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Abstract

Trapped-ions are one of the leading platforms for quantum information processing,
due to their long coherence times and high-fidelity State Preparation and Measurement
(SPAM) and gate operations. However, implementing a trapped-ion system with many
desirable features such as Ultra-High-Vacuum (UHV), High-Optical-Access (HOA), and
a high trapping probability presents significant technical challenges. These features are
critical for enabling complex quantum simulation experiments, including simulations of
spin-1/2 systems and beyond, by leveraging the multiple internal states of barium and
tunable spin–spin interactions. High optical access is required to deliver tightly focused
beams for site-resolved control and inter-ion coupling, while UHV conditions are essential
for achieving long ion lifetimes necessary for stable, large-scale simulations. Achieving
such optical access, which is vital for both coherent gate operations and high numerical
aperture fluorescence collection, whilst maintaining vacuum integrity presents substantial
engineering challenges. This thesis presents the construction of a vacuum chamber system
intended for an individually addressable 16-qubit quantum processor based on barium-133
ions confined in a microfabricated surface-electrode ion trap. Although the complete pro-
cessor has not yet been realized, the chamber has been assembled to support its future
implementation. The microfabricated surface-electrode ion trap features ∼ 100 electrodes
that require independent control of static voltages for precise tailoring of the confining
electric potential. The experimental setup was designed to provide high optical access and
to reach base pressures in the low 10−11 mbar range, thereby minimizing ion–background
gas collisions. This is achieved by centrally mounting the trap within the vacuum chamber,
a departure from conventional flange-mounted designs. To bring in-vacuum electrical con-
nections to ∼ 100 trap electrodes, a custom implementation of an in-vacuum wire harness
is described that enables reliable electrical connectivity to the centrally mounted surface-
electrode ion trap. The development of this wire harness enabled us to reach UHV with
a pressure of ≈ 3 × 10−11mbar. The successful development of this wire harness demon-
strates that it is possible to create a UHV compatible wiring solution using commercially
available components for a surface-electrode ion trap suspended at the center of the vac-
uum chamber. This centrally mounted design provides both high optical access and high
conductance to vacuum pumps, enabling individual ion addressing and long ion lifetimes,
which in turn facilitate more complex quantum simulation experiments. In addition, a mul-
tispecies ablation target was developed that incorporates both radioactive barium-133 and
metallic barium to enable ion loading at lower trap depths, addressing a common challenge
in surface-electrode ion traps. The velocity of the atomic plume generated from barium
metal ablation targets was measured and compared to that of BaCl2 targets. Although
we were unable to definitively measure the effective temperature and peak velocity of the
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atomic plume generated from barium metal, the neutral fluorescence measurements from
the barium metal targets indicate a larger number of slower moving atoms compared to
BaCl2 targets. The lower speeds of the atoms generated from metal targets is also plausible
due to the low bond energy of metallic bonds compared to covalent bonds in salts. Barium
has recently become a popular choice for high-fidelity trapped-ion experiments due to its
favorable atomic structure. The larger number of slower moving atoms from barium metal
demonstrates that metallic barium could be a much more promising atomic source for
barium-based trapped-ion experiments, as the slower plume enables higher loading rates
in surface-electrode ion trap systems.

Finally, excess micromotion, caused by stray electric fields in RF traps, can lead to
undesirable effects such as heating and frequency modulation of atomic transitions. This
work evaluates the micromotion compensation capabilities of the Phoenix ion trap used
in our system through numerical simulations of single ion trajectories. Through these
simulations, it was determined that stray fields of Ex ≈ 3000V/m, Ey ≈ 3800V/m, and
Ez ≈ 600V/m can be effectively compensated for with the Phoenix ion trap. With typical
stray electric fields in trapped-ion systems ranging from tens to a few hundred V/m, this
demonstrates that the Phoenix trap should be well capable of compensating any stray
fields expected in our system.
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Chapter 1

Introduction

The first quantum revolution, in the early 1900s, which was fueled by the discoveries
of pioneers like Max Planck, Albert Einstein, Niels Bohr, Erwin Schrödinger, led to the
development of many useful technologies that are now essential to modern life such as
transistors, light emitting diodes, MRI scanners among others. Today, we are in the
midst of a second quantum revolution, one which focuses on using quantum phenomena
to perform useful computations and simulations. As early as the 1980s, Yuri Manin and
Paul Benioff had already started exploring the idea of computation governed by the laws of
quantum mechanics [1, 5]. In 1981, Richard Feynman famously suggested that in order to
efficiently simulate natural phenomena, one would need a machine that follows the laws of
quantum mechanics [17], thus planting the conceptual seed of what we now call a quantum
computer.

Since Feynman’s proposal, the field of quantum information and computing has grown
tremendously. The development of quantum algorithms such as Shor’s algorithm to effi-
ciently factor large integers [60] and Grover’s algorithm to accelerate unstructured search
[24] demonstrated the potential of quantum computers to outperform their classical coun-
terparts. These breakthroughs, along with the emergence of foundational concepts like
quantum error correction and fault-tolerant quantum computing [52], motivated serious
experimental efforts toward the physical realization of quantum hardware. However, im-
plementing these algorithms at a practically useful scale requires gate and measurement
fidelities to exceed certain thresholds to enable reliable quantum error correction, which re-
mains a significant engineering challenge. We are currently in the Noisy Intermediate-Scale
Quantum (NISQ) era of quantum computing [53], characterized by devices with tens to
hundreds of qubits but limited by noise and decoherence. Despite these limitations, current
gate and measurement fidelities are sufficient for near-term applications such as quantum
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simulation [53]. Quantum simulation is a powerful approach for exploring quantum sys-
tem. It involves using a highly controllable quantum system to mimic and then investigate
the dynamics of other complex quantum systems that are intractable for classical com-
puters. This was, in fact, the original motivation behind Feynman’s vision. Quantum
simulation holds promise for advancing our understanding of complex problems in diverse
fields such as condensed matter physics, high-energy physics, atomic physics, quantum
chemistry, and cosmology [20]. The practical realization of quantum simulation demands
a physical quantum system that offers high controllability and long coherence times. A va-
riety of quantum systems can be employed for this including trapped-ions, neutral atoms,
superconducting circuits, and photons. This thesis focuses on the trapped-ion platform for
quantum computing.

In the NISQ era, trapped-ions have emerged as a leading candidate since the early
days of quantum computing research. Several fundamental features make trapped-ions
particularly well-suited for quantum computing, as will be outlined below:

1. Long coherence times
Information encoded in the energy levels of the internal electronic ground state of a
trapped-ion benefits from strong isolation from the surrounding environment. This
isolation has allowed the trapped-ion platform to achieve some of the longest qubit
coherence times ever recorded, including a landmark demonstration of coherence
exceeding one hour [68].

2. High State Preparation and Measurement fidelities
Encoding information in the internal energy states of an ion offers the additional
advantage of utilizing transitions to auxiliary excited states, which facilitate qubit
manipulation and readout via optical pumping and state-dependent fluorescence tech-
niques. Using these methods, recent experiments have achieved a record SPAM fi-
delity of 99.9993% [63].

3. Free from fabrication defects
To the best of our knowledge, all ions of any given element are fundamentally iden-
tical, earning them the designation of “nature’s qubits”. This intrinsic uniformity
makes them ideal candidates for qubits, as it eliminates concerns about fabrication
defects, which are a major source of error in manufactured qubit platforms such as
superconducting systems.

A powerful quantum simulator is one that can flexibly model complex quantum systems
by faithfully mimicking their underlying physics. In the most general terms, this requires
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not just a collection of qubits, but a tunable system of interacting qubits. Trapped-ions
naturally provide this capability through phonon-mediated interactions. When multiple
ions are confined in a trap, they form an ordered structure because of their mutual repul-
sion. Rather than interacting directly, the ions are coupled through their shared motion
modes, which are modes of the quantum harmonic oscillator due to the confining potential
being harmonic in nature. Each qubit is encoded in two ground state internal electronic
energy levels of an ion. Depending on the ion species and experimental design, these
can be hyperfine sub-levels, Zeeman sub-levels, or metastable states which enables what
is known as the Optical–Metastable–Ground (OMG) architecture [3]. The two internal
ground states can serve as effective spin-1

2
states and laser-based spin-dependent forces

can be used to couple these internal spin states to the ions’ collective motion, mediating
tunable interactions between any pair of ions in the chain. This shared motional coupling
provides native all-to-all connectivity, a feature unique to trapped-ion systems and not
available in platforms limited to short-range interactions.

In condensed matter physics, many-body spin models are essential for describing collec-
tive quantum phenomena such as magnetism, quantum phase transitions, and topological
order. Trapped-ion systems are particularly well suited for simulating these models, as
they offer precise control over spin interactions and the flexibility to engineer a wide range
of Hamiltonians. The ability to tune the strength and range of interactions, combined with
long coherence times and high fidelity control, allows trapped-ions to effectively perform
quantum simulation of spin-spin interacting systems [41]. Significant research progress has
been made in simulating specific Hamiltonians in trapped-ion systems [51, 33, 56, 29].

The field of trapped-ion quantum simulation is entering a transformative stage. As
research moves beyond early demonstrations, the focus is shifting toward expanding the
practical capabilities of NISQ era devices. Several key directions have emerged as especially
promising for unlocking the next level of performance.

1. Scaling to larger systems. Increasing the number of qubits expands the size and
complexity of the systems we can simulate.

2. Improved control of qubit internal states and ion-ion coupling. Enhanced
control techniques enable high-fidelity operations, precise state manipulation, and
reliable interactions, supporting more complex quantum simulation experiments.

3. Expanding internal state space. Using atomic species with more long-lived in-
ternal states enables access to higher-dimensional Hilbert spaces. This allows various
encoding schemes including qudits, supports new state preparation and measurement
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(SPAM) schemes, and opens up possibilities for simulating more complex quantum
systems with richer internal dynamics.

4. Reducing decoherence to increase the usable time of devices. Minimizing
decoherence allows for longer quantum simulation experiments.

Scaling up the number of qubits requires precise and customizable trapping potentials
for shuttling ions and regular ion spacing. Photonic interconnects can be used to connect
multiple ion traps and highly engineered optical systems would be needed to optically ad-
dress a large number of ion qubits. Enhanced control of qubits requires precise individual
addressing of ions using tightly focused laser beams with minimal crosstalk and regular
ion spacing. In order to individually address a large number of ions in a long chain, it is
important that the ions maintain regular spacing along the trap axis. Uniform spacing en-
sures that focused laser beams can reliably target specific ions without crosstalk, simplifies
the design of beam-shaping and delivery optics, and can reduce the complexity of imaging
and detection systems used for state readout. Accurate control of laser parameters, such
as frequency, intensity, and polarization, is essential for manipulating both internal states
and motional couplings between ions. Expanding the internal state space depends on us-
ing atomic species with many long-lived internal states, such as the metastable states in
barium. Longer coherence times can be achieved by maintaining UHV conditions, which
reduces ion collisions with background gases that would otherwise disrupt the quantum
state of the ions.

The work presented in this thesis contributes to the construction of a barium-based
trapped-ion quantum simulator/processor that addresses several of the research directions
outlined above and discusses the technical challenges encountered in the process. The next
section provides a brief outline of my work.

1.1 Thesis outline

The work presented in this thesis is part of the QuantumIon project, which is a collabora-
tion between Prof. Kazi Rajibul Islam and Prof. Crystal Senko to build a barium-133 based
trapped-ion quantum processor/simulator. I joined the QuantumIon project in September
2023, at a time when the group was actively working on assembling the vacuum chamber
used for our system. As a result, a significant portion of my master’s research was dedi-
cated to the installation of the Phoenix ion trap and atomic source ablation targets into
the chamber, followed by sealing the chamber, achieving UHV pressures, and relocating
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the chamber from the cleanroom, where the assembly was carried out, to the main labora-
tory. During this period, we addressed several critical challenges that arose throughout the
assembly and integration process. In addition to this, I also worked on single ion trajectory
simulations to analyze the micromotion compensation capabilities of our surface-electrode
ion trap.

The remaining chapters of this thesis are structured as follows:

• Chapter 2: Introduces the QuantumIon project and provides a foundational overview
of ion trapping physics. It covers the 133Ba+ qubit, standard experimental techniques
such as ion loading, Doppler cooling, and SPAM, and explains ion confinement using
RF electric fields. The chapter also outlines the surface-electrode architecture for ion
traps and introduces the Phoenix ion trap used in our system.

• Chapter 3: Describes the design of the vacuum chamber setup used in our system.
This chapter discusses how it can be challenging to design a vacuum chamber with
both HOA and low vacuum pressures. It describes how our chamber mounts the
surface-electrode trap in the center of the vacuum chamber, enabling higher optical
access and high-conductance to vacuum pumps to achieve lower pressures.

• Chapter 4: Introduces the problem of excess micromotion, caused by stray electric
fields in trapped-ion systems. The micromotion compensation capabilities of the
Phoenix trap are analyzed using numerical simulations of single ion trajectories. This
chapter analyzes the levels of stray electric fields that can be effectively compensated
by the Phoenix trap.

• Chapter 5: This chapter discusses the types of barium sources used as ablation
targets installed in our vacuum chamber. A key result presented is the successful
integration of a metallic barium source. Neutral fluorescence and TOF spectroscopy
data of the metallic barium target are shown. The speed of the atomic plume gener-
ated from BaCl2 targets is compared to that from metal targets, demonstrating that
metal targets produce a larger number of slower moving atoms. The slower atomic
velocity facilitates higher ion loading rates in surface-electrode traps with shallower
trap depths.

• Chapter 6: This chapter describes the assembly of the vacuum chamber used in our
system, including the implementation of a custom UHV-compatible wire harness with
approximately 100 connections to the Phoenix trap. The integration of a radioactive
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source alongside a rapidly oxidizing barium metal source during the assembly pro-
cedure is detailed. Finally, the process of sealing the chamber and achieving UHV
pressures is discussed.
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Chapter 2

Ion trapping physics

This chapter introduces the QuantumIon project and its key features. Section 2.1 explores
the properties of the 133Ba+ ion and motivates its use in our system. It also provides an
overview of conventional experimental techniques used in trapped-ion laboratories, with a
focus on their application to 133Ba+, including ion loading, Doppler cooling, and SPAM
methods. Section 2.2 describes how atomic ions are confined using electric fields and intro-
duces the surface-electrode ion trap architecture, highlighting its advantages for scaling up
trapped-ion systems. It concludes with an overview of the Phoenix surface-electrode trap
(Phoenix trap), developed by Sandia National Laboratories, which is used in our system.

2.1 The QuantumIon project

The research presented in this thesis is part of the QuantumIon project at the Institute
of Quantum Computing. The overarching goal of this initiative is to develop an open-
access quantum processor that enables researchers to test novel ideas without the need to
construct their own experimental platforms. The QuantumIon system will feature 16 indi-
vidually addressable trapped-ion qubits, realized using 133Ba+ ions confined in a microfab-
ricated surface-electrode trap designed and manufactured by Sandia National Laboratories
[54].

The primary qubit species for this platform is the isotope 133Ba+, chosen for its favor-
able atomic structure. However, the system incorporates a multi-species atomic source,
enabling the trapping of alternative isotopes such as 137Ba+ and 138Ba+, providing flexibil-
ity for future investigations. In addition to its qubit versatility, the QuantumIon system
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distinguishes itself from other surface-electrode trap implementations through its HOA and
UHV environment, key features that will be described in detail in chapter 3. Portions of
the explanatory structure and system description in the following sections are informed by
[16, 65], which provided valuable guidance in framing the presentation of this material.

2.1.1 133Ba+ Qubit

Barium is an alkaline-earth metal that behaves as a hydrogen-like ion when one of its valence
electrons is removed via photoionization, resulting in a positively charged ion. 133Ba+, a
manufactured radioisotope, has recently gained serious attention within the trapped-ion
community as a promising qubit candidate, commonly referred to as the “Goldilocks Qubit”
[28]. Its energy level structure is illustrated in Fig. 2.1. The growing popularity of 133Ba+

as a qubit is attributed to the several key advantages discussed below.

1. Simple hyperfine structure
As can be seen in Fig. 2.1, the spin-1

2
nucleus of 133Ba+ gives rise to the simplest

possible hyperfine structure. The computational basis states can be encoded as
|0⟩ = |F = 0, mf = 0⟩ and |1⟩ = |F = 1, mf = 0⟩ in the “clock states” within the
S1/2 manifold. Theses states are magnetic field insensitive to first (linear) order which
makes them more immune to decoherence caused by ambient magnetic field fluctu-
ations. The minimal hyperfine structure significantly reduces leakage to auxiliary
levels during state preparation, measurement, and gate operations, contributing to
high SPAM and gate fidelities. In comparison, 137Ba+, which has a nuclear spin of
I = 3

2
, exhibits a more complex hyperfine structure. Its corresponding clock states

are typically defined as |0⟩ = |F = 1, mf = 0⟩ and |1⟩ = |F = 2, mf = 0⟩ within the
S1/2 manifold. However, these states are accompanied by six other hyperfine levels,
compared to just two for 133Ba+. This added complexity can introduce additional
pathways for error and makes 133Ba+ a particularly attractive choice for high-fidelity
quantum operations.

2. Visible Wavelength transitions
Another attractive feature of 133Ba+ are the wavelengths needed to manipulate the
state of the ion. We can see from Fig. 2.1 that all transitions relevant to quantum
information processing except one fall within the visible spectrum. This is highly ad-
vantageous due to the easy availability of commercial optical elements. This enables
the use of high power lasers, low-loss fibers, high efficiency photon detectors and
other optical equipment not typically available to other trapped-ion species, which
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ultimately makes things such as individual addressing and photonic networking eas-
ier. For comparison, 171Yb+is another popular species used in trapped-ion systems.
However, all the relevant transitions in Ytterbium are in the Ultra-Violet (UV) or
near Infrared (IR) which restricts the use of in-fiber optical elements. Higher-energy
UV photons are also more likely to charge trap electrodes, particularly in surface-
electrode traps, where the laser beams pass within tens of microns of the electrodes.

3. Long lived metastable states
Besides its remarkably simple hyperfine structure, the energy level diagram of 133Ba+

also includes long-lived metastable states in the D-manifold. In particular, the 5D5/2

level has an exceptionally long lifetime of approximately 35 seconds, orders of mag-
nitude longer than typical experimental timescales, which are usually on the order of
milliseconds. This extended lifetime enables the use of the 5D5/2 state for shelving op-
erations, long-term state storage, and even as a basis for qubit encoding. It has been
demonstrated that shelving the |F = 1, mf = 0⟩ state into the 5D5/2 level can im-
prove readout fidelities, particularly in state-dependent fluorescence and mid-circuit
measurement schemes [12, 71]. In addition to the standard ground-state (hyperfine)
qubit, 133Ba+ also supports other qubit encodings. These include optical qubits, based
on the electric quadrupole transition S1/2 ↔ 5D5/2, and metastable qubits, which can
be fully encoded within the long-lived 5D5/2 manifold. This versatility enables what
is known as the Optical-Metastable-Ground (OMG) architecture [3], in which mul-
tiple types of qubit encodings coexist within the same ion. Each encoding offers
distinct advantages.

All these useful features of 133Ba+ come with one big disadvantage, which is that it is
a manufactured radioactive isotope with a half life of τ = 10.5 years and exposure rate
of Γ = 28.564mSv cm2mCi−1 hr−1 [62]. This means that strict radiation safety protocols
have to be followed during the assembly of the system and lead shielding must be installed
on the final system to reduce radiation exposure to lab members as much as possible. The
other challenge this leads to is the amount of 133Ba+ that can be used in the system. Due to
radiation safety regulation and to minimize exposure, we only use ≤ 0.5 mCi (microgram
quantities) in our system. This, along with appropriate shielding and radiation protocols,
provides enough radiation protection for the benefits of 133Ba+ to far exceed its risks.

Ion loading

133Ba is procured in the form of BaCl2 salt. In order to comply with the radiation safety
regulations, we use ≤ 5 µg salt in our system. This is a very small amount which makes
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Figure 2.1: Energy level diagram of 133Ba+ with relevant transitions, branching
ratios and splitting (Not to scale). The computational basis states are encoded in the
magnetic field insensitive clock states in the 6S1/2 manifold. All but one relevant transition
is in the visible spectrum and the long lived states in the D-manifold with lifetimes of 35
s and 85 s allow for shelving operations. Adapted from [11, 65].
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it difficult to reliably produce 133Ba atoms with a high yield using traditional ovens. Tra-
ditionally, atoms are produced via resistively heating a bulk sample until neutral atoms
are emitted. These ovens do not work for microgram quantities as all of the sample would
be vaporized very quickly. This method also works with metallic samples only and to the
best of our knowledge there is no commercially available source of metallic 133Ba. Under
these constraints, the only viable method to produce 133Ba atoms is laser ablation.

Laser ablation involves shooting a BaCl2 sample with a high intensity pulsed laser. The
intense local heating induced by the laser pulse rapidly vaporizes a small section of the
sample creating a plume of material directed towards the ion trap. This plume can contain
neutral atoms, ions, and any other impurities in the sample depending on the intensity
of the ablation laser. This method is much more suitable for a microgram sample as the
ablation laser can be focused down to a beam radius in the 10 s of microns range which
means a very small amount of material can be ablated in each pulse leading to a much
higher yield. It has been shown that Ba+ atoms can be generated thousands of times
via laser ablation from just microgram amounts of BaCl2 [23]. Precise timing control of
the laser pulse is also possible through control systems which would give us the ability of
producing atoms on demand, compared to the traditional ovens which have much slower
heating and cooling cycles on the order of several seconds [4]. Once the neutral atoms reach
the trapping region of the ion trap, they are ionized via photoionization and trapped.

The samples procured for ablation targets are never 100% pure, therefore the plume of
neutral atoms produced via laser ablation contains a mixture of barium isotopes as well
as potential impurities from the ablation target. So, in order to load a specific isotope
into the trap, we employ a two-step isotope-selective photoionization scheme depicted in
Fig. 2.2. In the first step, a 553 nm laser is used to drive the 6s2 1S0 ↔ 6s6p 1P1 resonant
transition in neutral barium. By slightly modulating the frequency of the 553 nm laser,
we can selectively excite the desired isotope due to the isotope shift. Once an electron
is excited to the 6s6p 1P1 state, only a small additional amount of energy is required to
ionize the atom. A 405 nm laser photon provides more than enough energy to promote
this excited electron to the continuum in a non-resonant process, effectively ionizing the
atom by removing a valence electron.

These photoionization beams are aligned to intersect at the trapping region of the ion
trap, ensuring that ionization occurs only within the trap volume. As soon as a neutral
atom is ionized, it becomes subject to the electric fields of the trap electrodes and is
confined. The neutral atoms in the ablation plume from BaCl2 travel at speeds on the
order of 2500 m/s [70] and disperse in multiple directions. To minimize Doppler shifts
during the isotope-selective excitation step, the 553 nm laser is directed perpendicular to
the atomic plume whereas the 405 nm laser is parallel to the plume as the second step is
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less sensitive to frequency shift.

Figure 2.2: Depiction of the two-step isotope-selective photoionization scheme
used in the QuantumIon system. The first step excites the 553 nm transition in neutral
barium, which can be isotope selective due to the isotope shift. The second step uses a
405 nm laser to drive the electron to the continuum. Figure adapted from [22, 16, 65].

Doppler cooling

When the plume of atoms produced from laser ablation are ionized within the trapping
region, they are typically considered “hot” which means they still have high kinetic energy
and are moving rapidly. Only a subset of these ionized atoms will have kinetic energy lower
than the trap depth of the ion trap and these are the ions that end up getting confined
by the electric fields of the trap. Here, the trap depth refers to the difference in total
potential energy between the RF null (the center of the trap) and the saddle point of
the trapping potential. It represents the maximum kinetic energy an ion can have whilst
remaining trapped. However, even the ions that end up getting trapped are still too “hot”
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to be used as qubits or be imaged with high resolution as their spatial distribution is too
large. Therefore, additional cooling methods are required to reduce their kinetic energy
and localize them more tightly within the trap

Doppler cooling is a laser cooling technique used to reduce the kinetic energy of a
trapped-ion. It exploits the Doppler effect: ions moving towards the laser source see the
laser light blue-shifted, while those moving away see the light as red-shifted. The frequency
of the laser is tuned slightly red-shifted from an atomic transition in the ion. When the
ion is moving towards the laser, the red-shifted light is brought much closer to resonance,
increasing the probability of the ion absorbing a photon. This photon absorption imparts a
small momentum kick on the ion in the direction opposite the ions motion which effectively
slows the ion down. The ion then spontaneously emits a photon in a random direction.
When this process is repeated many times, the momentum change from photon absorption
reduces the ion’s average velocity, whereas the momentum change from photon emission
averages to zero since emission is spontaneous and in random directions. This continuous
cycle of absorption and emission leads to a net loss of kinetic energy, thereby cooling the
ion.

Fast and efficient Doppler cooling requires an atomic transition that can be rapidly
and repeatedly excited, ideally forming a closed cycle. For 133Ba+, this is provided by
the electric dipole transition 6S1/2 ↔ 6P1/2 at 493 nm which can be seen in Fig. 2.1.
The excited state 6P1/2 has a short lifetime of approximately τe ≈ 8 ns, enabling rapid
photon scattering and effective cooling. However, spontaneous decay from the 6P1/2 state
does not always return the ion to the 6S1/2 state. There is a branching ratio of about
25% for decay into the long-lived metastable 5D3/2 state, which has a lifetime of ≈ 82
seconds. Waiting for spontaneous decay back to the ground state would significantly slow
the cooling process. To maintain a fast and closed cooling cycle, a 650 nm repump laser
is used to drive the 5D3/2 ↔ 6P1/2 transition. Once in the 6P1/2 state, the ion can quickly
decay back to 6S1/2, re-entering the cooling cycle. In addition to their role in closing the
cooling cycle, the frequencies of the 493 nm and 650 nm lasers must be carefully chosen to
avoid coherent population trapping due to the Electromagnetically Induced Transparency
(EIT) phenomenon. According to numerical simulations done in Ref. [37], if the detunings
of the two lasers are nearly equal (∆493nm ≈ ∆650), the ion can be optically pumped
into a dark superposition of the S1/2 and D3/2 states in barium, significantly reducing
the population in the P1/2 state and suppressing fluorescence and hence cooling. The
simulation results from Ref. [37] indicate that optimal laser frequencies for maximizing ion
fluorescence are dependent on laser intensities and higher laser intensities do not lead to
higher fluorescence. Therefore, precise control of both 493 nm and 650 nm laser frequencies
is critical for maintaining efficient Doppler cooling and avoiding population trapping.
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The lowest kinetic energy, or effective temperature, that can be achieved through
Doppler cooling is known as the Doppler limit, which is around 0.5 mK for 133Ba+. The
temperature at the Doppler limit Tlim is determined by the natural linewidth of the cooling
transition.

Tlim =
ℏΓ
2kb

(2.1)

Where Γ is the natural linewidth of the cooling transition. At this limit, ions are
sufficiently localized to be imaged with a high spatial resolution, but they remain too “hot”
for high-fidelity quantum operations. Such operations require the ion to be cooled near
or into its motional ground state. Achieving this level of cooling typically requires more
advanced techniques such as Resolved Sideband Cooling (RSC) [13] or EIT [42] cooling.

State preparation and Measurement

State preparation and measurement are among the most fundamental and essential opera-
tions in quantum computing, and they are explicitly included in DiVincenzo’s criteria for a
functional quantum computer [14]. In trapped-ion systems, these operations are typically
implemented using optical pumping for state preparation and state-dependent fluorescence
for measurement. Optical pumping allows us to initialize the ion in a well defined energy
level, typically the ground state which is encoded as |0⟩. With state-dependent fluores-
cence, a laser is used to selectively excite only one of the qubit states, causing it to emit
photons which can be detected with a Photomultiplier Tube (PMT), while the other state
remains dark. This state dependent fluorescence allows for high fidelity readout of the
qubit state based on whether photons are detected or not. For state preparation and mea-
surement of 133Ba+, we use the same 493 nm and 650 nm lasers used for Doppler cooling.
For state preparation of the 133Ba+ qubit to the state |0⟩, the 493 nm laser is frequency
modulated to excite the ion from |6S1/2, F = 1⟩ to |6P1/2, F = 1⟩. From the |6P1/2, F = 1⟩
state, the ion decays to |6S1/2, F = 0⟩ = |0⟩ effectively populating and initializing the ion
in the |0⟩ state. From the excited |6P1/2, F = 1⟩ state, there is still a ≈ 25% chance that
ion decays to the metastable 5D3/2 state. For this the 650 nm laser is also applied during
state preparation to pump out any population from the metastable state back to the ex-
cited state. Fig. 2.3 shows the energy level diagram of 133Ba+ with the relevant transitions
for state preparation.

State measurement is performed by driving a closed loop transition in the ion that makes
it continuously emit photons if it is in one computational basis states and no photons
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Figure 2.3: Energy level diagram of 133Ba+ with transitions relevant to Doppler
cooling, and SPAM (Not to scale). The |6S1/2, F = 1⟩ = |1⟩ ↔ |6P1/2, F = 1⟩ pumps
the ion to |0⟩. The cycling transition |6S1/2, F = 1⟩ = |1⟩ ↔ |6P1/2, F = 0⟩ continually
emits photons if the ion is in |1⟩ and remains dark otherwise.

if it is in the other. This is similar to the Doppler cooling procedure, but this time
we are modulating the 493 nm laser to drive the |6S1/2, F = 1⟩ = |1⟩ ↔ |6P1/2, F = 0⟩
transition. The 650 nm laser is again used to pump out population from the metastable
state. If the ion is in the state |1⟩ then it will be excited to |6P1/2, F = 0⟩ which can only
decay to |6S1/2, F = 1⟩ and not |6S1/2, F = 0⟩ due to the state selection rule that forbids
∆J = ∆mf = mf = 0 transitions. So an ion in |1⟩ will be in a closed cycle and will emit
many photons, and an ion in |0⟩ will not emit any photons. Thus, we can discriminate
between the two computational basis states by observing if we see any fluorescence from
the ion or not. Consequently, |1⟩ is known as the “bright” state and |0⟩ as the “dark”
state. This state measurement procedure is depicted in Fig. 2.3.

2.2 Ion traps

Ions, being charged particles, experience forces in the presence of electric fields. This
allows, in principle, for them to be confined using carefully designed electric potentials. To
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trap an ion in three dimensions using electric fields, the potential must be confining in all
spatial directions. A general form for a static electric potential in three dimensions can be
written as

ϕ(x, y, z) = αx2 + βy2 + γz2, (2.2)

where α, β, γ are constants that determine the curvature of the potential in each spatial
direction. However, all electrostatic potentials must satisfy Laplace’s equation, which in
free space takes the form

∇2ϕ = 0. (2.3)

Applying this condition to Eq (2.2), we find

α + β + γ = 0. (2.4)

This constraint implies that at least one of the coefficients must be negative, meaning
the potential is anti-confining in at least one direction. As a result, it is impossible to create
a stable trap for a charged particle in all three dimensions using static electric fields alone.
This is a direct consequence of Laplace’s equation and is formally known as Earnshaw’s
theorem.

Laplace’s equation restricts us from generating a 3D static potential minimum. How-
ever, it is possible to generate a static potential in the shape of a hyperbolic paraboloid,
commonly referred to as a saddle potential. If we set α = −1, β = 1, γ = 1 in Eq (2.2) then
Laplace’s equation is satisfied, and we get a saddle potential as shown in Fig. 2.4. Near
the saddle point, the potential is confining in one direction and anti-confining in another,
which means an ion near the saddle point would accelerate away along the anti-confining
direction. However, if the roles of the confining and anti-confining directions are switched
rapidly and periodically, before the ion has time to escape, the ion can be effectively con-
fined near the saddle point. This is achieved using oscillating electric fields and forms the
basis of RF trapping as the required drive frequencies typically lie in the RF range. These
oscillating fields, when averaged over time, give rise to a net confining force described by
a pseudopotential which enables stable ion trapping.
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Figure 2.4: Plot of a saddle potential using Eq. 2.2 with α = −1, β = 1, γ = 1.
The potential is confining in the x direction and anti confining in the y direction. The
confining and anti-confining directions are swapped before the ion has a chance to escape.
The saddle point is shown in red. Adapted from [45].

2.2.1 4-rod linear Paul trap

The following explanations and derivations are based on the approaches presented in [6,
36, 15]. A confining potential based on oscillating electric fields can be realized using a
Paul trap [48, 47], named after its inventor Wolfgang Paul, who was awarded the Nobel
Prize in Physics in 1989 for this work. The Paul trap uses a combination of static and
rapidly oscillating electric fields to create an effective potential that confines ions in free
space.

Linear Paul traps are the most commonly used version of the Paul trap. A version
of the linear paul trap is the 4-rod trap which consists of 4 rod-shaped electrodes in a
quadrupole configuration, with the rods arranged around the trap center. An oscillating
RF voltage VRF is applied to two diagonally opposing electrodes, while the other two are
held at ground potential.
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VRF = V0 cos(ΩRF t) (2.5)

where V0, ΩRF , t are the RF voltage amplitude, RF drive frequency and time, re-
spectively. For axial confinement, two needle electrodes are used that receive a static DC
voltage U0. The directions from the trap center where the trapped ion sits to the RF
electrodes are generally referred to as the radial directions, and the direction along the
two needle electrodes is known as the axial direction. In this thesis, the x and y axes
will be the radial directions, and the z-axis will be the axial direction, also known as the
trap axis. Fig. 2.5 shows the diagram of a 4-rod linear Paul trap. The potential can be
decomposed into a time-independent static DC part and a time-dependent RF part that
varies sinusoidally at the RF drive frequency ΩRF

ϕ =
U0

2
(αx2 + βy2 + γz2) +

V0

2
(α′x2 + β′y2 + γ′z2) cos(ΩRF t) (2.6)

where the coefficients are geometric factors and must satisfy α+β+γ = α′+β′+γ′ = 0
for the potential to satisfy Laplace’s equation. For the 4-rod trap shown in Fig. 2.5, the
DC and RF potentials are

ϕDC(x, y, z) =
κU0

Z2
0

[z2 − 1

2
(x2 + y2)] (2.7)

ϕRF (x, y, z, t) =
V0

2

(
1 +

x2 − y2

R′2

)
cos(ΩRF t) (2.8)

where R is the perpendicular distance from the trap axis to the rod electrodes as shown
in Fig. 2.5 [R = R

′
if the rod electrodes are hyperbolic cylinders of infinite length], Z0 is

the distance from the tips of the needle electrodes to the trap center and κ is a geometric
factor.

We can then obtain the classical equations of motion for an ion in this confining po-
tential. These equations are cast into the form of the well-studied Mathieu differential
equations whose solutions are already known. For a single ion of mass m and charge Q,
we get the following Mathieu equation.

üi + [ai + 2qi cos(ΩRF t)]
Ω2

RF

4
ui = 0 (2.9)
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Figure 2.5: Schematic of a 4-rod linear Paul trap (Not to scale). a) Oblique angle
view of a 4 rod trap. VRF is applied to a pair of diagonal electrodes and the other two
are grounded for confinement along x and y-axis (radial). Two needle electrodes receive
a static DC voltage U0 for confinement along the z-axis (axial direction or the trap axis).
b) Shows a end-view of the trap with the needle electrodes omitted. The dashed blue
lines show the electric fields generated by the electrodes. This configuration generates a
quadrupole pseudopotential with a minimum known as the RF null in the center of the
trap marked by the black dot. Adapted from [65].

where u = uxx̂ + uyŷ + uz ẑ is the position of the ion based on the coordinate system
shown in Fig. 2.5 which decouples Eq (2.9). The axes along which the ion’s motion is
decoupled in the three spatial directions are known as the principle axes of the trap.

ax = ay = −1

2
az = − 4QκU0

mZ2
0Ω

2
RF

(2.10)

and

qx = −qy =
2QV0

mR′2Ω2
RF

(2.11)

Here ai, and qi represent the influence of the static DC field and time-varying RF field,
respectively. Stable trapping of an ion only occurs in specific regions of the a−q parameter
space called the stability region.

In the typical case where |qi| ≪ 1 and |ai| ≪ 1, the first order solution to equation
(2.9) is
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ui(t) ≈ u1i cos(ωit+ φSi)
(
1 +

qi
2
cos(ΩRF t)

)
(2.12)

Phase φSi is determined by the initial position and velocity of the ion. The first term
in Eq. (2.12) corresponds to a slower component of the motion, referred to as “secular”
motion. When this term dominates, the dynamics of the ion can be approximated by

that of a harmonic oscillator with frequency ωi
∼= 1

2
ΩRF

√
ai +

1
2
q2i (known as the secular

frequency) and amplitude u1i. The second term, driven directly by the applied RF field,
describes a faster oscillation at the RF drive frequency ΩRF , known as “micromotion”.
An example of ion motion according to Eq. (2.12) is shown in Fig. 2.6. Typically, when
trapping more than one ion, confinement along the axial direction is made significantly
weaker than that in the radial (x and y) directions by adjusting the trap voltages. This
results in a lower secular frequency along the z axis such that ωx, ωy ≫ ωz. The resulting
asymmetry in confinement causes the ions to align along the axial direction, forming a
linear chain.

2.2.2 Surface-electrode traps

The 4-rod trap is one of the earliest implementations of a linear Paul trap. Over the years,
various other ion trap architectures have been developed, including ring traps, blade-style
traps, and microfabricated traps with multilayer electrode structures [61, 64]. In 2005,
a surface mounted electrode geometry for miniature linear Paul traps was proposed [10],
which has since gained significant popularity and is now commonly referred to as a surface-
electrode trap.

Unlike traditional 3D electrode configurations, such as the one shown in Fig. 2.5,
surface-electrode traps employ a planar architecture in which all electrodes are confined to
a single surface. One can imagine the four cylindrical electrodes of a traditional 4-rod Paul
trap being “unrolled” and flattened into a planar geometry, as illustrated in Fig. 2.7 a). A
conceptually simple design approach for this is the so-called five-wire geometry [10] shown
in Fig. 2.7 b). In this surface-electrode configuration, one of the ground electrodes is posi-
tioned at the center, flanked on both sides by RF electrodes. The second ground electrode
is effectively split into two parts, each placed on either side of the RF electrodes. This
layout provides radial confinement, with the potential minimum located a certain distance
above the central ground electrode, as indicated by the electric field lines in Fig. 2.7 c).
Axial confinement is achieved by segmenting the outermost ground electrodes and apply-
ing static DC voltages to them, as shown in Fig. 2.7 b). These segmented DC electrodes
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Figure 2.6: Simulated trajectory of a trapped ion according to Eq. (2.12). The
plot shows the secular motion (blue), the micromotion component (green), and the total
motion (thin orange). The secular motion corresponds to harmonic oscillations at the
secular frequency ωx = 2π × 3MHz, with an amplitude u1i = 1µm. The micromotion
arises from the RF drive at frequency ΩRF = 2π × 36MHz, with a Mathieu parameter
qi = 0.3.

serve the same function as the needle electrodes in a conventional 4-rod Paul trap, enabling
confinement along the trap axis.

Surface-electrode traps offer several advantages over traditional 4-rod Paul traps, espe-
cially in the context of scalability and system integration. With all of the electrodes being
in one plane, surface-electrode traps can be manufactured using techniques developed for
the microelectronics industry like patterned metal deposition and photolithography. Using
established microfabrication techniques, it is possible to produce much smaller ion traps
with finer feature sizes and greater reproducibility, reducing the susceptibility to manu-
facturing defects compared to traditional hand-assembled traps. Microfabrication allows
for the production of traps that adhere precisely to the intended design. This not only
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Figure 2.7: Schematic of a five-wire surface-electrode trap. a) Illustration of how
a surface-electrode trap is essentially a “unrolled” 4-rod trap. b) Shows the five wire design
with the DC electrodes in maroon for axial confinement. c) Shows the confining electric
field lines generated by a surface-electrode trap. The potential minimum lies a certain
distance above the trap. Adapted from [49].
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allows for the fabrication of identical traps, but also results in highly predictable trapping
potentials based on electrostatic models. The five-wire design shown in Fig. 2.7 contains
four DC electrodes for axial confinement, however, modern surface-electrode traps can in-
corporate close to 100 independently controlled DC electrodes [54], enabling fine grained
shaping of the axial potential. This level of control is essential for several key features:

1. To achieve uniform ion spacing in a linear chain, a precisely tailored axial
potential is required. Equal ion spacing is crucial for individual optical addressing
(a key feature of the QuantumIon system), minimizing cross-talk between qubits
during laser-driven gate operations

2. A precise and dynamically adjustable axial potential is required to shut-
tle ions between different regions of the trap. This capability is essential for
realizing the Quantum Charge-Coupled Device (QCCD) architecture [32], in which
ions are transported between dedicated zones for computation, memory, and readout.
Implementing such an architecture requires complex electrode geometries, including
junctions, loading zones, and transport channels, which are only feasible using mi-
crofabrication techniques. This makes surface-electrode traps a natural platform for
supporting the QCCD model of scalable trapped-ion quantum computing. Significant
progress has been made towards realizing this architecture [40, 50, 7, 54]

Despite these advantages, surface-electrode traps also present several challenges. Com-
pared to a four-rod Paul trap, surface-electrode traps have relatively shallow trap depths
[10], typically on the order of 0.1–0.2 eV, which is only slightly above the mean kinetic
energy of neutral atoms prior to ionization [57]. This can make it very difficult to trap
highly energetic atoms such as those produced via laser ablation. Once trapped, the ions
are more susceptible to escape and environmental perturbations. In addition to this, the
planar geometry of surface-electrode traps inherently places the ions just tens of microm-
eters above the electrode surface, much closer than traditional 3D geometries- leading to
significant motional heating rates due to electric field noise and surface related effects such
as patch potentials [10, 66].

Practical issue further complicate the operation and reliability of surface-electrode
traps. The larger number of DC electrodes requires a significantly more complex con-
trol system. Additionally, laser beam clipping on the trap electrodes can lead to charge
build up due to photoelectric charging and a lower signal to noise ratio during state mea-
surement. The close spacing between microfabricated electrodes, often on the order of a
few microns, also increases the risk of electrical shorts during system assembly and con-
tamination from laser ablation. Nevertheless, the potential for integration and scalability
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Figure 2.8: Close-up image of the Phoenix trap (Top) and CAD rendering of
the trap CPGA (bottom). The bowtie shape of the trap gives high optical access by
allowing beams to come from the vertical direction in the image above without clipping
on the trap surface. The CPGA resembles a computer CPU with the trap on one side and
connection pins on the other. Images taken from [54].

offered by the surface-electrode architecture continues to outweigh these difficulties. Sev-
eral research groups have successfully demonstrated ion trapping, shuttling and quantum
operations in microfabricated surface-electrode traps [57, 50]. For the QuantumIon project,
we have chosen to use the Phoenix surface-electrode trap, developed by Sandia National
Laboratories, which addresses many of these challenges while providing the advanced fea-
tures needed for our 16-qubit quantum processor.

The Phoenix trap

The QuantumIon project uses the Phoenix trap [54] designed and fabricated by Sandia
National Labs. Fig 2.8 shows a close up image of the trap and a rendering of the trap
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Figure 2.9: Electrode layout of the Phoenix trap with trap zones labeled. The
quantum zone shows a close up of the symmetric six-rail design. Adapted from [54].

CPGA. A SEM image of the trap is shown in Fig. 2.10. The trap is built on Sandia’s
bowtie HOA platform [40] optimized for laser beam access that skims across or even passes
through the trap surface.

The trap features a symmetric six-rail electrode layout with segmented inner and outer
DC control electrodes for precise shaping of the axial potential and micromotion compen-
sation. Radial confinement is achieved with an RF rail electrode that stretches the entire
length of the trap. Fig. 2.9 shows a schematic of the electrode layout. There are a total of
88 DC control channels going to the trap which control a total of 152 DC electrodes. The
trap comprises of three zones, a quantum zone, a loading zone and a shuttling zone. The
quantum zone is in the center of the trap and is where all quantum login operation are to
take place. This zone has 22 inner and 11 outer pairs of DC electrodes. The loading zone
is where the ions are first trapped, its purpose is to hold a reservoir of ions which can be
shuttled to the quantum zone when needed. The shuttling zone allows shuttling the ions
between the quantum and loading zone. These zones are highlighted in Fig. 2.9.
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Figure 2.10: SEM image of the Phoenix trap. The wire bonds making the electrical
connections from the trap to the CPGA are kept away from the quantum zone to prevent
laser beams clipping on them. Image taken from [54].

The trap is packaged on a High-Temperature Co-fired Ceramic (HTCC) Aluminum
Nitride custom bowtie shaped package integrated onto a CPGA giving it a form factor
reminiscent of a conventional computer processor. Additional features of the Phoenix trap
include an RF sense line for monitoring the RF voltage applied to the trap, as well as
integrated resistive elements used for substrate heating and temperature sensing. With its
six-rail electrode geometry, the trap is designed to confine ions approximately 68µm above
the trap surface
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2.3 Summary

In summary, the properties of the 133Ba+ qubit were reviewed, highlighting how its favor-
able atomic structure makes it an excellent candidate for high-fidelity quantum operations.
The challenges associated with the radioactivity of 133Ba+, particularly its impact on ion
loading methods, were discussed, emphasizing the necessity of laser ablation for ion gener-
ation. Conventional ion trapping experimental techniques, including Doppler cooling and
SPAM, were also covered. This chapter established the foundations for understanding the
QuantumIon trapped-ion quantum processor.

The trapping of charged particles using RF fields was discussed. The equations of
motion for a charged particle in a four-rod linear Paul trap were derived, demonstrating how
an ion undergoes a fast micromotion superimposed on a slower secular motion. Following
this, the surface-electrode ion trap architecture was described along with its advantages
for scaling up trapped-ion systems. Finally, the Phoenix trap and its key features were
introduced.
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Chapter 3

QuantumIon Vacuum chamber setup

This chapter describes the design of the QuantumIon vacuum chamber that houses the
Phoenix trap. A UHV environment is needed for stable trapping of atomic ions to reduce
disruptive collisions of the trapped ion with background gases. The design of the vacuum
chamber in trapped-ion systems is a very important factor as low vacuum pressures directly
affects the lifetime of trapped ions which directly affect how long a quantum simulation
experiment can be conducted for. The chamber design also determines the optical access
available to the ions for controlling the ion’s state and ion-ion coupling. High optical
access is necessary for addressing individual ions with minimal crosstalk on neighboring
ions, which is essential for implementing precise gate operations and tunable interactions
between qubits. Section 3.1 motivates the necessity of UHV pressures in trapped-ion
systems and section 3.2 describes how our vacuum chamber is specifically designed to
achieve low UHV pressures and HOA by mounting the surface-electrode trap at the center
of the chamber, instead of a conventional flange mounted design.

The QuantumIon vacuum chamber was designed by former PhD student Dr. Noah
Greenberg, with comprehensive details available in their master’s and doctoral theses [21,
22]. The author was not involved in the original design process. This chapter provides an
overview of the vacuum chamber design to familiarize the reader with its features, as they
are relevant to and complement the content discussed in subsequent chapters

3.1 UHV for trapped-ions

A UHV environment is required for trapping an ion or a long chain of ions. This require-
ment is necessary to ensure that the probability of the ions colliding with background gases
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is greatly reduced. Collisions with background gas molecules can disrupt the ion chain by
inducing reordering events, melting the ion chain or ejecting ions from the trap altogether
[46, 2]. Increased background collisions not only raises the rate of collision-induced mo-
tional heating via RF coupling [9, 46], but also accelerates the buildup of monolayers on
electrode surfaces, which are known to enhance electric-field noise and increase heating
rates. These events necessitate re-cooling or even reloading of the ions, halting experimen-
tal sequences and leading to significant downtime.

UHV environments refer to vacuum vessels with base pressures in the range 10−9 −
10−12mbar. Room temperature ion trap systems typically operate at pressures in the low
10−11mbar range which is sufficiently low to suppress background gas collision rates to
minimize ion chain reordering events and loss of ions from the trap [2]. At ≈ 1.33 ×
10−11mbar the background gas collision rate for a single trapped-ion was estimated in
Ref. [39] using the Langevin collision model [46, 26] and found to be on the order of one
collision per hour. Typical data acquisition times in quantum simulation experiments can
range from several minutes to tens of minutes. Moreover, the collision rate is expected
to scale approximately linearly with the number of ions in the chain, making the system
increasingly vulnerable as it scales. This imposes even more stringent vacuum requirements
on multi-ion systems, such as the QuantumIon system. These considerations highlight the
critical importance of reaching and maintaining UHV conditions in trapped-ion platforms.

This UHV requirement becomes even more stringent in the QuantumIon system due to
the radioactivity of the 133Ba+ ions used. As discussed in Section 2.1.1, we are restricted to
using only microgram quantities of BaCl2 salt due to radiation safety regulations. Although
laser ablation enables the loading of Barium ions thousands of times from only microgram
quantities of BaCl2 salt [22], it remains highly desirable to minimize the frequency of ion
loading for the following reasons:

1. Loss of sample during BaCl2 deposition and chamber assembly. We used an
in-house developed procedure to prepare ablation targets with microgram quantities
of BaCl2 salt [22]. A significant portion of the material can be lost during both the
preparation of these targets and their installation into the vacuum chamber. Due
to the extremely small quantities involved, it is challenging to accurately measure
how much salt is lost in this process. As a result, we must be conservative with
how frequently we ablate the surface to avoid prematurely exhausting the available
material.

2. Low loading rates in surface-electrode traps. As discussed in section 2.2.2,
surface-electrode trap suffer from lower traps depths which significantly decreases
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the probability of successfully loading ions into the trap. Ablation loading rates
for Ba+ ions in a surface-electrode trap were measured to be on the order of 1 ion
trapped per 100 ablation pulses [59]. The loading rates measured in Ref [59] are for
ablation targets made with metallic barium. For microgram quantity BaCl2 ablation
targets, the loading rate is expected to be much lower as the speed of neutral atoms
generated from salt targets are much faster compared to metal ones. Therefore, we
expect to require hundreds of ablation pulses to successfully trap ions from the BaCl2
targets, which could quickly deplete the already limited supply of material

3. Contamination of trap electrodes. A plume of neutral atoms, ions, and impu-
rities is ejected from the ablation target during each ablation pulse. This plume is
directed toward the trapping region, and any material it contains can potentially
deposit on nearby trap components, including the electrodes. Such contamination
poses multiple risks. In severe cases, it can lead to electrical shorts between adjacent
electrodes, rendering parts of the trap inoperable. Even when shorts do not occur,
deposited contaminants can result in charge build-up on or near the electrode sur-
faces. This can distort the local trapping fields, introduce stray electric fields, and
lead to increased motional heating rates of the trapped ions, ultimately degrading
experimental performance.

The three points outlined above highlight the importance of retaining trapped-ions as
long as possible to minimize the frequency of loading events. Achieving long ion lifetimes
requires reducing the vacuum pressure to the lowest possible level, thereby minimizing
collisions with background gas molecules, which are a primary cause of ion loss from the
trap.

3.2 QuantumIon vacuum chamber setup

An image and schematic of the QuantumIon vacuum system is shown in Fig. 3.2. The
system can be divided into 3 parts. A top chamber, known as the diagnostic chamber,
the five-way cross, and the bottom chamber which we call the experimental chamber.
The experimental chamber is the part that houses the surface-electrode trap and ablation
targets.

The design of vacuum chambers for trapped-ion systems is primarily driven by need to
achieve UHV pressures and providing sufficient optical access to the ions for performing
quantum operations, such as state preparation, measurement, and quantum gates. Ac-
cordingly, the QuantumIon vacuum system was engineered to reach UHV conditions while
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maximizing optical access. This enables the individual addressing of a 16-ion chain with
minimal crosstalk and efficient collection of fluorescence during state readout.

One significant modification in the QuantumIon system concerns the mounting of the
surface-electrode trap within the vacuum chamber. Traditionally, surface-electrode traps
are mounted directly onto one of the chamber flanges, as illustrated in Fig. 3.1. Modern
surface-electrode traps, which can have on the order of 100 DC electrodes, require a corre-
spondingly large number of electrical connections. Routing such a high density of electrical
connections into a UHV environment is challenging, as outgassing from the connections
can increase the gas load inside the chamber, thereby degrading the vacuum pressure [21].
To mitigate this issue, most surface-electrode trap systems mount the trap directly on
a chamber flange to minimize the complexity and length of electrical connections inside
the vacuum chamber. However, mounting the surface-electrode trap directly on a flange
imposes significant limitations on optical access. In such a configuration, positioning the
trap close to the chamber walls restricts the angles at which laser beams can be delivered
through surrounding viewports, as they must be aligned to avoid clipping on the electrodes
or chamber structure. This can make it more difficult to achieve the precise beam geome-
tries required for individual ion addressing and optimal fluorescence collection. Mounting
the surface-electrode trap directly onto a flange typically requires custom-made flanges
which may be more prone to leaks compared to standard, industry-tested vacuum flanges.
Additionally, regions near the chamber walls often have reduced pumping conductance due
to geometric constraints, such as narrow or obstructed pathways for gas flow. As a result,
the local pressure near the trap can be higher compared to the center of the chamber,
where there is typically better conductance to the pumping ports. Therefore, the flange
mounted design not only restricts optical access, but also degrades the vacuum pressures.

3.2.1 The experimental chamber

To alleviate the issues of the flange mounted design, the QuantumIon system mounts the
surface-electrode trap in the center of the vacuum chamber. Fig. 3.3 shows a schematic of
the experimental chamber and how the surface-electrode trap is mounted centrally inside
it. The trap is suspended in the geometric center of the chamber with optical access from
the side and bottom. The experimental chamber consists of 8 viewports (3 re-entrants).
The design of this experimental chamber was primarily driven around maximizing the NA
for the Raman individual addressing beam (∼ 0.37) and the numerical imaging aperture
(∼ 0.6).

A high NA is needed to be able to focus down the individual addressing beams as
tightly as possible to mitigate crosstalk between beams addressing neighboring ions in an
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Figure 3.1: Two implementations of a flange mounted surface-electrode trap
design. The trap being mounted onto a chamber flange makes electrical connections to
the trap much less complex. Left image taken from [35] and right image from [25].

ion chain. The QuantumIon system uses a 532 nm mode locked pulsed laser to drive Raman
transitions for coherent control of the 133Ba+ qubits which are defined in the hyperfine clock
states in the S1/2 manifold (Fig. 2.1). With a NA of 0.37, the diffraction-limited spot size
for 532 nm light is approximately 0.7µm . In our system, the equilibrium spacing between
ions in the chain was designed to be around 4µm, which represents an optimal balance:
it is small enough to ensure strong motional coupling between ions for high-fidelity two-
qubit gates, yet large enough to allow individual optical addressing of ions with minimal
crosstalk due to diffraction-limited beam focusing. Thus, the 0.37 NA of the Raman re-
entrants allows for the quantum state of one ion to be manipulated without affecting that
of the others.

A high NA is also required for the imaging system which is located at the bottom of the
experimental chamber. This system is used to image the ions and collect ion fluorescence
during state readout. The NA of the imaging re-entrant window directly determines the
photon collection efficiency of the system. A higher NA increases the solid angle over
which spontaneously emitted photons from the ions can be collected, thereby improving
the signal-to-noise ratio and reducing state detection time. The experimental chamber
also features four viewports to provide optical access at 45◦ relative to the trap axis (ion
chain axis) for Doppler cooling (493 nm), repumping (650 nm) and photoionization (553
nm, 405 nm). Both the Raman and imaging viewports are re-entrants, meaning they are
recessed into the vacuum chamber. This is essential for achieving the high NA as it allows
for objective lenses to be brought into close proximity of the ions.
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Figure 3.2: Schematic and image of the QuantumIon vacuum chamber. a)
Internal cross-section view of the QuantumIon vacuum chamber. There are three main
sections, the diagnostic chamber, the five-way cross and the experimental chamber. The
view also shows where the ion pump and NEG pumps are connected on the chamber. b)
Picture of the actual chamber in our lab. The experimental chamber houses the trap and
is located at the bottom of the system directly above a valley in the optics table. We call
this the imaging valley as it contains all the optics for imaging ions through the 0.6 NA
re-entrant at the bottom of the experimental chamber. Adapted from [22].
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Figure 3.3: Schematic of the experimental chamber that house the surface-
electrode trap and atomic sources. a) The trap is mounted in the geometric center of
the chamber. The high NA re-entrants allow high optical access to the trap. b) Bottom
view of the experimental chamber. The Raman individual addressing beams enter from
the high NA re-entrants where as the 493, 650, 553, and 405 nm lasers enter from view
ports on the diagonals of the chamber. The DC and RF electrical connections to the trap
enter the vacuum chamber through an electrical feed-through. Adapted from [22].
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Thus, by mounting the trap at the center of the chamber, we are able to achieve
significantly improved optical access and lower vacuum pressures at the trapping region.
However, this configuration does increase the complexity of routing electrical connections
to the trap. To address this, we developed a custom in-house, UHV-compatible wire
harness that enables reliable electrical interfacing with the centrally mounted trap. The
implementation of this harness is detailed in Chapter 6 of this thesis.

3.2.2 The diagnostic chamber

The diagnostic chamber is a stainless steel octagon mounted at the top of the vacuum
system. Its primary function is to provide an area of high conductance for attaching
pressure gauges, a all metal bake valve and residual gas analyzer. The pressure of the
chamber is measured with an extractor gauge that can measure from High-Vacuum (HV)
to extreme high vacuum (10−4 − 10−13mbar). A Residual Gas Analyzer (RGA) is used
to measure the partial pressure of the gases present in the system and is primarily used
to diagnose problem with the vacuum system. One of its main uses is to detect leaks on
the vacuum chamber flanges by spraying helium on the flanges from the outside. The all
metal bake valve is used to connect the chamber to an external turbomolecular pump that
is used to pump the chamber down to HV pressures (≈ 10−5mbar). Chamber pressures
above 10−4mbar were measured using the internal gauge of the turbomolecular pump.

3.2.3 The five-way cross

The five way cross consists of 5 ports, one for the diagnostic chamber, one for the ex-
perimental chamber, one to attach the ion pump at the side and two redundant ports.
The five-way cross houses all the vacuum pumps required to reach and operate at UHV
pressures. Its geometry is designed to maximize conductance between the experimental
chamber and the pumps, thereby increasing the effective pumping speed. The ion pump is
primarily used to remove non-getterable gases, such as noble gases, which are not efficiently
captured by Non-Evaporable Getter (NEG) pumps. It operates by ionizing residual gas
molecules and accelerating them into titanium cathodes, where they are either buried or
chemically bonded to the surface, effectively removing them from the vacuum chamber.
The other pump which is present inside the five-way cross are the NEGs. A NEG pump
removes gases from the vacuum system by chemically binding them to a reactive metal
or alloy surface. The NEG pumps are activated by resistive heating at 550◦ C, and once
activated they continuously pump getterable gases such as hydrogen, oxygen, nitrogen, and
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carbon monoxide, providing efficient, passive pumping without moving parts or electrical
power during operation. The NEG pumps are one of the most important parts of the
vacuum system as they are very effective at pumping hydrogen gas, which is usually the
most abundant background gas in UHV systems.

3.3 Summary

In summary, the design of the QuantumIon vacuum chamber was described in detail,
The conventional flange mounted design of surface ion trap systems was discussed and
how it simplifies electrical connections to ion traps with close to 100 connections. The
QuantumIon chamber’s central trap-mounted design was described, highlighting how it
provides increased optical access to the ions while also ensuring high conductance to vac-
uum pumps. This combination enables lower vacuum pressures and, consequently, longer
ion lifetimes. The requirement for high NA re-entrants for individual addressing of ions
and higher fluorescence collection was discussed and how the central mounted design of
our system achieves that. Finally, the three sections of the chamber and their purposes
were discussed. The experimental chamber contains the surface-electrode trap and abla-
tion targets and is designed with high NA viewports in mind. The diagnostic chamber
provides an area of high conductance for diagnostic components such as pressures gauges
and RGAs. The geometry of the five-way cross maximizes the conductance between the
experimental chamber and vacuum pumps leading to higher effective pumping speeds and
lower vacuum pressures.
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Chapter 4

Simulating Ion trajectories for
Micromotion compensation

In section 2.2.1 we found that the motion of an ion in a RF ion trap is given by Eq. 2.12
which is restated below for convenience.

ui(t) ≈ u1i cos(ωit+ φSi)
(
1 +

qi
2
cos(ΩRF t)

)
(2.12)

where u1i is the amplitude of the ion’s secular motion, ωi is the secular frequency, φSi is
a phase determined by the initial conditions of the ion and ΩRF is the RF drive frequency.
Eq. 2.12 showed us that the motion of a trapped ion is given by a slower “secular” motion
and a fast “micromotion” which is driven by the oscillating RF field. For trapped-ion
experiments, we would like to work in a regime where the micromotion can be assumed to
be small and the motion of the ion can be treated as a harmonic oscillator at frequency ωi.
The harmonic approximation enables the quantization of ion motion into discrete motional
states (Fock states), which is essential for techniques such as resolved sideband cooling and
the Mølmer–Sørensen gate. The latter is a two-qubit entangling operation that leverages
the shared motional modes of an ion chain to mediate interactions between qubits.

If a trapped ion sits exactly at the null of the RF potential, then there would be no
micromotion. However, an ion does not sit exactly still in a trap as it undergoes secular
motion under the RF pseudopotential, which displaces the ion from the RF null. As the
RF potential is non-zero away from the null, this leads to an unavoidable residual driven
oscillation at the RF frequency. This is referred to as “intrinsic micromotion”. However,
there are other effects that can lead to more micromotion, the most detrimental of which
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is the presence of stray electric fields. This type of micromotion is known as “excess
micromotion” and can have severe effects on the performance of a trapped-ion system by
modulating atomic transitions and increasing heating rates. Excess micromotion has to be
compensated for by applying compensating electric fields to cancel out the stray electric
fields in the system. This chapter estimates the level of stray electric fields that can be
compensated for by the Phoenix trap used in our system. This is done via numerical
simulations of the trajectory of a single ion under the electric potential generated by the
Phoenix trap. By looking at the ion motion in the presence of stray and compensating
fields, we are able to estimate an upper bound for the largest stray fields that can be
compensated for with our trap. Section 4.1 describes excess micromotion, its effects and
common experimental compensation methods used in trapped-ion laboratories. Section
4.2 describes the ion trajectory simulations and their results.

Author contributions: The author conducted the ion trajectory simulations and an-
alyzed the results following discussions with Prof. Rajibul Islam. Fabien Lefebvre is ac-
knowledged for insightful discussions on the trajectory simulations, as he was working on
a related project in another trapped-ion system at the University of Waterloo. Collin
J. C. Epstein is acknowledged for his assistance in understanding the controlgen software
package used for calculating electric fields in the Phoenix trap.

4.1 Excess micromotion

We discussed how the trapping potential of an ion trap is decomposable into a static DC
part and a dynamic RF part. In a perfect environment, with no stray electric fields, the
nulls of the DC and RF potential coincide exactly in space. The presence of a static
stray electric field will displace the null of the DC potential from the null of the RF
potential. This will move the equilibrium position of the ion from the RF null to some
new position, which is the average of the DC and RF potential nulls depending on their
relative strengths. Now, the ion will see a much higher amplitude of the RF field and will
consequently experience a much higher amplitude of micromotion. This is illustrated in
Fig. 4.1. This type of micromotion is known as “excess micromotion” and can be very
detrimental to trapped-ion systems. In the presence of a static stray field EDC , the
Mathieu equation changes to

üi + [ai + 2qi cos(ΩRF t)]
Ω2

RF

4
ui =

QEDC · ûi

m
(4.1)

As before, in the case where |qi| ≪ 1 and |ai| ≪ 1, the first-order solution to (4.1) is
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Figure 4.1: Illustration of how a static stray electric field EDC can induce excess
micromotion. a) Without any stray electric field both the DC and RF potential nulls
coincide in space where the ion sits. b) In the presence of a stray electric field the DC null
is displaced from the RF null, the ion moves to a new average position and experiences a
higher RF potential leading to excess micromotion.

ui(t) ≈ [u0i + u1i cos(ωit+ φSi)]
[
1 +

qi
2
cos(ΩRF t)

]
, (4.2)

The new term in equation 4.2

u0i =
4QEDC · ûi

m(ai +
1
2
q2i )Ω

2
RF

=
QEDC · ûi

mω2
i

(4.3)

shows the displacement of the ion and how it depends on the static stray field EDC . The
ion is displaced to some new average position u0 = u0xx̂+ u0yŷ + u0z ẑ, and the amplitude
of excess micromotion at this new position is 1

2
u0iqi in the direction ui. In a trapped-ion

system, stray electric fields can arise from various sources, including electromagnetic inter-
ference from nearby electronic equipment and photoelectric charging of the trap surface,
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where scattered laser light, particularly in the ultraviolet range, induces the emission of
electrons [69]. Additionally, imperfections in trap fabrication and materials, as well as con-
tamination introduced during system assembly or operation, can cause patch potentials on
the trap surface, leading to stray electric fields.

For the 4-rod linear Paul trap shown in Fig 2.5 excess micromotion can also be caused by
a phase mismatch between the RF voltages VRF sent to the two RF electrodes. However,
this issue is mitigated in the Phoenix trap employed in the QuantumIon system, as it
utilizes a single RF rail that symmetrically splits to both sides of the six-rail layout,
ensuring phase coherence across the trap.

4.1.1 Effects of micromotion

Micromotion in trapped-ion systems, especially when not well compensated (i.e., excess
micromotion), can have several detrimental effects on both quantum information process-
ing and precision metrology. It leads to time-dependent Doppler shifts that degrade the
stability and fidelity of laser-ion interactions [19], causing errors in quantum gates and re-
ducing coherence times. Micromotion also increases the ion’s kinetic energy, which cannot
be removed by standard cooling techniques, resulting in motional mode heating [6] and in-
efficient cooling [9]. Moreover, excess micromotion can modulate fluorescence during state
detection, lowering readout fidelity, and introduce systematic frequency shifts such as the
second-order Doppler and AC Stark shifts—critical in atomic clock applications [31]. For
multiple trapped ions, micromotion of one ion can drive parametric heating of another ion
which can lead to destabilizing the ion chain. [9, 67, 55]. In surface-electrode traps, mi-
cromotion is even more pronounced due to the close proximity of the ions and laser beams
to the trap surface. Therefore, precise compensation of micromotion is essential to ensure
high-fidelity control and stability in ion trap experiments.

4.1.2 Compensating Micromotion

As discussed earlier, laser cooling techniques such as Doppler cooling and RSC can be used
to reduce the kinetic energy of a trapped ion by damping its secular motion. However, these
methods have no direct effect on micromotion, since it is a driven motion at the RF drive
frequency and not subject to dissipative cooling. The only way to reduce micromotion is by
applying static DC compensating electric fields to shift the ion back to the RF null point.
These compensating fields are generated by applying precise DC offset voltages to specific
electrodes such that the stray electric field that displaced the ion is canceled out. Since the
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RF fields are primarily used for confinement in the radial directions (x and y in Figs. 2.5
and 2.7), micromotion amplitude is much higher in the radial directions compared to axial.
However, compensation can still be required in the axial direction as there is always some
component of the RF fields in that direction. In order to know what DC voltages to apply,
we need to be able to detect the micromotion first.

Coarse micromotion compensation can be performed by adjusting DC voltages to mini-
mize the broadening of a relatively wide atomic transition (on the order of 10 MHz) caused
by micromotion sidebands. Another approach involves detecting shifts in the position of
the ion as the RF amplitude is varied, either by imaging the ion on a CCD camera or
by tracking how much a focused laser beam must move to maintain peak fluorescence.
The DC voltages are then adjusted until the ion remains stationary as the RF amplitude
changes, effectively placing it within ≈ 1µm of the RF null

For finer compensation, various methods have been developed over the years. One
common method is using resolved sideband spectroscopy on a narrow atomic transition.
The micromotion from the ion being displaced from the RF null leads to a time dependent
Doppler shift of the laser in the ions frame. This leads to micromotion sidebands, which
are spectral features offset from the carrier transition by integer multiples of the RF drive
frequency. By scanning the laser across the transition and detecting the presence and
amplitude of these sidebands, the magnitude and direction of excess micromotion can
be inferred. Compensation is achieved by adjusting DC voltages to null the sidebands,
thereby minimizing micromotion. This method allows us to position the ion to within 10s
of nanometers of the RF null, but requires an atomic transition with a linewidth much
narrower than the RF drive frequency in order to resolve the micromotion sidebands which
might not be available in all ion species. A less complex micromotion compensation method
that does not require a narrow linewidth optical transition is the RF-correlation method.
This technique relies on measuring the correlation between the ion’s photon scattering
rate and the phase of the RF drive cycle. Due to micromotion, the ion experiences a
velocity-dependent Doppler shift of the laser frequency in its own frame. This Doppler
shift periodically modulates the effective laser detuning at the RF frequency, which in
turn causes a corresponding periodic modulation in the ion’s photon scattering rate. As a
result, the photon scattering rate becomes correlated with the RF drive phase. By using a
single-photon detector with high time resolution to record photon arrival times relative to
the RF cycle, this correlation can be measured directly. The value of fluorescence can be
calculated by Eq. (4.4) [31].

S(t) = S0 +∆S cos(ΩRF t+ ϕ) (4.4)
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Here S0 is the mean number of photons emitted and ∆S is the modulation amplitude
of the fluorescence rate due to micromotion. By applying an appropriate combination of
voltages to the compensation electrodes, we aim to minimize the ratio ∆S

S0
, which directly

corresponds to the amplitude of the excess micromotion. Both of the methods described
above are only sensitive to micromotion components along the direction of the incident laser
beam. Therefore, to fully compensate for micromotion in all spatial directions, multiple
laser beams with different propagation directions are typically required. This requirement
poses particular challenges for surface-electrode traps, where directing laser beams perpen-
dicular to the trap surface can cause unwanted effects such as charging of the trap surface
and increased background light scattering.

A recently developed method for micromotion compensation employs RF amplitude
modulation to parametrically excite the ion’s secular motion [44]. In this approach, the
amplitude of the RF trapping potential is modulated at a frequency close to one of the
ion’s secular frequencies. If the ion is displaced from the RF null (due to a stray electric
field), this modulation coherently excites secular motion. The amplitude of the resulting
motion is proportional to the component of the stray electric field along the direction of
the probed secular mode.

This induced motion leads to a modulation of the fluorescence rate. By recording the
photon arrival times and correlating them with the RF modulation frequency, a signal is
obtained whose strength reflects the amplitude of the induced secular motion, and thus the
magnitude of the excess micromotion. By applying suitable DC compensation voltages,
the correlated motion amplitude can be reduced to zero, indicating effective cancellation of
the stray electric field. This zero-crossing provides a robust signal for precise micromotion
compensation. Each secular mode can be selectively excited, provided the laser beam has
a non-vanishing projection along that mode’s direction. As a result, this technique requires
only a single laser beam, which has made it especially attractive for surface-electrode trap
systems.

4.1.3 Micromotion compensation in the Phoenix trap

In the case of a 4-rod Paul trap, micromotion compensation along the radial direction
is done by applying appropriate DC offset voltages to two opposite RF rod electrodes.
Compensation along the axial direction can be done via the needle electrodes. For surface-
electrode traps, micromotion compensation is done by applying appropriate DC voltages
to the segmented DC electrodes shown in Fig 2.7 b). The Phoenix trap used in the
QuantumIon system has dedicated electrodes for micromotion compensation. These are
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Figure 4.2: Voltage configurations for stray electric field compensation. Shows a
cut out of the center of the quantum region of the Phoenix trap with voltages configurations
to generate micromotion compensation fields along x, y, and z directions. Adapted from
[18].

the 11 outer DC electrode pairs shown in Fig. 2.9 in the Quantum zone of the trap.
With this large number of outer DC electrodes, various combinations of voltages and
electrodes can be used to generate compensation fields along all directions. Fig 4.2 shows
voltage configurations for generating compensation fields along all 3 spatial directions in
the Phoenix trap.

The stray electric field can have components along all spatial directions, making the
task of determining the optimal compensation voltages a multidimensional optimization
problem. This complexity arises because applying a DC compensation voltage to cancel
the field in one direction can inadvertently introduce electric fields in other directions. As
a result, compensation along individual axes cannot be treated independently. In practice,
a iterative approach is typically employed, where fine-grained adjustments are made to
the DC compensation voltages. Through successive measurements and corrections, the
stray electric field is progressively reduced until the micromotion is minimized as much as
possible.

4.2 Simulating Ion trajectories

For the Phoenix trap, it is important to understand the range of stray electric fields
that can be effectively compensated. The micromotion compensation methods described
above—such as RF-correlation, resolved sideband spectroscopy, and RF amplitude mod-
ulation, require the presence of a trapped ion to perform the necessary measurements.
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However, during the course of my master’s degree, the experimental setup was still under
construction, and ion trapping had not yet been achieved. At the time of writing this
thesis, the research group is in the process of attempting to trap ions for the first time. As
a result, direct experimental characterization of the compensation range has not yet been
possible.

Nevertheless, we can still estimate the micromotion compensation capabilities of the
trap using numerical simulations of the trajectory of a single ion. By modeling the ion’s
motion under stray fields and compensation voltage configurations, we can evaluate the
effectiveness and range of micromotion compensation achievable in our system prior to
experimental implementation.

To simulate the ion’s motion classically in the Phoenix trap, we can use Newton’s first
law

F = ma = QE(ux, uy, uz, t) (4.5)

this leads to the classical equations of motion

müx = QEx

müy = QEy

müz = QEz

(4.6)

where m is the mass of the ion, Q is its charge and ux,y,z and Ex,y,x is the position of
the ion and the electric field in the x, y, z directions respectively.

We know the charge and mass of the ions, so the only thing we have to find is the
electric fields generated by our trap in its trapping region. The total electric field is a sum
of the DC and RF fields.

Etotal = EDC + ERF (4.7)

4.2.1 controlgen

For a custom-designed ion trap, the electric fields and potentials are typically computed by
modeling the electrodes in finite element simulation software such as COMSOL. However,
our group was given access to a software package called controlgen which was also devel-
oped by Sandia National labs. This software package is able to read pre-computed voltage
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array files which are specific to the Phoenix trap and were also pre-computed and provided
to us by Sandia National labs. The voltage array file is basically a precomputed data file
that stores the basis electrode potentials and electric fields for all of the trap’s electrodes
assuming 1 V is applied individually to each one with all other electrodes grounded. The
pre-computed basis potentials in the voltage array file are computed for a pre-determined
set of positions around the RF null of the trap. These basis solutions can be linearly com-
bined, weighted by the desired electrode voltages, to quickly compute the resulting electric
potential or field for any arbitrary voltage configuration applied to the trap electrodes.
Mathematically this looks like

ϕtotal(ux, uy, uz, t) = ϕDC + ϕRF

ϕtotal(ux, uy, uz, t) =
∑
i

Vi ϕi(ux, uy, uz, t) + V0 cos(ΩRF t)ϕRF−rail
(4.8)

where ϕtotal is the total potential generated by the trap, Vi is voltage applied to the
ith DC electrode, ϕi is the basis potential for the ith DC electrode, V0 is the RF voltage
amplitude and ϕRF−rail is the basis potential for the RF rail electrode. The DC potential
remains static during most operations and the time term in ϕi is only relevant when
performing shuttling operations. A similar approach is used to generate the total electric
field.

The controlgen package has many useful functions

1. Generate DC voltage configurations for trapping. controlgen has a built in
solver where a user can define a set of constraints such as electric field and potential
at specific locations, desired secular frequencies, specific voltages and electrodes etc
and controlgen calculates what DC voltages to apply to the trap.

2. Generating the electric potential and electric fields in the quantum region.
It can also work in the opposite direction to the one described in the previous point,
where a user can give it a set of DC voltages and it can calculate the potential and
fields generated from those voltages.

3. Calculate trapping parameters. For a given set of DC and RF voltages, it can
calculate useful trapping parameters such as the secular frequencies, exact location
of the RF null etc
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4.2.2 Ion trajectory simulations

So, using controlgen, the total electric field generated by the Phoenix trap in the quantum
zone can be computed and used to solve Eq. (4.6), thereby enabling simulation of an ion’s
trajectory. To do this, we first need to know what DC and RF parameters we want to
use. For surface-electrode traps, typical RF voltage amplitudes are around 150-200 V and
desired drive frequencies are typically 36-40 MHz. In trapped-ion experiments, the RF drive
required for ion confinement is supplied through a helical resonator. A helical resonator
is a high-Q resonant circuit consisting of a coil enclosed in a conducting shield, which
efficiently couples RF power into the ion trap. It provides a substantial voltage step-up at
its resonance frequency while simultaneously suppressing all other frequency components,
thereby reducing noise on the trap electrodes. The RF drive frequency in trapped-ion
experiments is determined by the resonance of the helical resonator, which can be sensitive
to construction details and loading from the trap. As a result, the resonator effectively sets
the operating drive frequency for the system. The resonator in our system has a resonance
frequency of 32.9 MHz, which sets the RF drive frequency used in our simulations.

For the DC voltages, we would like to trap in the center of the quantum zone so we can
set that as a constraint in controlgen and generate a set of DC voltages that provide axial
confinement in the center of the trap. This voltage solution is shown in Fig. 4.3 together
with plots of the corresponding potential. For the voltage arrays of the Phoenix trap, the
trap center is the origin of the coordinate system used, so trapping in the center corresponds
to trapping at (ux, uy, uz) ≈ (70, 0, 0)µm. The ≈ 70µm comes from the ions being trapped
≈ 70µm above the trap surface, which is what the Phoenix trap was designed for.

We can now simulate the trajectories of a 133Ba+ ion under the potential shown in
Fig. 4.3 b) and c). These trajectories should resemble Fig. 2.6 which plots the solutions
of the Mathieu equations. To look at the secular and micromotion components of these
trajectories, we can analyze the FFT spectrum of the trajectories near the secular and RF
drive frequencies. The trajectories are shown in Fig 4.4 and their corresponding FFTs are
shown in Fig. 4.5. These trajectories are indeed in agreement with Eq. (2.12) and Fig. 2.6
as we clearly see the large secular oscillations along with the small micromotion. We can
determine the secular frequencies from the FFT spectrum in Fig. 4.5. The axial frequency
is around 600 KHz and the radial frequencies are around 2.8 MHz which are typical for
trapped-ion systems. As discussed in section 2.2.1, the axial frequency is lower than the
radial frequencies so that when multiple ions are trapped they line up in a linear chain
along the axial direction. To observe micromotion, we can examine the FFT spectrum of
the ion’s trajectory and focus on the region around the RF drive frequency. In the presence
of both intrinsic and excess micromotion, we expect to see three distinct peaks:
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Figure 4.3: DC voltages and the corresponding electric potential for trapping
an ion in the Phoenix trap. a) Shows the DC voltages for axial confinement in the
center of the quantum zone of the Phoenix trap. b) Shows the Radial DC potential + RF
pseudopotential for V0 = 150V and ΩRF = 32.9MHz. C) Shows the potential along the
axial direction for the DC voltages in a). We can see the minimum close to 0 which is the
center of the trap.
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Figure 4.4: Trajectories of a 133Ba+ ion in all directions as well as the radial
plane. We can clearly see that the trajectories follow Eq. (2.12) with a slow secular
motion and fast micromotion. RF voltage amplitude V0 = 150V , RF drive frequency
ΩRF = 32.9MHz and the DC voltage from Fig. 4.3 a) where used for these trajectories.

1. A peak at ΩRF corresponding to excess micromotion,

2. And two sidebands at ΩRF ± ωi associated with intrinsic micromotion, where ωi is
the secular frequency along a particular axis.

Intrinsic micromotion appears as two sidebands at ΩRF ± ωi, as it arises from the
ion’s secular motion in the trap being modulated by the RF field. In contrast, excess
micromotion results from a static displacement of the ion from the RF null and therefore
shows up as a single peak at the RF drive frequency. This is exactly what we see in Fig. 4.5,
two larger intrinsic micromotion peaks and barely any excess micromotion. This is expected
as there are no stray fields introduced into the simulations yet, so there shouldn’t be any
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excess micromotion. We also observe that there is almost no micromotion in the axial
direction compared to the radial directions. This is expected as the RF fields primarily act
along the radial directions.

By introducing stray electric fields, we should see the central micromotion peak become
much larger in amplitude. Then we can apply DC voltages to the micromotion compensa-
tion electrodes in the Phoenix trap and verify if and to what extent we can minimize the
central (excess micromotion) peak.

The largest stray electric field we can compensate for with the Phoenix trap depends
on the largest compensating field the trap can produce in each direction. This depends
on the largest DC voltage that can be safely applied to the compensation electrodes. The
Phoenix trap is able to handle a maximum voltage of ±30V on its DC electrodes. However,
the QuantumIon system uses the Advanced Real-Time Infrastructure for Quantum physics
(ARTIQ) control system, a state-of-the-art solution for quantum information experiments
developed by M-Labs in collaboration with the Ion Storage Group at National Institute
of Science and Technology (NIST) [38, 43]. ARTIQ is now widely adopted and supported
by a growing number of research institutions worldwide. The ARTIQ system uses a 32-
channel, 16-bit Digital-to-Analog Converter (DAC), which we use to deliver DC voltages
to our trap. This DAC has a maximum output range of ±10V, which sets the upper
limit on the DC voltages that can be applied through the ARTIQ system. While it would
be relatively straightforward to use a separate voltage source capable of exceeding ±10V,
doing so would forgo the tight integration and synchronization features offered by the
ARTIQ control system.

Therefore, given the ±10V output limit, we aim to determine the maximum electric
field strengths that can be simultaneously generated by the Phoenix trap along all spatial
directions at the ion’s location. By applying voltages to four pairs of the outer DC micro-
motion compensation electrodes and computing the resulting fields using controlgen, field
strengths of approximately Ex ≈ 3000V/m, Ey ≈ 3800V/m, and Ez ≈ 600V/m can be
achieved. Now, we can introduce stray electric fields of the same magnitude and verify,
using the simulated ion trajectories, whether these fields can be effectively compensated.
Figure 4.6 shows the ion trajectories along with the corresponding FFT spectrum that
highlights the micromotion peaks in the presence of a stray electric field. From the tra-
jectories, we observe that the presence of stray electric fields increases the amplitude of
both the secular and micromotion components in the radial directions, whereas the motion
along the axial direction remains largely unaffected. The micromotion amplitude increases
to ≈ 1µm in the radial direction, compared to ≈ 0.25µm in the absence of stray fields.
Similarly, the secular motion amplitude increases to ≈ 11µm, up from ≈ 4µm without
stray fields. This clearly indicates that the ion is heating up due to the excess micromotion.
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In the FFT spectrum, the central excess micromotion peaks in the radial directions are
significantly larger compared to the case without stray electric fields, as shown in Fig. 4.5.
This confirms that the ion experiences substantially enhanced micromotion when displaced
from the RF null by a stray field.

4.2.3 Results

Next, we aim to verify whether the excess micromotion can be compensated by applying
electric fields using the Phoenix trap’s micromotion compensation DC electrodes. In this
case, since the components of the stray electric field along each spatial direction are al-
ready known, it is straightforward to determine the appropriate DC voltages required for
compensation. The resulting ion trajectories, along with the corresponding FFT spectrum
highlighting the micromotion peaks in the presence of both stray and compensating fields,
are shown in Fig. 4.7. The trajectories clearly indicate that we are able to push the ion
back to the RF null and reduce micromotion significantly. Both the micromotion and
secular motion amplitudes in the radial directions have gone back down to ≈ 0.25µm and
≈ 4µm respectively. We see the central excess micromotion peak in the FFT go down to
approximately the small amplitude as when there was no stray field.

Thus, the simulations indicate that the Phoenix trap is capable of compensating for
stray electric fields on the order of Ex ≈ 3000V/m, Ey ≈ 3800V/m, and Ez ≈ 600V/m,
effectively returning the ion to the RF null and significantly reducing excess micromotion.
Typical stray electric fields observed in surface-electrode trapped-ion systems range from
several tens to a few hundred volts per meter [58, 30, 44], with fields as large as 1300V/m
also reported [58]. Therefore, the Phoenix trap should be well capable of compensating
any stray electric fields that may be present in the QuantumIon system.

In addition to analyzing the micromotion compensation capabilities of our trap, these
trajectory simulations serve as an effective tool for rapidly verifying whether a given set of
RF and DC voltage parameters result in stable ion trapping. For example, by examining
the ion trajectories, we can extract the amplitude of the secular motion and determine
whether the ion possesses excessive kinetic energy—i.e., if it is too “hot”. Moreover, by
modifying the initial conditions of the ion to include some initial velocity, we can estimate
how energetic the incoming plume of atoms from the ablation process can be while still
allowing successful trapping.
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4.3 Summary

In summary, we estimated the maximum compensatable stray electric field strengths
achievable using the Phoenix trap’s compensation electrodes, limited by the ±10V range
of the DAC in our system. Numerical simulations indicate that stray fields up to Ex ≈
3000V/m, Ey ≈ 3800V/m, and Ez ≈ 600V/m can be compensated which are well above
the typical stray fields encountered in trapped-ion systems. These results suggest that the
trap has sufficient tuning range to perform robust micromotion compensation. Once an
ion is successfully trapped in our system, the next step will be to experimentally verify
micromotion compensation using standard techniques such as the RF-photon correlation
method or sideband spectroscopy. These measurements will provide a practical bench-
mark for the effectiveness of the compensation range and inform further refinements to the
control voltages applied to the compensation electrodes.
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Figure 4.5: FFT spectrum of the ion’s trajectories. The plots in the right column
show the secular frequencies. Plots in the left column show the two sidebands and central
peak for intrinsic and excess micromotion respectively. The central peak at the RF drive
frequency is very small as there are no stray electric fields and hence no micromotion.
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Figure 4.6: Ion’s trajectories and their FFT spectrums in the presence of a stray
electric field Ex ≈ 3000V/m, Ey ≈ 3800V/m, and Ez ≈ 600V/m. We see a significant
increase the the micromotion and secular motion amplitude in the radial directions (x and
y) compared to Fig. 4.4. The FFTs show a much larger excess micromotion peak in the
radial directions compared to Fig. 4.5. Motion along the axial direction remains mostly
unchanged.
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Figure 4.7: Ion’s trajectories and their FFT spectrums in the presence of a
stray electric field and compensation fields turned on. The micromotion and secular
motion amplitudes go back down what they were with no stray electric field (see Fig. 4.5).
This shows that we have successfully pushed the ion back to the RF null and almost
completely eliminated the excess micromotion.
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Chapter 5

Barium atomic sources

Surface-electrode traps are known to have low trap depths (typically in the range of 0.1-
0.2 eV), which are typically not much higher than the mean kinetic energy of the neutral
atoms before they are ionized [57]. Atoms produced from laser ablation typically have
a wide distribution of velocities, and in order to trap atoms with high probability, it is
essential that a large majority of those ablated atoms have kinetic energies below the trap
depth. This can become problematic as the majority of the atoms produced from ablation
of salt targets such as BaCl2 will have kinetic energy much higher than the typical trap
depth of a surface-electrode trap. Therefore, a surface-electrode trap would only be able
trap slower moving atoms which would be very low in number, which greatly reduces the
probability of successful trapping. However, metallic barium targets have been shown to
produce ablated atoms much slower than BaCl2 [59]. This greatly increase the probability
of trapping ions especially during initial trapping attempts. This chapter describes the
BaCl2 targets used in our system and compares atom velocities from these targets to the
trapping depth of the Phoenix trap. The chapter then presents a feasibility study on the
use of metallic barium as an ablation target.

Section 5.1 describes how the BaCl2 ablation targets used in our system are made.
Section 5.2 compares the velocity of atoms produced from BaCl2 to the maximum trap
depth of the Phoenix trap which was calculated to be 0.168 eV. Section 5.3 presents
neutral fluorescence and TOF spectroscopy measurements of a metallic barium ablation
target to confirm the production of neutral atoms and their velocities with our ablation
setup. Finally, section 5.4 describes a ablation target holder that mounts the three different
types of targets used in our vacuum chamber.

Author contributions: The idea of using a metallic barium ablation target arose during
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the initial assembly stages of the QuantumIon vacuum chamber, motivated by concerns
regarding the high velocities of atoms produced from salt-based targets. The author is
credited with sourcing metallic barium suitable for our application, and for conducting
neutral fluorescence and TOF spectroscopy experiments, as well as performing the data
analysis that led to Fig. 5.4 and Fig. 5.5. The experimental setup was originally constructed
by former PhD student Dr. Noah Greenberg and postdoctoral researcher Dr. Akbar
Jahangiri Jozani for testing BaCl2 ablation targets. The author used this setup to carry out
the barium metal experiments. Acknowledgment is given to Dr. Akbar Jahangiri Jozani
for assisting with the experiments, supporting the data analysis, and fruitful discussions
on understanding the underlying physics.

5.1 BaCl2 ablation targets

We discussed in section 2.1.1 how the radioactivity of the 133Ba+ ion restricts the method
of producing 133Ba atoms to laser ablation. In the QuantumIon system, 133Ba atoms
are produced by laser ablating a BaCl2 ablation target. These targets are made using a
preparation method developed in the QuantumIon lab by previous PhD student Dr. Noah
Greenberg [22, 23]. The development of these BaCl2 targets was motivated by inconsistent
and unreliable loading of Ba+ ions in a surface-electrode trap [59] and a 4-rod trap at
another lab in the University of Waterloo.

133Ba is procured in the form of BaCl2 dissociated in a vial of weak hydrochloric acid.
The radioactivity of the vial purchased by us was assumed to be ∼ 37MBq, which is
equivalent to 6µg of BaCl2. Nonradioactive BaCl2 is obtained in powder form, which is
dissolved in deionized water. The solutions are then deposited onto platinum substrates
with a pipette, one drop at a time. The substrate is then heated on a hot plate at 115◦C
to evaporate the solution, leaving the salt behind. This temperature is used to ensure that
the solution does not evaporate too vigorously, which will lead to splattering of the BaCl2
causing contamination and material loss.

After the solution is completely evaporated, the salt is left behind in a ‘ring pattern’.
This is due to the “coffee ring effect,” which arises as a result of a difference in evaporation
rates at the edge of the targets compared to the center. The formation of these rings
leads to an uneven distribution of the BaCl2 salt on the substrate, which would lead to
inconsistent atom production during laser ablation. To fix this, the platinum substrates
are heat treated by running a large amount of current through them (I ≈ 55A). This
process heats the material to the melting point of BaCl2 (962

◦C), causing the salt to melt,
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adhere to the substrate, and redistribute uniformly across its surface. These microgram-
scale ablation targets have been demonstrated to consistently and reliably generate neutral
barium atoms via laser ablation, with average ablation spot lifetimes of approximately 185
laser pulses [22, 23].

5.2 Velocity of ablated atoms and trap depth

5.2.1 Velocity of atomic plume from BaCl2 targets

An extremely important factor that determines whether atoms produced via laser ablation
can be trapped is the velocity of the atomic plume generated from the ablation pulse. In
order to reliably trap ions, the mean kinetic energy of the neutral atoms produced from
laser ablation before they are ionized must be lower than the trap depth of the ion trap.
Barium ions have been trapped using BaCl2 ablation targets in a 4-rod trap at the Qudit
lab at the University of Waterloo. They have performed TOF spectroscopy to extract a
velocity distribution of the atomic plume generated from laser ablation of BaCl2 targets,
to obtain estimates of the plume temperature and peak velocity [70, 8].

TOF spectroscopy uses a pulsed ablation laser focused onto a BaCl2 target to generate
a plume of atoms. A resonant detection laser, tuned to the 6s2 1S0 ↔ 6s6p 1P1 transition
in neutral barium at 553 nm, intersects the atomic plume at a fixed known distance from
the ablation target. Following the ablation pulse, the fluorescence signal is recorded as a
function of the time delay td after the pulse using a PMT. Since faster atoms arrive at
the detection region earlier, while slower atoms take longer, the recorded fluorescence as a
function of time directly corresponds to the velocity distribution of the neutral atoms in the
plume. The time delay between the ablation laser pulse and the peak of the fluorescence
signal provides an estimate of the peak velocity, vpeak = d/t where d is the distance between
the ablation target and the 553 nm beam, and t is the delay time corresponding to the
signal maximum. Fig. 5.1 shows the ablation TOF distributions for BaCl2.

From the velocity distribution a plume temperature of 37,000 ± 1,000K and a peak
velocity of 2,600 ± 50m/s is estimated. We can also see that there is still a significant
number of atoms with velocities between 1000 − 2000m/s and a small number of atoms
between 500 − 1000m/s. This means that in order to consistently trap atoms produced
from laser ablation of BaCl2 we would need a ion trap with a trapping depth high enough
for atoms with velocities of ≈ 2, 600m/s. One can get away with a lower trap depth
corresponding to 500 − 1000m/s but the loading rates would be much lower due to the
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Figure 5.1: Ablation TOF spectrum of BaCl2. a) shows the time of flight distri-
bution. b) Shows the velocity distribution fitted to a Maxwell-Boltzmann distribution. A
plume temperature of 37,000± 1,000K and a peak velocity of 2,600± 50m/s is estimated
from this data. Taken from [70, 8].

.

small number of atoms in that velocity class. Here, loading rate refers to the number of
ions trapped per ablation pulse. The experimental setup in [70, 8] uses a linear 4-rod
trap and they reported loading rates of 1 ion trapped per ablation pulse for 138Ba from
BaCl2 ablation targets. This is expected to be much lower for a surface-electrode trap due
to its shallow trap depth, especially during initial trapping attempts when experimental
parameters have not yet been optimized with a trapped ion.

5.2.2 Trap depth of the Phoenix trap

To estimate what the highest velocity of atoms we would be able to trap with the Phoenix
trap, we need to estimate its trap depth. The trap depth is the maximum potential energy
barrier the ion must overcome to escape the trap. It corresponds to the difference between
the RF null and the saddle point of the potential. From the Phoenix trap manual [54], the
trap depth in the radial directions is expressed as

D = α
1

2
mω2

iR
2 α = 0.028 (5.1)

where α is a geometric factor, m is the mass of the ion, and ωi are the radial secular
frequencies
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In section 2.2.1, we found that the secular frequency is given by ωi
∼= 1

2
ΩRF

√
ai +

1
2
q2i .

Under normal operating conditions ai ≈ 0, and the expression simplifies to

ωi =
QV0√

2ΩRFmR2
(5.2)

for the 4-rod Paul trap, R was the distance from the RF electrodes to the center of
the trap. This formula can be used to calculate the secular frequency of the Phoenix trap
by replacing R with the characteristic distance of the Phoenix trap. The characteristic
distance corresponds to the distance at which hyperbolic electrodes (such as in the 4-rod
trap) operating at the same RF voltage and drive frequency would generate the same
secular frequency as in a surface-electrode trap [54]. For the quantum zone of the Phoenix
trap, the characteristic distance is

R = 140µm (5.3)

The radial secular frequency is directly proportional to the RF voltage amplitude.
The RF rail electrode on the Phoenix trap is rated for maximum RF voltage of ±180V.
This corresponds to a secular frequency ωi = 2π × 3.62MHz and a trap depth of D =
3.14 × 10−20J or 0.196 eV for 133Ba+ ions. This should be the maximum achievable trap
depth given the ±180V voltage limit. However, we need to be careful when increasing
the RF voltage of trap, as that also increase the q-parameter qi in the Mathieu equation.
The q-parameters determines how strongly the ion feels the oscillating RF field. If qi
is too small, the RF field is too weak to confine the ion. If qi is too large, the ion’s
motion becomes unstable. For surface-electrode traps, a q-parameter between 0.1 and 0.3
is generally recommended [27]. In section 2.2.1, we found that the q-parameter is given by

qy = −qx =
2QV0

mR′2Ω2
RF

or qy ≈
2
√
2ωy

ΩRF

(5.4)

For V0 = ±180V we get a q-parameter of 0.311 which means we would like to have a
lower RF voltage amplitude for stable trapping. For a q-parameter of 0.29, the RF voltage
must be ≈ 167V. This gives us a secular frequency of ωi = 2π × 3.36MHz and a trap
depth of D = 2.70 × 10−20 J = 0.168 eV. To estimate the maximum velocity vmax, the
ablated atoms can have in order to be confined by the trap, we can equate the trap depth
to the atom’s kinetic energy.
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D =
1

2
mv2max ⇒ vmax =

√
2D

m
(5.5)

For a trap depth of 0.168 eV, the corresponding maximum trappable velocity is vmax ≈
495m/s. As shown in Fig. 5.1, this velocity falls at the lower end of the ablation plume’s
velocity distribution, where relatively few atoms reside. As a result, successful trapping
in this regime depends on the sparse population of slow-moving atoms in the low-energy
tail of the Boltzmann distribution, resulting in reduced loading rates when using BaCl2
targets.

5.3 Barium metal

The predominance of fast moving atoms in the ablation plume from BaCl2 targets leads
to lower loading rates, making ion trapping with salt targets particularly challenging es-
pecially during initial trapping attempts when system parameters such as trap voltages,
laser powers and frequencies, and beam alignment have not yet been optimized. These
parameters need the presence of trapped ion to be optimized to the full extent. A metallic
barium source could fix this issue as metallic ablation targets have been shown to have
plume velocities that are typically two orders of magnitude slower compared to salt abla-
tion targets [59]. The slower plume velocities mean that atoms generated from metallic
targets are more easily confined within the trap’s potential well leading to higher loading
rates.

This is no known commercial source of radioactive metallic 133Ba. A recipe for produc-
ing 133Ba metal from 133Ba in the form of BaCl2 is outlined in [22], but this has not yet
been attempted. Therefore, it is not yet possible to produce 133Ba atoms from a metallic
ablation target. However, barium metal with natural isotopic abundance is commercially
available. The most abundant isotope in naturally occurring barium is 138Ba. Fig 5.2 shows
a neutral fluorescence frequency scan after ablation of a BaCl2 target, showing the relative
abundance of different isotopes. 138Ba has a nuclear spin of I = 0, which means it exhibits
no hyperfine structure and cannot be used to encode hyperfine qubits. Nonetheless, it can
still be trapped. Due to its abundance in natural barium metal and the relatively slow
velocities of atoms emitted from metal ablation, 138Ba is well-suited for initial loading at-
tempts in surface-electrode ion traps with low trap depths. Thus, for early stage trapping
experiments, 138Ba can be trapped from a metallic barium ablation target and used for
optimization and system calibration before we move on to BaCl2 ablation targets.
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Figure 5.2: PMT counts as a function of the frequency of the 553 nm laser
after ablation of BaCl2 ablation targets. We can see that the most abundant isotope
is 138Ba, but other isotopes are also clearly present. The 138Ba peak occurs at 541.43300
THz. Taken from [22].

5.3.1 Neutral fluorescence and TOF

Before incorporating a metallic barium ablation target into our system, we need to first
check two key points:

1. That our ablation setup can successfully produce neutral barium atoms from a metal-
lic target. This is done by confirming neutral fluorescence of barium atoms after an
ablation pulse. Basically, a 553 nm laser will intersect the atomic plume gener-
ated from an ablation pulse and if barium atoms are present in that plume, the
6s2 1S0 ↔ 6s6p 1P1 transition in neutral barium will be excited. The atoms in the
plume will emit lots of photons which will be collected by a PMT. We can see from
Fig. 5.2 that 138Ba is the most abundant isotope whose peak occurs at 541.4330 THz,
so the 553 nm laser will be locked to that frequency.
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2. That the resulting atomic plume from the metallic target contains a significantly
larger number of slower moving atoms compared to the BaCl2 target. Specifically,
atoms with velocities ≤ 495m/s, which are trappable given our current trap depth.
This velocity of the plume can be measured using TOF spectroscopy just as was done
in the plots shown in Fig 5.1. The TOF measurements of metallic barium can then
be compared to those in Fig. 5.1 and the depth of our trap.

Experimental setup

The neutral fluorescence and TOF experiments are conducted in a small vacuum chamber
at HV (≈ 1 × 10−4mbar) from Kimball physics (53-180000). The pressure does not need
to be in the UHV regime like our main experimental chamber used for trapping ions,
as neutral fluorescence measurements are typically performed immediately following laser
ablation and over short timescales (on the order of microseconds to milliseconds). During
this brief period, collisions with background gases are minimal and do not significantly
affect the dynamics or detection of the neutral atoms.

The experimental setup is depicted in Fig. 5.3. The barium metal samples were pro-
cured from Luciteria Science and supplied in the form of small chunks, each a few mil-
limeters in size. Fig. 5.6 a) shows the barium metal chunks. The metal is mounted in
the chamber with adhesive tape approximately 11 mm from the center of the chamber, as
shown in the inset of Fig. 5.3 a). The 553 nm laser passes through the center and drives
the 6s2 1S0 ↔ 6s6p 1P1 transition and is positioned orthogonal to the surface norm of the
ablation target to reduce Doppler broadening. The ablation laser used is a solid state
Nd:YAG laser operated at 532 nm, sourced from RPMC Lasers Inc. The pulse fluence of
the ablation laser used in the experiments was 0.665 J/cm2. The photons emitted from the
atoms after each ablation pulse are collected using a 1 inch diameter objective lens with a
NA of 0.26 and a working distance of 43mm, and detected by a Hamamatsu (H10682-210)
PMT.

The pulse sequence for the neutral fluorescence and TOF experiments is shown in
Fig. 5.3 d). The ablation pulse arrives at the metal target ∼ 75µs after the start of the
experiment. The pulse width is < 1 ns, photons are collected after a delay of td µs after the
ablation pulse with a collection window of ∆t µs. For the neutral fluorescence experiment,
td = 10µs and ∆t = 20µs. For the TOF experiments, the delay time td is scanned, allowing
selective detection of fluorescence from atoms arriving at the 553 nm laser beam at different
times, corresponding to different atomic velocities. Since faster atoms reach the detection
region (intersection of the 553 nm laser and the atomic plume) earlier and slower atoms
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Figure 5.3: Experimental setup of the barium metal neutral fluorescence and
TOF experiments. a) and b) show a diagram of the experimental setup, showing the
beam orientations. The target is placed d=11.35 mm from the 553 nm laser . The inset in
b) shows a CAD rendering of the ablation target holder. c) Shows an image of the actual
setup in the lab. d) Pulse sequence for the experiments. 0 µs marks the beginning of the
experiments when the trigger signal is sent to the ablation laser. The ablation pulse arrives
∼ 75µs after the experiment is started. The PMT starts registering photon counts after a
delay of td after the ablation pulse for a collection window of ∆t. Adapted from [22].
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Figure 5.4: Neutral fluorescence of ablated barium metal. Each ablation pulse
of the 553 nm laser is switched between the resonant and non-resonant (1 GHz detuned)
frequency to compare background counts to the signal from the barium atoms. We see a
clear distinction in fluorescence counts between the resonant and non-resonant case which
confirms that we are able to produce neutral barium atoms from ablation of barium metal.

arrive later, varying td effectively samples the velocity distribution of the ablated atoms.
∆t = 2µs for the TOF experiments.

The 553 nm laser is frequency locked with a Highfiness wavemeter (WS8-2). For both
the neutral fluorescence and TOF experiments, the frequency of the 553 nm laser is detuned
1 GHz off-resonance for every other ablation pulse, which allows background counts to be
compared to counts from 138Ba atoms.

Experimental results

Fig. 5.4 shows the results of the neutral fluorescence experiments. It shows the 553 nm
photon counts for both when the 553 nm laser was on-resonance and off-resonance (1 GHz
detuned). We can clearly see much higher counts when the 553 nm was on resonance. This
confirms the production of neutral barium atoms from laser ablation of barium metal.

Fig. 5.5 shows the TOF results. Fig. 5.5 a) tells us the distribution of times atoms
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arrive at the 553 nm beam. We know the fixed distance from the ablation target to the
beam, d = 11.35 mm and we can use that to find how fast the atoms are moving. We
need to account for the transit time of the atoms through the 553 nm beam. Faster atoms
produce less fluorescence as they spend less time in the beam and vice versa. Therefore,
slower moving atoms are overrepresented in the arrival time distribution. We must scale
the data by 1/td. The result is the velocity distribution shown in Fig. 5.5 b).

In Fig. 5.1 a), the fluorescence signal is almost gone at around 38µs. However, for
barium metal the signal lasts much longer, extending to around 1750µs. We would like to
compare the peak velocity of the barium metal targets to the BaCl2 targets. Ideally, we
would fit the velocity distribution of the barium metal to a Maxwell–Boltzmann distribu-
tion similar to Fig. 5.1 b). However, this was not possible for the data shown in Fig. 5.5,
as the ablation laser pulse coincided with the fastest-moving atoms produced during the
barium metal ablation. Another possible explanation for the discrepancy is that the pho-
tomultiplier tube becomes momentarily blinded by the intense initial flash of light from
the ablation. During recovery, the PMT can exhibit artificially elevated counts, leading
to an overestimation of the fluorescence signal in the early part of the time-of-flight trace.
Therefore that part of the data was discarded which explains why Fig. 5.5 b) does not have
the high-energy tail of the Boltzmann distribution which is present in Fig. 5.1 b). So, the
data in Fig. 5.5 b) could not be fit to a Maxwell-Boltzmann distribution to extract a peak
velocity.

However, the maximum in the observed velocity distribution in Fig. 5.5 b) corresponds
to a well-populated velocity class and can be taken as a lower bound for the peak velocity.
From the velocity distribution in Fig. 5.5 b), this peak velocity is vpeak = 333.8m/s, which
is below the maximum velocity of 495m/s corresponding to the trap depth of our ion
trap. We see a significant level of neutral fluorescence near velocities of vpeak = 333.8m/s,
which confirms the presence of many atoms with velocities slower than 495m/s. In Fig. 5.1
b) the fluorescence signal from BaCl2 for atoms slower than 495m/s is very small. This
suggests that we should expect a larger number of atoms at speeds slower than 495m/s
from the barium metal source, although we cannot be more quantitative about the exact
proportion. Thus, with a large number of atoms in the ablated plume from barium metal
having velocities lower than 495m/s, we can be certain that significantly higher loading
rates will be observed when trapping from the barium metal atomic source. We can
therefore incorporate this source into our system and use it for initial trapping attempts
to optimize and calibrate our system.
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Figure 5.5: TOF spectroscopy results of ablated barium metal. a) Shows the
TOF distribution. b) Velocity distribution obtained by scaling the TOF data in a) by 1/td
and converting to velocity. A “peak” velocity corresponding to the maximum fluorescence
signal vpeak = 333.8m/s is obtained.
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5.3.2 Barium metal oxidation

The relatively slow velocity of the atomic plume generated from barium metal makes it an
attractive atomic source for barium-based trapped ion systems. However, barium’s high
reactivity poses a significant challenge, as it readily oxidizes, making it difficult to handle
and maintain in experimental conditions.

Barium is a highly reactive alkaline earth metal, classified in Group IIA of the periodic
table. Due to its extreme reactivity, barium is never found in nature in its elemental
form, it only exits in a combined state with other elements. Pure barium metal is soft
and initially exhibits a silvery-white appearance. However, this metallic sheen rapidly
disappears upon exposure to moist air, forming a dull gray layer of barium oxide (BaO)
on the surface. To prevent this rapid oxidation, commercially available barium metal is
typically packaged either under oil or sealed in glass ampules filled with inert argon gas. For
use in UHV systems, barium packaged under argon is preferred, as oil is incompatible with
UHV environments due to its high outgassing rates. Figure 5.6 shows the barium metal
chunks procured from Luciteria Science, sealed in an argon-filled glass ampule. Figure 5.6
illustrates how quickly the metal oxidizes when exposed to air after breaking the glass
ampule.

A surface layer of barium oxide on the metal target can severely affect system perfor-
mance by

1. Altering the atomic plume. The oxide layer on the barium metal can lead to
unreliable atom production during laser ablation and introduce unwanted scattering
of the ablation beam. Additionally, the presence of oxide can alter the surface geom-
etry of the ablation target such that the surface normal no longer points toward the
trapping region. This misalignment can significantly reduce ion loading rates. In our
experiments, we found that the oxide layer could be effectively removed by operating
the ablation laser at a higher fluence. Once the oxide was cleared from a particular
spot, we were able to reliably generate neutral barium atoms from that location, con-
sistent with the observations in Ref. [59]. However, the underlying surface geometry
may still remain distorted, so it is preferable to minimize the formation of the oxide
layer in the first place.

2. Introduces contamination. As seen in Fig.5.6 b), the BaO layer on the barium
metal appears rough and flaky. This oxide layer tends to flake off the ablation target
and can be ejected during ablation, posing a significant contamination risk to the
surface-electrode trap. The ablation target is located approximately 14 mm from

67



the trap electrodes and has a direct line of sight to the trap. Consequently, BaO
particles may reach and contaminate the electrodes, potentially leading to issues
such as electrical shorting or charge build-up. While it is possible to produce barium
atoms from an oxidized metal target, minimizing the formation of BaO is crucial to
reduce these contamination risks.

The barium metal is most susceptible to air exposure during the assembly of the ablation
targets and vacuum chamber. To minimize oxidation during this stage, we implemented
several precautionary methods, which are discussed in chapter 6 of this thesis.

Figure 5.6: Images of the barium metal source and its oxidation. a) Image of
the barium metal chunk inside a sealed glass ampule filled with inert argon gas to prevent
oxidation. We can see it has a clear metallic sheen before it oxidizes. b) Images of the
barium metal after being exposed to air for 10 and 30 minutes respectively. After 10
minutes we can see some white BaO appear on the surface and after 30 minutes it turns
completely white. The oxide easily flakes off the metal and can contaminate the surface-
electrode trap.
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Figure 5.7: The ablation target holder used in the QuantumIon system. a)
Shows a CAD rendering of the ablation target holder. b) Shows an image of the ablation
target holder indicating where each type of source will be installed. c) Shows the back part
of the holder with a chunk of barium metal installed in it.

5.4 Ablation target holder

We have analyzed the feasibility of using a metallic barium target in our system and
determined that the velocity of the atomic plume is indeed much slower compared to the
BaCl2 targets. With this, we will be including a total of 3 different types of atomic sources
in our system

1. BaCl2 − 133: This is the primary source of barium-133 used in our experiments.

2. BaCl2 −Natural abundance: Used for system calibration for the salt targets be-
fore using the radioactive target. Can also be used for experiments involving other
isotopes such as 137Ba.

3. Ba metal - Natural abundance: Used for initial trapping attempts for system
calibration and optical alignment of laser beams to the ions.

The internals of the QuantumIon vacuum chamber, including how the ablation targets
are mounted inside, were designed without the metallic target in mind. Therefore, the
previous ablation target holder had to be redesigned to incorporate the metallic target.
The new target holder was designed by PhD student Akimasa Ihara and is shown in
Fig. 5.7. The target is separable into two parts, one for the platinum strip with the
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Figure 5.8: CAD rendering of two views of the ablation target holder and the
surface-electrode trap. The targets are approximately 14 mm away from the trap. The
surface normals of each target is directly pointed at the trapping region of the trap so that
that atomic plume generated during laser ablation goes straight to the trapping region.

radioactive BaCl2, and one for the nonradioactive BaCl2 and barium metal. This is done
so that the radioactive source can be prepared separately with the required radiation safety
precautions, and the metallic source can be prepared inside a nitrogen filled glove box to
minimize oxidation. The two parts are joined together before being installed in the vacuum
chamber. Figure 5.8 shows a CAD rendering of how the ablation target holder is mounted
relative to the surface-electrode trap.

5.5 Summary

In summary, this chapter demonstrates the difficulty of reliably trapping barium ions using
BaCl2 ablation targets in a surface-electrode trap due to the trap’s shallow depth. The
feasibility of a metallic barium target was investigated, and it was shown that atoms pro-
duced via ablation of metal targets are significantly slower than those from BaCl2, making
them more compatible with the limited trap depth. This suggests that using a barium
metal target can lead to more reliable ion trapping, particularly during initial trapping
attempts when experimental parameters have yet to be optimized. The ability to repro-
ducibly generate slower atoms makes metallic barium a more convenient and systematic
choice for initial ion loading in surface-electrode trap experiments. The chapter then dis-
cusses some of the technical challenges associated with using barium metal, particularly
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its rapid oxidation, and presents the design and implementation of a multi-target holder
that allows three different ablation targets to be mounted simultaneously in the vacuum
chamber.
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Chapter 6

In-vacuum wire harness and vacuum
chamber assembly

We discussed in section 3.2 how the QuantumIon system distinguishes itself from most
other surface-electrode ion trap systems by mounting the trap in the center of the vacuum
chamber which provides improved optical access with low vacuum pressures. However, this
configuration requires bringing the ∼ 100 electrical connections to the Phoenix trap inside
the vacuum chamber from a feed-through on the chamber to its center where the trap is
mounted. Bringing such a high density of electrical connections inside a UHV environment
without compromising the vacuum pressure can be non-trivial due to the high outgassing
from the connections. This chapter discusses the implementation of a UHV compatible wire
harness with ∼ 100 individual connections made with commercially available components.
Several iterations of the wire harness were built and tested with new issues being discovered
at each iteration.

This chapter then proceeds to describe the assembly process of the QuantumIon vacuum
chamber. This includes the installation and alignment of the wire harness and surface-
electrode trap assembly, as well as the integration of both radioactive and metallic barium
ablation targets. It also covers the procedure for sealing the chamber, achieving UHV
pressures, and transporting the assembled chamber from the cleanroom to the laboratory.
Several factors make this assembly process far more complicated than a typical vacuum
chamber assembly

1. Radioactive atomic source. Extra precautions must be taken to ensure minimal
radiation exposure to lab personnel. Additionally, we have only one sample of the ra-
dioactive source, and obtaining a replacement could take several months. Therefore,
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it is crucial that we handle the source with great care to avoid any waste or failure
during the procedure.

2. Rapid oxidation of the barium metal source. The barium metal oxidizes within
seconds upon exposure to air, forming a surface layer of barium oxide that negatively
affects atom production. Because of this, chamber assembly steps involving the
barium metal target are highly time-sensitive and must be performed quickly and
carefully to minimize air exposure. .

3. Limited baking window for Phoenix trap. Vacuum chambers must be baked
for several days to a few weeks to achieve UHV pressures. The baking is necessary to
remove adsorbed gases (most dominant being water vapor) from the chamber walls.
The Phoenix trap, however, has a strict thermal constraint: it must not be baked for
more than seven days in total, and at temperatures no higher than 200◦ C. Exceeding
these limits can lead to the formation of gold–aluminum intermetallic compounds at
the wire bonds connecting the trap electrodes to the trap CPGA, which are extremely
brittle and can cause bond failure, rendering the trap inoperable. Because this seven-
day limit is cumulative, we aim to bake for significantly less time (typically around
two days) with the trap installed to allow headroom for potential reassembly and
re-baking if necessary. Therefore, it is crucial that all parts of the assembly are
done correctly to ensure we achieve low UHV pressures within 2 days of baking
with the trap and to ensure we do not have to repeat the baking process. As we
only possess one Phoenix trap and procuring a replacement can take several months,
strict adherence to these baking constraints is critical.

These factors make the assembly of our vacuum chamber quite complicated. The pro-
cess requires a high degree of coordination, careful timing, and detailed planning to ensure
that all steps are carried out successfully without compromising any components. Each
constraint adds a layer of complexity that demands precise execution and collaboration
between lab members. To manage this complexity, we conducted multiple practice runs of
the assembly procedure, which allowed us to refine our workflow and minimize the risk of
errors during the final assembly.

Author contributions: The assembly of such a large and complex vacuum chamber
system required the coordinated efforts of many people. For the work presented in this
chapter, the author led the assembly of the in-vacuum wire harness and carried out much
of the soldering and mechanical assembly. This harness required numerous assembly steps
and multiple iterations, so wire preparation and electrical testing were distributed among
lab members, including PhD students Akimasa Ihara and Hawking Tan.
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The author, together with PhD students Akimasa Ihara and Hawking Tan, and post-
doctoral researcher Dr. Akbar Jahangiri Jozani, assembled the vacuum chamber system.
This process involved several months of test fitting various chamber internals, pre-treating
components, aligning the trap assembly, sealing, baking, and leak-checking the chamber.
For the final assembly, specific roles were assigned: Hawking Tan prepared the BaCl2 ab-
lation target strips; Dr. Akbar Jahangiri Jozani prepared the metallic barium ablation
target; and the author, along with Akimasa Ihara, assembled and installed the ablation
target holders and the Phoenix trap. All members contributed to the final sealing and
bakeout of the chamber.

During this final stage, PhD student Collin J. C. Epstein and the group’s PIs, Prof.
Rajibul Islam and Prof. Crystal Senko, were present for key decision-making and docu-
mentation. Special thanks go to Lewis Hahn from the QITI lab for assistance during final
assembly, and to Katelyn Versteeg, the university’s radiation safety officer, for supervising
the radiation safety of the entire procedure.

6.1 UHV compatible in-vacuum wire harness

The ultimate pressure of a vacuum chamber is determined by the rate at which gases
are entering or being produced inside the chamber and the rate at which those gases are
being pumped out. At UHV, most of the gas originates inside the chamber from the
chamber’s walls and internal components. This is known as outgassing. Different surfaces
in a chamber outgas at different rates which are typically measured in mbar l/s. The gas
load inside the chamber is removed by means of vacuum pumps. The rate at which a
vacuum pump removes the gases is known as the pumping speed, measured in liters per
second (l/s). The ultimate pressure inside the chamber is given by

Pult =
Qgas

Seff

(6.1)

where Pult is the ultimate pressure, Qgas is the gas throughput/outgassing in the cham-
ber. Seff is the effective pumping speed available at the chamber which depends on the
pumping speed of the vacuum pump and effective conductance of the fittings and pipes
that connect the pump to the chamber. It is clear from Eq. (6.1) that in order to achieve
lower vacuum pressure we either need to reduce the outgassing inside the chamber as much
as possible or increase the effective pumping speed.
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The local pumping speeds for various gas species typically range from around 1 l/s to
around 1000 l/s, while the outgassing rates for different elements encompass at least eight
orders of magnitude, from 10−7 mbar l/s cm2 to 10−15 mbar l/s cm2 [34]. Consequently,
only augmenting the pumping speed is not invariably the optimal approach for attaining
low pressures; the mitigation of the outgassing rate of components is equally critical to
vacuum efficacy. Therefore, when devising a wiring solution to provide around 100 elec-
trical connections to the centrally positioned surface-electrode trap in our chamber, it is
imperative to ensure that this solution does not result in outgassing rates sufficient to
hinder us from achieving UHV pressures.

Fig. 6.1 a) shows a CAD rendering of how the Phoenix trap is mounted inside the
experimental chamber. The trap CPGA mounts into a ZIF socket made out of PEEK
(Tactic Electronics, part no. 100-4680-003A). PEEK is a high performance thermoplastic
polymer commonly used in UHV applications due to its excellent mechanical strength,
thermal stability, and chemical resistance. It can withstand bake-out temperatures up
to around 250◦ C and has relatively low outgassing compared to most plastics, making
it suitable for use in UHV systems when used in limited quantities. The ZIF socket
has conductive pins on the opposite side, which slot into a custom-designed PCB and are
soldered in place using UHV compatible solder and flux. This PCB+ZIF socket assembly is
then mounted onto a stainless steel bridge that is secured inside the experimental chamber.
The PCB+ZIF assembly is shown in Fig. 6.1 b). We can see in Fig. 2.8 and Fig. 6.1 b)
that the pin layout of the trap CPGA and ZIF socket is very dense, making it difficult
to directly solder wires to them. To address this, a custom PCB is used to fan out the
connections to a more manageable and accessible layout that facilitates easier soldering.

To bring the approximately 100 DC and RF electrical connections from outside the
vacuum chamber to the inside, the minimum standard connector that can be easily welded
onto a vacuum flange is a micro-D connector, which provides 100 pins with a 0.05-inch
pitch. Now, the difficult part is to bring electrical connections from the vacuum side of
this feedthrough to the PCB. The solution for this was to use a commercially available in-
vacuum wire harness. This wire harness features a micro-D connector made from PEEK
which is connected to 100 Kapton insulated wires. Kapton insulated wires are the industry
standard for UHV applications due to their high temperature tolerance (bakeable upto to
250◦) and low outgassing. The micro-D connector mates with the micro-D feedthrough
inside the chamber and then each Kapton insulated wire is soldered on the PCB. The
in-vacuum wire harness and how it’s soldered to the PCB is shown in Fig. 6.2.

75



Figure 6.1: Mounting of the Phoenix trap inside the experimental chamber and
the PCB + ZIF socket assembly. a) Shows a CAD rendering of how the Phoenix trap
is mounted inside the experimental chamber. b) Shows images of the PCB + ZIF socket
assembly. The trap CPGA mounts in the ZIF socket. The PCB distributes the dense pin
layout of the ZIF socket to a more accessible layout for easier soldering.
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Figure 6.2: Image of the Micro-D wire harness and how it interfaces with the
Phoenix trap. a) Image of the commercially available Micro-D connector wire harness
made with PEEK (beige connector in b) and Kapton insulated wires. The PEEK connector
mates with the Micro-D socket on the feedthrough flange and the wires are soldered onto
the PCB shown in Fig. 6.1. b) Image of the wires harness soldered to the PCB.

Base pressure tests with all of these components installed in the vacuum chamber
were conducted by previous students, and it was confirmed that UHV pressures could be
reliably achieved. All of these components except the Phoenix trap are pre-treated before
installation into the vacuum chamber. This includes pre-baking them for ∼ 5 days in a
tube furnace to remove water, bulk hydrogen and any other gases that may be adsorbed
onto their surfaces, which could otherwise outgas during operation and prevent the system
from reaching UHV pressures. They are also cleaned by sonicating them in IPA to remove
any surface contaminants that could compromise vacuum quality. Pre-baking of stainless
steel parts is done at 400◦C first under vacuum and them exposed to air to let a very thin
oxide layer form on it. This oxide layer prevents any residual moisture or gases in the steel
from escaping and contributing to the pressure load of the chamber. The PCB and ZIF
socket are pre-baked at 150◦C.

6.1.1 Issues encountered

Several iterations of the wire harness assembly were built, with new issues identified during
each stage. These issues are discussed below.

77



Difficulty in soldering

Soldering the ZIF socket and wires to the PCB proved to be quite difficult due to the high
density of the PCB pads and traces which can be seen in Fig. 6.1 b). Some of the PCB traces
are only separated by a 1 mm gap. The PCB was designed to make the pads and traces as
far apart as possible given the spatial constraints of the experimental chamber. The high
density of the pads and traces made it difficult to access certain pads with a soldering iron
without accidentally touching neighboring pads and traces. Touching neighboring PCB
traces with a hot soldering iron can very easily damage and brake the traces which can
render parts of the PCB inoperable. This also leads to the frequent development of shorts
between neighboring traces and pads during soldering which in some cases was fixable but
very risky as attempting to fix them easily ended up in irreversible damage to the PCB.
The shorts can be caused by accidentally soldering two neighboring traces or pins together
or even by any conductive contaminant settling between two traces. Such issues are not
found during soldering of standard PCBs as they usually come with a solder mask (typically
blue or green in color), which protects the sensitive PCB traces from high-temperature and
mechanical forces. However, we can see that our PCB is completely white with no solder
mask. This was done intentionally because when the PCBs with solder masks were pressure
tested in our chamber by previous students, it was found that the solder mask outgasses
too much which prevented the chamber from reaching UHV pressures. This makes sense as
solder masks are typically epoxy based with organic compounds that have high outgassing
rates. Therefore we had to use a PCB with no solder mask which left the PCB traces fully
exposed and open to thermal and mechanical damage from the soldering iron.

Breaking of wires from the PCB

Initially the Kapton insulated wires were directly soldered to the PCB, but we quickly found
out these wires were too weak and would easily break off at the solder joints especially
after thermal cycling when the chamber was baked. We fixed this to some extent by adding
crimp pins to the ends of the wires and soldering those onto the PCB. However, the wires
were still quite sensitive to lateral forces at the crimp joint and we would occasionally find
wires that had broken off during assembly and baking.

Flaking of Kapton insulation

Another unexpected issue that we ran into was that we started noticing flakes of the Kapton
insulation coming off the Kapton wires especially after repeated sonication in IPA. The
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Figure 6.3: Microscope images of the flakes on the Kapton insulated wires.
The images clearly show little flakes of the Kapton coming off of the wires. These flakes
were found on the commercially available wires harness out of the box. The flaking got
worse when the wires were sonicated in IPA to clean them. The Kapton wires are in close
proximity of the surface-electrode trap (few centimeters) which means it is highly likely
for these flakes to contaminate the trap’s electrodes.

wires needed to be sonicated in IPA repeatedly to clean off solder flux from the soldering
process as the flux is not compatible with UHV environments. Fig. 6.3 shows microscope
images of the Kapton wires with the flakes clearly visible. We even found that a brand
new wire harness that was claimed to be clean and ready for use by the manufacturer
also produced Kapton flakes out of the box. Due to the close proximity of these wires to
the surface-electrode trap, these Kapton flakes can contaminate the surface-electrode traps
electrodes or wire bonds. This is highly probable especially during the initial pump down
of the chamber from atmospheric pressures to low vacuum levels of around 10−3mbar
(known as roughing the chamber). During the initial pump down, the gas flow in the
chamber can become turbulent or highly directional, potentially mobilizing the Kapton
flakes and depositing them onto the surface-electrode trap. Such contamination can be
highly detrimental as they can create electrical shorts on the trap or charge the trap
electrodes.

6.1.2 Custom wire harness solution and assembly

The presence of these flakes on the commercially available wire harness meant that we had
to implement one of our own with flake free Kapton wires sourced from a different vendor.
It also meant we had to figure out a way to thoroughly clean the Kapton wires without
sonication. Our implementation required careful selection of UHV compatible components.
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Each component was chosen based on both vacuum compatibility and mechanical stability
requirements, with special attention to preventing breakage of connections from the PCB
during thermal cycling and installation. The components and tools used in the wire harness
assembly are detailed in Appendix A.

The wire harness assembly follows a systematic procedure developed to address the
issues discussed above. This procedure was refined over several months through multiple
failed iterations of the wire harness. It consists of four critical stages: PCB and ZIF socket
assembly, wire preparation, wire-to-PCB soldering, and connection of the PEEK micro-D
connector. These steps, along with implemented solutions to minimize wire breakage and
flaking, are detailed below.

PCB and ZIF socket assembly

The assembly begins with the soldering of the ZIF socket to the PCB. The ZIF socket pins
slide into the through holes in the center of the PCB as can be seen in Fig. 6.1 b). We can
see that the pins of the ZIF socket are very close together (∼ 2mm). Soldering the ZIF
socket pins onto the PCB is particularly challenging due to the high pin density, which
makes it difficult to access the base of the pins without risking damage to nearby PCB
traces. Unfortunately, the ZIF socket pin pattern is fixed, and the PCB trace layout cannot
be significantly altered without increasing the board size which is constrained by the limited
space available in the experimental chamber. As such, the only way to avoid damaging
the PCB during soldering is through extreme caution and patience. The soldering is
done with UHV compatible solder and flux made by Accu-Glass Products, Inc. The flux
cannot be present inside a UHV environment, it is branded as UHV compatible as it is
soluble in IPA which makes it easily to clean off after soldering. I gained considerable
practice performing this soldering, and in the process, damaged several PCBs. Over time,
I developed techniques to avoid damaging traces, such as approaching the PCB pads with
the soldering iron from the direction opposite to the traces. I also determined that a
soldering iron temperature of 400◦C provided the best results, as it minimized contact
time while ensuring proper solder flow. With sufficient experience, I was eventually able
to complete the soldering reliably and without damaging the PCB.

As these parts are meant to go inside a UHV environment, the final assembly was
soldered inside a class 10,000 cleanroom. The soldering station is prepared with a new
soldering tip and the work area is covered with UHV compatible foil. The work area and
all tools used are cleaned with IPA and cleanroom grade wipes. After the soldering is
completed, the PCB + ZIF socket assembly undergoes sequential four-minute ultrasonic
cleaning in soapy water, acetone, and IPA, with complete submersion during each stage.

80



After cleaning, each connection is visually inspected to verify proper solder flow and to
check for any damage to the PCB traces.

Kapton wire preparation

The Kapton wires used in our harness were sourced from Accu-Glass Products, Inc. These
wires exhibited less flaking compared to the commercially made wire harness shown in
Fig. 6.2. However, any remaining flakes or contaminants had to be thoroughly cleaned be-
fore soldering and installation in the vacuum chamber to avoid compromising the integrity
of the vacuum or contaminating the surface-electrode trap. Unlike other parts of the as-
sembly, the wires cannot be cleaned through ultrasonic sonication in IPA as that leads
to degradation of the Kapton insulation producing Kapton flakes. Thus, each of the 102
wires undergoes multiple cleaning passes by hand using cleanroom wipes dampened with
IPA, alternating the wipe direction between passes to ensure complete surface cleaning.
Following the IPA cleaning, the wires are given a final wipe with dry cleanroom wipes to
remove any remaining solvent residues and particulates. To verify the effectiveness and
safety of the cleaning process, random samples of the wires were inspected under a micro-
scope. These inspections confirmed that the Kapton insulation remained intact and that
the wires were thoroughly free of Kapton flakes and other contaminants.

In Fig 6.1 b) we can see that the PCB pads the wires solder to are organized in a
grid pattern which means the length of each wire from the feedthrough to the PCB can
be different depending on which row on the PCB that wire solders to. We could just cut
each wire the same length and have extra wire in the vacuum chamber, but this is not
great for vacuum quality as more wire means more outgassing from the wire harness which
increases the gas load in the chamber. Thus, the distance from the micro-D feedthrough
to each row on the PCB must be measured, and each corresponding wire must be cut to
a length that ensures it reaches its PCB pad without tension while also minimizing excess
wire within the chamber. Shorter wire lengths also ensures the wires maintain adequate
clearance from high-temperature regions such as the close to the NEG pumps. To allow
routing adjustments and crimp preparation, each wire is cut approximately 6–8 cm longer
than its final measured length.

To alleviate the issue of wires breaking at the solder joints on the PCB, each wire is
terminated with a crimp pin, which is then soldered onto the PCB. This approach provides
a much stronger mechanical connection compared to soldering the wire directly to the PCB.
To reduce wire density near the PCB pads and make soldering more manageable, some
wires were soldered directly onto the ZIF socket pins (ZIF side) instead of the PCB pads
(PCB side), with different types of crimp pins used for each connection. Initial mechanical
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Figure 6.4: Wire crimping procedure for the PCB side crimp pins. 1) Strip
a 4 mm section of the Kapton insulation. 2) Two strands of the stranded core wire are
separated from the main bundle. 3) The two separated strands are trimmed 1 mm above
the Kapton insulation. 4) Fold the stripped wire over the Kapton insulation. 5) Insert
wire into the pin making sure the Kapton part is inside the pin and then crimp the pin.

tests revealed that wires remained prone to breakage at the crimp points. To address this,
we developed a crimping procedure that ensured the Kapton insulation, not just the bare
wire, was inserted into the crimp pins. This allowed the crimp pins to form a tighter, more
secure grip on the wires. Since the Kapton insulation is more flexible and robust than the
thin 28 AWG stranded metal wire, this significantly improved the mechanical stability of
the connections by increasing resistance to tension and lateral forces. This method ensures
reliable electrical contact while providing mechanical stability. The crimping procedure for
both the PCB side and ZIF side crimp pins is illustrated and described in Fig. 6.4 and
Fig. 6.5.

Each crimped connection undergoes mechanical testing, including the application of
lateral forces, to verify its integrity and stability. This step is particularly crucial given prior
issues with connection failures caused by mechanical and thermal stress during chamber
assembly.
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Figure 6.5: Wire crimping procedure for the ZIF side crimp pins. 1) Strip a
5 mm section of the Kapton insulation. 2) Fold the wire over the Kapton insulation. 3)
Insert the wire into the crimp pin making sure the Kapton part is inside the pin and crimp
the pin right above the vent hole. In this case the entire stranded core is folded over the
Kapton insulation, as these connections interface with wider crimp pins that accommodate
the full wire gauge.

Wire to PCB soldering

Just like the soldering of the PCB + ZIF socket assembly, soldering the wires to the PCB
pads and ZIF pins requires precision and care to avoid damaging the PCB traces. The
same soldering techniques and settings described in Section 6.1.2 were used. This stage of
the process also required significant practice, with several failed attempts before a reliable
and repeatable procedure was established.

Out of the 102 wires, 21 are soldered directly to the ZIF socket pins, 19 DC and 2 RF,
while the remaining wires are soldered to the PCB side. This sequence is chosen to ensure
accessibility, as the ZIF socket pins located near the center of the PCB would be difficult
to reach if the PCB-side wires were soldered first. The crimped pins are carefully slid onto
their corresponding ZIF socket pins, followed by the precise application of solder at the base
of each pin. Maintaining proper pin orientation during soldering is critical at this stage.
Each crimped pin must remain perpendicular to the PCB surface while the solder flows,
to prevent unintended contact with neighboring traces or pins. Precision tweezers are used
to hold each pin in place until the solder solidifies, ensuring a stable and properly aligned
final connection. Following this the PCB side wires are soldered in a similar fashion.

To ensure cleanliness during soldering, each completed wire connection is immediately
wrapped in UHV-grade aluminum foil. As soldering progresses, each newly soldered wire
is carefully added to the protected bundle to prevent contamination. Once all the wires
are soldered, the assembly undergoes a final cleaning step to remove residual solder flux.
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During soldering, flux can seep into the crimp pins and into regions of the ZIF sockets that
are inaccessible from the outside. As a result, the only effective method to fully remove
this trapped flux is to sonicate the entire assembly in IPA. However, care must be taken
during sonication, as Kapton-insulated wires are not compatible with ultrasonic cleaning.
To address this, the assembly is carefully positioned in a sonicator bath filled with IPA,
with the liquid level maintained precisely just above the crimp pins. This ensures that
only the crimped regions, PCB, and ZIF socket are submerged, while the Kapton wires
remain above the solvent and are not subjected to sonication. The assembly is sonicated
for 4 minutes. After cleaning, all 102 solder joints are visually inspected and mechanically
tested using a gentle pull test to identify any weak connections that could fail during
handling or thermal cycling. Fig 6.6 shows the wire harness assembly at this point of the
procedure.

Once the wires are cleaned, the stainless steel bridge is installed onto the assembly. This
bridge is what mounts the wire harness and trap assembly inside the vacuum chamber. A
wire strain relief system is also added at this point. This consists of two stainless steel plates
with through holes in the same gird patterns as the PCB pads. Each wire soldered onto
the PCB then passes through its corresponding hole in the strain relief plate. These plates
effectively fix the wires in place and prevent any lateral forces from being transferred to
the wire-crimp joint where the wires are the weakest. This adds another layer of protection
to prevent the PCB wires from breaking during handling and installation. The wire strain
relief plates and bridge are shown in Fig 6.7.

PEEK micro-D connector assembly

Following wire soldering and cleaning, the last step is the assembly of the PEEK 100
pin micro-D connector that mates the wire harness to the vacuum feedthrough. This is
the same beige PEEK connector that comes with the commercially available wire harness
imaged in Fig. 6.2. We were not able to source just the connector itself so we salvaged
one from a previous failed commercial harness. The connector was easily removable by
unscrewing it, which separated it into two halves. The wires are held in place between
the two halves with crimp pins that fit into the connector. Once unscrewed the wires
can easily be pulled out. Now we can replace the removed wires with the clean wires we
prepared and soldered to the PCB. This connector is designed to hold wires that have
been terminated by a specific type of crimp pin which we were able to source from the
wire harness manufacturer. Each wire is passed through it’s corresponding pin hole in the
connector. At this step, careful attention has to be paid to the wire mapping from the
PCB to the micro-D connector. We made a specific mapping which minimizes the wires
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Figure 6.6: Soldered PCB+ZIF socket assembly. a) Shows the entire wire harness
assembly after the wires are soldered onto the PCB+ZIF socket assembly. b) Shows a close
up of the wires that were soldered directly onto the ZIF socket pins instead of the PCB
for easier soldering. c) Shows a side view of the assembly. This assembly was cleaned in a
sonicator bath with IPA with the IPA level just above the gold crimp pins to ensure the
Kapton wires were not sonicated.

entangling with each other. This mapping was thoroughly documented as this is what
determines what voltages will be sent to specific trap electrodes from the outside of the
vacuum chamber once it is sealed. After passing all the wires through the connector, the
Kapton insulation on each wire is stripped by 0.5 mm, inserted into the crimp pin and
crimped by a specialized crimping tool specifically designed for these crimp pins which
was also sourced from the wire harness manufacturer. Once all the wires are crimped, the
crimp pin can be aligned and pushed into the PEEK connector and the two halves of the
connector can be joined together.

This concludes the assembly of the wire harness. The finished product is shown in
Fig. 6.7. Now we have to perform thorough electrical tests on it to make sure the correct
PCB to connector mapping was followed and that there were no shorts developed between
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PCB traces and wires anywhere along the assembly process. This is done with a custom
made testing jig that has a PCB that mimics the Phoenix trap’s CPGA. This mock CPGA
is inserted into the ZIF socket and the micro-D connector is connected to the vacuum
electrical feedthrough. The testing jig has contact points which can be probed with a
multimeter. The other multimeter probe contacts the connection pins on the electrical
feedthrough. This way we can check for electrical continuity all the way for the ZIF socket
(where the trap is) to the outside of the electrical feedthrough (where we will send voltages
to the trap from). The electrical contacts on the testing jig are also labeled with the PCB
pad labels. This lets us verify the PCB to micro-D connector mapping. By probing all
100 contact points on the testing jig against all 100 pins on the electrical feedthrough, we
can check for electrical shorts between every possible pair of connections. This amounts to
4950 possible shorting paths, making the process extremely time consuming but necessary
to ensure all trap electrodes would be functional.

The PCB to micro-D connector mapping only has to be verified once after the assembly
is completed, but the electrical shorts need to be tested multiple times as the assembly of
the vacuum chamber progresses. This is because we found that shorts can easily develop
during handling of the assembly and chamber baking. These shorts are most likely caused
by small (< 1 mm) conductive particles making their way onto the PCB traces or connector
pins during assembly and installation. Therefore, it is essential to test for electrical shorts
at each stage of the vacuum chamber assembly. Since this process is highly time-consuming,
multiple lab members take turns conducting the tests. Involving multiple people not only
distributes the workload but also increases the reliability of the results by reducing the
likelihood of oversight or human error.
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Figure 6.7: Image of the completed in-vacuum wire harness ZIF socket assem-
bly. The CPGA of the Phoenix trap mounts into the ZIF socket. The stainless steel
bridge attaches the assembly inside the vacuum chamber by screwing into brackets inside
the chamber. The PEEK micro-D connector connects to the UHV electrical feedthrough
on the vacuum chamber flange which makes the electrical connections accessible from out-
side the vacuum chamber.
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6.2 Vacuum chamber assembly

The wire harness ZIF socket assembly can now be installed into the vacuum chamber.
The system is designed for the surface-electrode trap to sit at the geometric center of the
experimental chamber. Precision position of the trap in the exact center of the chamber is
necessary for optimal optical access and ion loading. Therefore, custom made alignment
jigs are used to ensure that the assembly is correctly positioned inside the chamber. This
jig is referenced to the experimental chamber by being bolted to the chamber via the
same bolting holes used for the Raman laser re-entrants. The jig has precisely machined
notches where the trap CPGA slides into. A mock mechanical sample of the trap CPGA is
installed in the ZIF socket which works as a stand in for the actual Phoenix trap. The jigs
are installed onto the chamber followed by the wire harness assembly and it is ensured that
the mock CPGA sits snugly inside the alignment notches in the jigs. This system ensures
that the trap is positioned to within 150µm of the chamber’s center. Fig. 6.8 shows this
alignment jig and it being used to align the wire-harness assembly. The alignment jigs
are removed once the wire harness ZIF socket assembly is aligned and screwed in. The
whole process of the chamber assembly is carried out in a class 10,000 cleanroom to prevent
contaminating the chamber which can adversely affect vacuum pressures. Even so much
as the presence of a single hair inside the vacuum chamber can prevent the chamber from
reaching UHV pressures, so it is vital to carry out the assembly process in a cleanroom
environment. The cleanroom environment is also essential for the microfabricated Phoenix
trap. The trap has micron-sized features that can easily be damaged by dust particles or
contaminated by microscopic debris. Fig. 6.9 shows the assembly station and cleanroom
setup where there vacuum assembly was done

6.2.1 Chamber sealing and Bake-out

After the chamber internals are installed, the chamber needs to be sealed closed and baked.
UHV systems needs to be baked whilst being evacuated using vacuum pumps to remove
the adsorbed gases from the walls of the chamber. The most common gas species that
needs to be removed is water vapor which gets adsorbed in the chamber walls when the
chamber is exposed to atmosphere. This baking is done at temperatures between 150◦

and 250◦ usually for about two weeks. The longer the chamber is baked, the more gases
are removed. However, after approximately two weeks, the pressure typically begins to
plateau, and extending the bake duration beyond this point yields diminishing returns.
Typical trapped ion vacuum chambers just go through one of these long baking cycles
to reach UHV. However, such a long baking cycle is not possible with the Phoenix trap
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Figure 6.8: Alignment jigs used to center the Phoenix trap. a) Shows an image
of the alignments jigs installed in the chamber and being used to align the wire harness
ZIF socket assembly. b) Shows a CAD rendering of the alignment jig. The mock trap
CPGA fits into the notches in the alignment jigs. These notches and the jig are referenced
to the experimental chamber and attached to it via the multiple bolts that are used for
attaching the Raman re-entrants. The large number of bolts tightly constrains the jig to
the chamber. This ensures the traps is within 150µm of the chamber’s center.

installed due to the trap’s limited baking window. To get around this, our chamber goes
through two baking stages: A long bake for approximately two weeks to remove the bulk
of the water vapor in the chamber without the Phoenix trap and ablation targets installed.
Once this long bake is completed, the trap and ablation targets are installed and the
chamber is baked again for about two days to remove any water that was introduced
back into the system whilst the trap was being installed. Once the chamber is brought
back to atmosphere after the long bake, it is imperative to install the trap and ablation
targets as fast as possible to limit the amount of water that gets introduced to the inner
chamber walls. This limitation is specific to our version of the Phoenix trap, as Sandia
National Laboratories has recently introduced an upgraded model capable of withstanding
a cumulative bake time of up to 79 days [25].

During baking, the desorped gases are pumped out using vacuum pumps. Pumping
down a chamber from atmospheric pressures to UHV requires several types of pumps. The
internal pumps of the chamber are the ion pump and the NEG pumps shown in Fig. 3.2.
However, these internal pumps can only be activated once the pressure of the chamber is
below 10−6mbar level. A turbomolecular pump is usually used to bring the pressure from
atmosphere to the 10−6mbar level. The turbomolecular pump is the pump that is turned
on whilst the chamber is baking and it removes the bulk of the gases desorped from the
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Figure 6.9: Shows the assembly station and cleanroom setup where the vacuum
chamber was assembled. We can see the chamber connected to the turbomolecular
pump in red.

chamber. All the components used during and after chamber evacuation and bakeout are
listed in Table 6.1

Component Manufacturer Model Pumping Speed Purpose

Ion Pump Agilent Technologies VacIon Plus 75 75 liter/sec Primary UHV pumping

Ion Pump Controller Agilent Technologies IPCMini NA System control

NEG Modules SAES Getters CapaciTorr HV1400 (x2) 1400 liter/sec (H2) Primary UHV pumping

turbomolecular pump Pfeiffer Vacuum HiCube 300 240 liter/sec (N2) Initial pump-down

Extractor Gauge Pfeiffer Vacuum IMG 430 NA Pressure monitoring

Residual Gas Analyzer Stanford Research Systems RGA 200 NA Gas analysis

Table 6.1: Vacuum components used to achieve UHV pressures.
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Before the baking begins, the chamber needs to be sealed closed. Sealing the chamber
is a whole process in itself. This involves attaching the experimental chamber back onto
the five-way cross (see Fig. 3.2). The experimental chamber was removed from the five-way
cross to install the wire harness assembly. Then, all the ports on the experimental chamber
need to be closed which includes viewports, re-entrants and the electrical feedthrough. All
ports on our chamber use CF flanges, which are standard in UHV systems. These flanges
employ what is known as a knife-edge seal. Both the flange and the corresponding port
on the vacuum chamber feature a sharp, machined knife-edge. A soft copper gasket is
placed between the two knife-edges and compressed as the flange is tightened with bolts,
creating a metal-to-metal vacuum-tight seal capable of withstanding extreme pressures and
temperatures. When the flange is being tightened and the copper gasket is compressed,
it is imperative that the compression occurs evenly across the entire circumference of
the gasket. Uneven compression can result in microscopic leaks at the gasket–knife-edge
interface, which can significantly compromise the vacuum seal and prevent the chamber
from reaching UHV pressures.

To ensure the copper gasket is evenly compressed and a vacuum-tight seal is achieved,
the bolts are tightened in a specific sequence using a three-stage torque procedure. The
process begins with an initial torque of 60 in-lbs, followed by a second stage at 130 in-lbs,
and concludes with a final torque of 190 in-lbs. Uniform gasket compression is verified by
measuring the gaps between flanges with feeler gauges to ensure consistency across all bolt
positions. The bolt tightening sequence is shown in Fig. 6.10.

Once the chamber is sealed, the turbomolecular pump is attached to it via an all metal
bake valve on the diagnostic chamber. To minimize turbulent airflow during the initial
pump-down, which can mobilize contaminants within the chamber and potentially lead to
wire breakage, we modify the standard flange configuration. The turbomolecular pump is
connected to the chamber via a 2.75-inch CF flange, which typically uses a copper gasket
with a 1.475-inch Inner-Diameter (ID). However, to suppress turbulence, we replace this
gasket with a modified version containing an approximately 1mm aperture. With this
modified gasket, the pump is connected, the valve is opened and the pump is turned on.
The initial pump-down is performed using a roughing pump that is integrated into the
turbomolecular pump assembly. Once the chamber pressure reaches approximately 7 mbar
(with atmospheric pressure being around 1000 mbar), the valve is closed, and the pump
is turned off and removed. At this point, the modified copper gasket, with the ≈ 1mm
aperture, is replaced with the standard 1.475-inch ID gasket. Since most of the air has
now been evacuated, the risk of turbulent airflow is minimal, and the standard gasket can
be used without concern.

After re-connecting, the turbomolecular pump is turned on and we should expect to
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Figure 6.10: Bolt tightening sequence used for sealing the CF flanges on our
vacuum chamber. The chamber has 2.75 inch CF flanges with 6 bolts, 4.5 inch CF
flanges with 8 bolts, and 8 inch CF flanges with 20 bolts.

reach pressures of 10−5mbar level within 10 minutes. If this pressures isn’t achieved within
that time frame, it indicates that there is a leak on one or more of the vacuum flanges.
These leaks need to be detected and fixed by either re-tightening the flange bolts or by
completely re-placing the copper gasket on those flanges. Leaks are detected by spraying
the outside of the flanges with helium gas. If there is a leak, the helium enters the chamber
and is detected via the RGA connected to the diagnostic chamber. The RGA has a
special leak testing setting that makes it extra sensitive to helium gas. Helium is great for
leaking testing due to is small atomic size, inert nature, and low natural abundance in air.
The flange–chamber interface is sprayed with helium, and the partial helium pressure is
monitored using the RGA. Any spike in the helium signal above the baseline indicates a
leak at the location being sprayed at that moment.

The long bake

Once the ≈ 10−5mbar pressure is achieved with just the turbomolecular pump. We can
begin the long bakeout of the chamber. For our chamber, this bakeout is done at 150◦

C. The bakeout temperature is limited by the temperature rating of the electrical contact
pins on the ZIF socket, as recommended by the socket manufacturer.

The turbomolecular pump is removed, and the chamber is moved into the environmental
temperature chamber. This environmental chamber is the TestEquity 1027C Temperature
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Figure 6.11: Image of the vacuum chamber inside the TestEquity 1027C Tem-
perature Chamber. The bellows for the turbomolecular pump are feed into the temper-
ature chamber through a feedthrough on the right.

Chamber which has a temperature range between −73◦ C and 200◦ C. The turbomolecular
pump is connected back to the chamber through a feedthrough on the temperature cham-
ber. Fig 6.11 shows the vacuum chamber inside the environmental chamber. An important
step before starting the long bake is the degassing of the extractor gauge, ion pump and
RGA. These components have filaments/electrodes that can accumulate deposits during
operation. The degassing procedure involves operating these electrodes at higher-than-
normal temperatures, which removes the accumulated deposits and contaminants. This
process must be carried out while the turbomolecular pump is running so that the released
materials are efficiently pumped out of the chamber. The degassing can also only be done
at chamber pressures of 10−7mbar or below as these components cannot operate at higher
pressures as the filaments/electrodes can burnout under the higher gas load. The degassing
procedure is described below:

1. Turn ON the turbomolecular pump
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2. Wait for the turbomolecular pump and its connections to reach 10−5mbar

3. Open the all metal bake vale

4. Ramp the temperature from room temp (30◦ C) to 150◦ C at a rate of 20◦ C/hr

5. Once the pressures reaches 10−7mbar, turn ON the extractor gauge

6. Ramp the temperature down to 30◦ C at a rate of 20◦ C/hr

7. First degas the RGA filament

8. Then degas the extractor gauge

Now the long bakeout can begin. The long bakeout procedure is described below:

1. Turn ON the turbomolecular pump

2. Turn OFF the extractor gauge. As the pressure will go up with rising temperature

3. Ramp the temperature from room temp (30◦ C) to 150◦ C at a rate of 20◦ C/hr

4. Once the pressures reaches 10−7mbar, turn ON the extractor gauge

5. Ramp the temperature down to 80◦ C at a rate of 20◦ C/hr. This is the temperature
at which the NEG pumps are activated as per the manufacturers recommendation

6. Activate the NEG pumps (550◦ C for 1 hour and 15 minutes)

7. Ramp the temperature up to 150◦ C at a rate of 20◦ C/hr

8. Leave the chamber at 150◦ C for 2 weeks or until the pressure reaches a stable plateau.

9. Ramp the temperature down to 80◦ C at a rate of 20◦ C/hr.

10. Re-activate the NEG pumps (550◦ C for 1 hour and 15 minutes)

11. Ramp the temperature down to 30◦ C at a rate of 20◦ C/hr

12. Degas the ion pump

13. Turn ON ion pump
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At the end of the long bakeout, the chamber went down to a lowest pressure of 3.64×
10−11mbar. The temperature is always ramped at a rate of 20◦ C/hr. This is done to ensure
that there is no rapid thermal expansion on the chamber viewports. Rapid expansion can
lead to the failure of the glass-metal seal on the viewports which can introduce microscopic
leaks. Such leaks can only be fixed by replacing the viewports. This is something we have
to be extremely careful about as the viewports on our chamber are custom made with
custom coatings which can take upto 6 months to replace.

Trap and atomic source installation

Once the long bakeout is completed, the most challenging phase of the assembly begins:
installing the ablation targets and the Phoenix trap. As detailed in the introduction to
this chapter, several factors contribute to the complexity of this step: the radioactivity of
the ablation target 133Ba+, the rapid oxidation of the metal ablation target, the limited
baking tolerance of the Phoenix trap, and the lack of replacements for many components.
To minimize the risk of failure, a detailed step-by-step checklist was developed, refined
over several weeks, and validated through multiple practice runs.

The day before the long bakeout is finished and the chamber is removed from the
temperature chamber, the non-radioactive BaCl2 ablation target strips are prepared and
installed on the ablation target holder. Once the chamber is removed from the temperature
chamber, is it kept sealed until the Phoenix trap can be installed. The cleanroom used
for this assembly is a shared space between multiple laboratories. However, due to the
radioactivity of the 133Ba+ atomic source, the facility had to be closed off to all other users
during this stage of the assembly. This created yet another obstacle, as we had to complete
the work within a limited time frame to ensure the facility could be reopened for other
researchers.

On the day of the installation, one lab member begins the preparation of the radioactive
BaCl2 ablation target strips. This and other subsequent steps involving the radioactive
sample are done under the supervision of the University’s radiation safety officer. These
strips are prepared according to the ablation target recipe outlined in section 5.1 and
then installed onto the front part of the ablation target holder which holds the radioactive
source as seen in Fig. 5.7. The preparation of the BaCl2 ablation target strips and
their installation onto the target holder were performed by PhD student Hawking Tan.
Simultaneously, another lab member begins the preparation of the barium metal ablation
targets. To prevent oxidation of barium metal, this preparation step is performed inside a
nitrogen glove box which keeps the oxygen and moisture level below 0.01 Parts-Per-Million
(PPM). The barium metal which comes packaged inside the argon filled glass ampules
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is removed from the ampules inside this glove box. Since the barium metal can come in
chunks of varying shapes and size, the chunks are shaped into cuboids using a custom-made
press. The barium metal is then installed on the back part of the ablation target holder
which holds the non-radioactive BaCl2 strip and the barium metal as seen in Fig. 5.7 . The
non-radioactive strip was already installed onto this holder the day before. The barium
metal is installed onto the holder and is it ensured that the surface normal of the target
is pointing towards the trapping region of the Phoenix trap. This target holder is kept
inside the glove box until the next step of the installation can begin. The preparation of
this barium metal target was performed by post-doctoral researcher Dr. Akbar Jahangiri
Jozani.

Simultaneously to the preparation of the radioactive and barium metal ablation targets.
Two lab members begin the installation of the Phoenix trap into the experimental chamber.
The trap is installed from the bottom of the experimental chamber and screwed in from
the sides. This requires us to remove just three ports from the experimental chamber: the
bottom imaging re-entrant and the two Raman beam re-entrants. The trap is then carefully
installed into the ZIF socket and secured in place. Extreme care must be taken when
handling the trap to avoid damaging any of the sensitive electrodes or wire bonds. Although
the installation is performed in a cleanroom environment, it is still important to minimize
the trap’s exposure time to atmosphere, as dust particles and other contaminants are still
present, even in cleanrooms, and could damage the microfabricated device. The Phoenix
trap installation was performed by PhD student Akimasa Ihara and the author. The final
orientation of the trap inside the chamber was thoroughly verified and documented by
multiple lab members. Fig. 6.12 shows the Phoenix trap installed inside the experimental
chamber and process of doing so.

Once the Phoenix trap is installed. The lab member preparing the barium metal
ablation target and holder is informed and instructed to remove the metal target from
the nitrogen glove box and bring it to the cleanroom. The radioactive BaCl2 targets are
brought into the cleanroom at the same time. Now the clock starts ticking and we have to
install these ablation targets into the chamber as quickly as possible to reduce the oxidation
of the barium metal.

First, the two parts of the ablation target holders need to be joined together and then
installed onto the metal shield shown in Fig. 6.1. The barium metal ablation target is
brought to the cleanroom from the nitrogen filled glove box inside a nitrogen filled bag.
This bag is quickly passed onto lab members who are assembling the ablation target holder
+ shield assembly. To minimize oxidation of the barium metal during this step, a in-house
made plastic glove bag was built by us to perform this step in. This glove is constantly
supplied with nitrogen gas and an oxygen sensor is used to ensure the oxygen content is
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Figure 6.12: Installation procedure of the Phoenix trap. a) Shows PhD student
Akimasa Ihara installing the Phoenix trap into the experimental chamber from the bottom.
After the trap is inserted into the ZIF socket, another lab member tightens it in place. b)
Shows a bottom view of the trap installed in the experimental chamber. c) Shows a side
view of the trap installed in the chamber.

close to zero percent. The two parts of the ablation target holder are place inside this
nitrogen environment along with all the tools required to assemble them. Fig. 6.13 shows
this smaller nitrogen glove bag and the ablation targets holders being assembled inside it.
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Figure 6.13: Assembly of the ablation target holder + shield assembly inside
the nitrogen filled glove bag. a) Shows the smaller in-house made nitrogen filled glove
bag used to assemble the ablation target holder + shield assembly in order to minimize
exposure of the barium metal to oxygen and reduce oxidation. Two lab members need to
work together to put the assembly together using tweezers and screw drivers. b) Shows
the two halves of the ablation target being joined together. c) Shows the ablation target
being installed onto the metal shield.

Once the ablation target holder + shield assembly is ready, it can be installed into
the experimental chamber. We also need to minimize the exposure of the barium metal
to oxygen once the ablation targets are inside the chamber as well as it can take several
minutes to seal the chamber back up and start pumping. For this another larger in-house
nitrogen filled glove bag was made which was installed at the bottom of the chamber on
the experimental chamber. Then the entire vacuum chamber and the glove bag were filled
with nitrogen until almost all the oxygen was displaced as measured by an oxygen meter.
This larger glove bag is shown in Fig. 6.15. One lab member gets underneath this glove
bag and installs the ablation target holder + shield assembly whilst other lab members
pass all the required components and tools through an opening in the glove bag. Once the
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ablation target holder + shield assembly is installed, we immediately begin sealing up the
chamber.

Figure 6.14: Shows the ablation target holder + shield assembly installed inside
the experimental chamber. a) and b) shows two views of the ablation target + shield
installed inside the chamber after it was sealed. In a) we can clearly see that the barium
metal source still has the its silvery metallic surface that it had before being removed
from the glass ampule. This indicated that we were successfully able to mitigate excessive
oxidation of the barium metal. c) Shows an image of the metal shield installed in the trap
from the bottom of the chamber before it is sealed.

The larger glove bag is kept on until the chamber is sealed following the bolt tightening
procedure described earlier. Fig 6.14 shows the multiple views of the ablation target holder
+ shield assembly installed inside the chamber. Using these in-house made nitrogen filled
glove bags, we were able to greatly reduce the oxidation of barium metal atomic source. We
can clearly see in Fig 6.14 c) that the barium metal still has its silvery metallic surface with
barely any oxidation compared to the images in Fig 5.6 b). Thus, the additional effort and
complexity introduced into the assembly procedure to reduce oxidation proved worthwhile,
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as it gives us greater confidence in reliably producing neutral barium atoms from the
metallic barium source without significant risk of barium oxide flakes contaminating the
surface-electrode trap.

The turbomolecular pump is then attached and the bulk of the nitrogen gas and residual
oxygen is pumped out. During this initial pumping, the small aperture copper gasket
is again used to reduce turbulent air flow in the chamber and then replaced with the
regular gasket. At this point, all flanges on the vacuum chamber are checked to ensure
even compression of the copper gaskets with feeler gauges. Once the pressure reaches
approximately 10−5 mbar , the valve is closed, the turbomolecular pump is removed, and
the chamber is transferred back to the temperature chamber for the short bakeout, after
which the turbomolecular pump is reconnected.

Figure 6.15: Nitrogen filled glove bag for installation of the ablation target
holder + shield assembly. a) Show the larger in-house made nitrogen filled glove bag
attached over the experimental chamber with cleanroom grade tape. The bag and the
vacuum chamber are filled with nitrogen gas to minimize the exposure of the barium metal
to oxygen whilst it sits in the chamber while it is being sealed. b) Shows PhD student
Akimasa Ihara underneath the glove bag installing the ablation target holder + shield
assembly whilst other lab members hand in components and tools through an opening in
the glove bag.
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The short bakeout

Now the short bakeout of the vacuum chamber can begin. This bakeout is meant to remove
any moisture or gases adsorbed into the chamber walls during the ablation targets and trap
installation. The short bakeout procedure is described below:

1. Turn ON the turbomolecular pump

2. Wait for the turbomolecular pump and its connections to reach 10−5mbar

3. Ramp the temperature from room temp (30◦ C) to 120◦ C at a rate of 20◦ C/hr

4. Leave the chamber at 120◦ C until a pressure of 10−7mbar is achieved. We would
like to have this low pressures for degassing and leak checking

5. Turn ON the extractor guage

6. Ramp the temperature from 120◦ C to 30◦ C

7. Degas the RGA filament

8. Degas the extractor gauge

9. Perform leaks check on all the chamber’s flanges using helium

10. Ramp the temperature from 30◦ C to 80◦ C at a rate of 20◦ C/hr

11. Activate the NEG pumps (550◦ C for 1 hour and 15 minutes)

12. Ramp the temperature from 80◦ C to 150◦ C at a rate of 20◦ C/hr

13. Leave the chamber at this temperature for a maximum of 60 hrs (limited by the
Phoenix trap’s baking constraint) or until a pressure of high 10−9 mbar is reached

14. Ramp the temperature from 150◦ C to 80◦ C

15. Re-activate the NEG pumps (550◦ C for 1 hour and 15 minutes)

16. Ramp the temperature from 80◦ C to 30◦ C

17. Turn ON the ion pump
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Figure 6.16: Moving the vacuum chamber to the Lab. a) and b) shows the process
of moving our vacuum chamber from the cleanroom in RAC-1 where it was assembled to
our lab in RAC-2. c) Shows our vacuum chamber installed onto the optics table in our lab.

The vacuum chamber is kept in the temperature chamber until the pressure reaches a
stable value. Whilst in the temperature chamber, another round of electrical tests is done
to check for electrical shorts. During this electrical testing, it was discovered that one of
the DC electrodes was shorted to the ground point of the PCB. The vacuum chamber was
removed from the temperature chamber and another round of leak checks was conducted.
Once this was done, the vacuum chamber can be moved from the cleanroom and moved to
our lab.

Fig. 6.16 shows the process of moving the vacuum chamber from the cleanroom to the
optics table in our lab. During this move, a Uninterruptable-Power-Supply (UPS) was
used to keep the ion pump turned on so that the pressure in the chamber wouldn’t go up
too much. Once the chamber was installed onto the optics table, the chamber pressure
was approximately 4× 10−11mbar. However, after moving the pressure keeps going down
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as the ion pump and the NEG pumps are still pumping. A few days after the move, the
pressure stabilized to approximately 3 × 10−11mbar. The chamber was moved to the lab
in late November 2024. At the time of writing this thesis in July 2025, the pressure still
sits at the ≈ 3× 10−11mbar range. Fig. 6.17 shows the pressure of the chamber with time
from the start of the short bake to a few days after it was moved to the lab. Therefore,
we were successfully able to install the Phoenix trap, a radioactive BaCl2 atomic source, a
metallic barium source with minimal oxidation and a wire harness with ∼ 100 connections
inside our vacuum chamber and achieve low UHV pressures of ≈ 3× 10−11mbar.

We conducted another round of electrical tests after the move and discovered that two
more DC electrodes were shorted to the ground point of the PCB. This is not a surprise
given the shorts we have seen in the past developed during previous installations and baking
runs. Discussions with other research groups using similar ion traps informed us that it is
actually very difficult to install these surface-electrode traps without developing any shorts
and the best course of action is to just use the trap with a few shorts on it rather that
try to fix them. The three shorts in our trap will not stop us from trapping as we only
need about 3-5 consecutive unshorted DC electrodes to trap a chain of 16 ions given a 4µm
separation between neighboring ions. These shorted electrodes are also shorted to a ground
point which is better than no connection to them as them being grounded means they are
not floating and won’t accumulate stray charges which can distort the trap’s confining
potential. Actually, assembling this whole system with just 3 shorts out of the 152 DC
electrodes on the trap is quite a big achievement given the lack of PCB solder mask, the
sheer number and spatial density of the connections, and the sensitive components on the
microfabricated trap.
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Figure 6.17: Pressure of the vacuum chamber during the short bake and a few
days after it was moved to the lab. The plotting begins once the pressure reaches
the 10−7mbar level as that is when the extractor gauge can be turned on. The plot shows
several spikes and gaps. The spikes are due to the degassing procedures done during
bakeout and the gaps are due to connection loss or turning the gauge off when moving the
chamber. The chamber was moved to the lab on November 25th 2024 and we can see that
about 4 days after that the pressures started to plateau to around 3× 10−11mbar.
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6.3 Summary

The centrally mounted surface-electrode trap design of our vacuum chamber maximizes
both optical access and conductance from the trap to the vacuum pumps. These two
capabilities are critical: the high optical access enables precise individual ion addressing
for tunable, all-to-all interactions between ions, while the high conductance ensures ex-
ceptionally long ion lifetimes—an essential requirement for executing extended, large-scale
experiments. Together, they create a uniquely capable platform for performing sophisti-
cated quantum simulation protocols that would be difficult to realize in more conventional
trap geometries. In this chapter, we have demonstrated that it is indeed feasible to build
a UHV compatible wire harness using only commercially available components to route
nearly 100 electrical connections to a centrally mounted trap. This achievement not only
validates the practicality of the centrally mounted architecture, but also establishes a
scalable, reproducible pathway toward the next generation of ion trap experiments that
demand both high optical access and the ability to sustain large, stable ion chains over
long durations.

The chapter then detailed the assembly of the vacuum chamber, which integrates three
highly desirable features into a single platform: a microfabricated surface-electrode trap
for scalable ion trapping experiments, a radioactive barium-133 atomic source for high-
fidelity qubit initialization and readout, and a metallic barium atomic source for robust
and repeatable ion loading. The stringent constraints imposed by the Phoenix trap’s
baking limits, as well as the challenges posed by the radioactivity and rapid oxidation of
the atomic sources, required the development of innovative solutions. These solutions do
more than simply overcome technical hurdles—they pave the way for integrating advanced
ion trapping technology with challenging atomic sources in a UHV environment.

In doing so, this work brings us one step closer to realizing large-scale, high-fidelity
quantum simulations, by demonstrating that such a complex and demanding system can
be designed, assembled, and operated with readily available components.
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Chapter 7

Summary and outlook

The work described in this thesis broadly contributes to addressing some of the technical
challenges involved in building a trapped ion system capable of performing large-scale
quantum simulation experiments. A significant portion of my master’s degree was devoted
to assembling the vacuum internals and the vacuum chamber itself. Through this process,
I gained firsthand experience with the many components required to build a trapped ion
system. This work gave me direct insight into the precision, patience, and attention to
detail necessary to bring such systems into operation, as well as an appreciation for their
inherent sensitivity. These experiences deepened my respect not only for the efforts of
experimental physicists in the field, but also for the contributions I was able to make
myself.

The results in Chapter 4 provide an estimate of the largest stray electric fields that can
be compensated for with the Phoenix trap, given the voltage output limits of the DAC
used in our system. These estimates were obtained through numerical simulations of single-
ion trajectories under the electric potential generated by the Phoenix trap. Our results
quantitatively demonstrate that the Phoenix trap is capable of effectively compensating
for the typical stray electric fields—and therefore excess micromotion—encountered in
trapped-ion systems. Since these results are based on numerical simulations, the next
natural step will be to experimentally verify the micromotion compensation range of our
trap once ions have been successfully trapped.

We discussed how one of the biggest problems of the surface-electrode trap architecture
is the shallow trap depth. The shallow trap depth of surface-electrode traps presents an
obstacle in trapping the fast moving atoms, especially from BaCl2 salt, generated by laser
ablation. The results in Chapter 5 demonstrated that laser ablation of barium metal
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produces a larger number of slower atoms compared to BaCl2 salt. The atomic plume
generated from the ablation of barium metal contained a significant number of atoms with
kinetic energy less than the maximum trap depth achievable by the Phoenix trap which
suggests that loading rates from a barium metal source are expected to be much higher in
surface-electrode traps. This is a very important result as both barium ions and surface-
electrode traps are becoming increasingly popular in the trapped ion community and this
results demonstrates how barium metal can be a very promising atomic source for barium
based surface-electrode trap systems. In this chapter we were able to conclude from the
measurement of the velocity distribution of the atomic plume that barium metal should
lead to higher loading rates, however, a much more concrete result would be to actually
trap barium ions and experimentally measure the loading rates in our trap. Since our
system has both metallic barium and BaCl2 salt ablation targets, the next obvious step
of this work would be to experimentally measure the loading rates from both sources and
show that the metallic source does indeed lead to higher loading rates in surface-electrode
traps.

The results in Chapter 6 revolved around assembling our vacuum chamber. We dis-
cussed the issue of bringing ∼ 100 electrical connections to a centrally mounted surface
electrode trap. We showed that it is indeed possible to implement a UHV compatible wire
harness solution that makes these connections possible with commercially available com-
ponents. We then discussed the very complex assembly procedure of a vacuum chamber
that featured a surface-electrode trap with a limited baking window and a multi-species
atomic source with radioactive and rapidly oxidizing barium ablation targets. The suc-
cessful assembly described in this chapter proves that it is indeed possible, with a lot of
patience and planning, to construct a trapped ion system with a lot of desirable features
which include a surface-electrode trap, low UHV pressure, high NA optical access, and
a multi-species barium atomic source with high trapping probability. System with such
features are what will enable scalable, large scale and high fidelity quantum simulation and
computation experiments.

The next step for this system is to trap barium ions. The first isotope we will attempt
to trap will of course be 138Ba+ from the barium metal ablation target as the metal target
will facilitate in trapping with a system that has not yet been optimized. The next steps
involve setting up the optical and electrical infrastructure in the lab required for trapping
ions which the group is currently working on. This requires setting up the optical system
for delivering the 493 nm, 650 nm, 553 nm and 405 nm laser beams required for ion
loading, Doppler cooling and SPAM. Once an ion is trapped we can begin optimizing system
parameters such as laser frequencies, laser intensities, laser beam alignment, aligning the
ion imaging system for state detection and trapping voltages etc. Once the system is
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setup and optimized, we can begin characterizing it. This can include measuring the trap
frequencies, micromotion, loading rates and demonstrating Rabi oscillations. Much of
the design choices of our vacuum chamber revolved around optimizing optical access for
individual addressing of ions and lower vacuum pressures for long ion lifetimes. Therefore,
setting up the Raman individual addressing system and imaging system that uses the high
NA viewports on our vacuum chamber would prove the real capabilities of this system.
Proving these capabilities would require measuring the SPAM and gate fidelities, optical
crosstalk and ion lifetimes of a long chain of ions. From there on, the system would be
able to tackle large scale quantum simulation problems that are far beyond the reach of
a classical computer. This includes quantum simulation of spin models with arbitrary
connectivity. With Raman-based individual addressing and control of ion–ion interactions,
it becomes possible to engineer tunable spin Hamiltonians where the interaction range and
graph connectivity can be precisely programmed. This allows us to explore a wide class of
many-body phenomena, such as long-range Ising models, magnetism, or dynamical phase
transitions. The technical challenges addressed in this thesis will hopefully contribute to
the exploration of complex physical phenomena and to a deeper understanding of nature.
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Component Manufacturer Part Number Specifications

DC wires Accu-Glass 100690 28 AWG,
Kapton-
insulated,
stranded core

RF wires Accu-Glass 112366 26 AWG,
Kapton-
insulated,
solid core

ZIF socket Tactic Electronics 100-4680-001A 100-pin, UHV
compatible,
Au plated

PCB PCBway Custom No solder
mask, exposed
Cu traces

PCB crimp Pins DigiKey 1807-0-15-15-43-27-04-0 Au plated, for
PCB connec-
tions

ZIF crimp Pins Accu-Glass 100180 Au plated, for
ZIF connec-
tions

Micro-d connector crimp Pins MPF Products A11543-1 Be-Cu alloy,
0.018” diame-
ter

PEEK Micro-D connector MPF Products A9601-100-36 100-pin UHV
feedthrough
interface

UHV solder Accu-Glass 110796 Pb-free, UHV
compatible

UHV flux Accu-Glass 110797 Isopropyl
soluble, UHV
compatible

Table A.1: Components used in the In-vacuum wire harness assembly. All
components are UHV compatible as our chamber achieved ≈ 3×10−11 pressure with these
components inside.
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Tool Manufacturer Part Number Purpose

Connector Crimp Tool MPF Products A4109-1-CT Micro-D connector assembly

PCB/ZIF Crimp Tool Sopoby HSC8 6-4A Wire terminal crimping

Wire Stripper DigiKey KS03-ND Kapton wire preparation

Soldering Iron Weller 10040293 Temperature-controlled sol-
dering

Soldering Tip DigiKey T0054460199N-ND Fine-point, temperature-
stable tip

Table A.2: Tools used for the in-vacuum wire harness assembly.
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