the dependence of the gradient on the compensation current (see graph for
opti in Fig. 2.7), the sensitivity of the coils was determined to be 0.13𝜇G/𝜇m per 1mA.
The graph for current optimization is shown in Fig. 2.8 and the graph for displaying field
gradients is shown in Fig. 2.7. Linear interpolation of the measured data then determined
the optimal value of the compensation current 𝐼opt = −8.835mA.

Summary

A combination of passive and active methods resulted in a significant improvement in ho-
mogeneity. Mechanical optimization in magnets positions and shielding of the ion pump
first reduced the gradient from the initial 3.79 ± 0.17𝜇G/𝜇m to 1.09 ± 0.16𝜇G/𝜇m.
Subsequent active compensation suppressed the remainder to a final value of 0.02 ±
0.04𝜇G/𝜇m using a current of −8.835mA in the compensation coils. This result repres-
ents an improvement of almost three orders of magnitude and confirms that the apparatus
meets the strict coherence requirements for quantum experiments.
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Figure 2.7: Current optimization of compensating anti-Helmholtz coils for compensating
the magnetic field gradient between two ions.

Figure 2.8: Various magnetic field slopes during compensation current optimization in
anti-Helmholtz compensation coils.
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2.2.3 Conclusions for the design of new assembly

The experimental characterization performed on the ION1 setup fulfilled its primary pur-
pose as a study of field topology and testing of gradient measurement. The main contri-
bution of this chapter is the successful demonstration and calibration of the field gradient
using Ramsey spectroscopy in combination with the ion shift technique to verify the
linearity of the residual gradient. This tool has proven to be a very suitable method for
precise mapping of the magnetic environment and will also play a key role in the operation
and testing of the final apparatus.

Based on the acquired experience, the very concept of field excitation using permanent
magnets was reevaluated for the ION2. The deciding factor for this decision was the
inability to dynamically tune the field strength and direction. A fixed magnetic induction
value, defined by the remanence of the material, does not provide sufficient flexibility
for the experiment, which is required in the new setup ION2. For this reason, the final
system will use a system of combined coils that allow for operational changes to the field
parameters.

The implementation of internal compensation coils in the new vacuum chamber was
deferred in the initial phase, and their potential subsequent implementation will be decided
after measurements on the new ION2 setup. The strategy for the new apparatus is
therefore based on the precise manufacture of coil frames and the structural elimination of
sources of inhomogeneity, rather than their subsequent compensation. Sources of magnetic
interference, such as the ion pump, were placed outside the magnetic shielding in the new
design, which should ensure sufficient passive homogeneity without the need to introduce
additional correction elements into the critical trap area. This approach aims to provide
excellent passive homogeneity and retain active compensation as a backup solution in case
it is required for the operation of multi-ion optical clocks.
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3. Conclusion
This thesis presented the comprehensive development and realization of a new generation
of experimental apparatus designed to trap and cool calcium and aluminum ions. The
main motivation for this work was the need to overcome the limitations of the previous
ION1 setup, particularly in terms of the homogeneity of the magnetic environment, which
is critical for precision spectroscopy and multi-ion optical clocks.

As part of the theoretical and design section, extensive numerical simulations were per-
formed to establish the optimal geometry for generating a highly homogeneous magnetic
field. Based on these models, key components of the assembly were designed and optim-
ized, including a hybrid system of Helmholtz and saddle coils, passive magnetic shielding,
and a compact vacuum chamber with maximized optical access. Simultaneously, a per-
manent magnet system was designed as an alternative low noise magnetic field source and
its functionality was verified on the original ION1 setup.

Part of the work was focused on the technological realization of the linear Paul trap.
A manufacturing process and procedure for electroplating titanium electrodes with a
thick layer of copper and gold was developed and successfully applied, ensuring minimal
electrical noise. Subsequent tests of the vacuum system confirmed that UHV had been
achieved with a pressure below 1×10−11mbar, which is essential for long-term ion storage.

Experimental verification of magnetic field designs was initially performed using a
fluxgate probe and an automated positioning system. These measurements confirmed the
macroscopic correctness of the proposed solutions and demonstrated agreement between
the real field topology and the numerical models

Experimental measurement of the field on a microscopic scale using two ions has
created an extremely accurate gradiometer. Using this two-ion system, the real field
gradient generated by magnetic rings in combination with the surrounding residual field
was measured and then compensated by active compensation coils. Subsequent measure-
ments verified the effectiveness of this method, confirming that the initial magnetic field
gradient was successfully reduced by three orders of magnitude.

The final verification of the assembled ION2 apparatus was the successful first trapping
and laser cooling of calcium ions. The observation of a stable ion crystal confirmed that
the entire new system is fully functional.

The implemented and characterized setup now represents a fully functional and robust
technological platform. The completion of this work marks the end of the construction
phase and opens the door to experimental physics. The immediate next step is to ini-
tiate full operation of the optical clock using the trapped calcium ions. Following this
initial phase, the experiment will proceed to trap mixed calcium and aluminum crystals to
implement quantum logic spectroscopy protocols. With the verified capability of homo-
genizing the magnetic environment, the ION2 setup is prepared for the demanding study
of the forbidden transition in aluminum ions at 267 nm, which will lead to the further
development of optical clocks.
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