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Abstract

This thesis describes experimental work towards the development of a trapped-ion quan-
tum computer based on microchip ion traps and long-wavelength radiation, using mag-
netic field gradients. The relationship between experimental parameters and two-qubit
gate fidelity is investigated for microchips with two different static magnetic field gradi-
ent generation methods. For current-carrying wires and under-chip permanent magnets,
optimum ion heights of 110 pm and 200 pm are found respectively.

Construction of an experiment capable of demonstrating high-fidelity gates is reported,
including innovations for the use of microchip ion traps with permanent magnets. The de-
velopment of a vacuum system for versatile microchip experiments is described, including
new methods for impedance-matched RF delivery, in-vacuum filtering and liquid nitrogen
microchip cooling. Protection of both the microchip surface from atomic flux and of ions
from the charged imaging viewport are both investigated in detail.

A new preparation framework for microchip ion traps before their use in experiments
is developed. In order to remove unwanted deposited layers on the microchips, a process
of multiple chemical treatments is used. In addition, these characterisation efforts lead to
refinement of the microfabrication process for future microchips.

The application of large currents to microchips is of fundamental importance to scalable
trapped-ion quantum computing using static magnetic field gradients. As part of the
characterisation process, currents of ~ 10 A are successfully applied to microfabricated
current-carrying wires, demonstrating the viability of these structures for generation of
local magnetic fields and gradients in a quantum computing device.

The operation of a microchip ion trap experiment with under-chip permanent magnets
for a high magnetic field gradient (=~ 140 Tm™!) is described. The successful trapping
of ytterbium-174 and -171 ions is reported, as well as their use to measure and optimise
the ion trap parameters. The thesis concludes with consideration of the expected future

results from the ongoing operation of the experiment.
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1 Introduction

The research area of quantum technologies aims to harness the quantum mechanical be-
haviour of physical systems to develop devices with capabilities beyond what is possible
with classical physics. In conducting this research, it is possible to gain insights into the
foundations of quantum physics by observing and manipulating the behaviour of individual
quantum objects.

Research in the field of quantum technologies has proliferated in the last two decades
as a result of the success of early proof-of-principle experiments, and the potential capa-
bilities offered by the fully-developed devices. In some areas, quantum technologies have
successfully made the transition from the laboratory to commercial products. For exam-
ple, in the span of less than 30 years, quantum cryptography has progressed from its first
proposal in 1983 [1] to devices being offered for sale by multiple companies, and has been
used to secure bank transfers, communicate election results and to encrypt a city-wide
communication network.

Quantum simulation is another area of quantum information research that has devel-
oped rapidly in the past few decades, following Feynman’s 1981 description of a quantum
machine capable of simulating any possible quantum system [2]. The development of such
a device can be greatly simplified by restricting its capabilities to the simulation of a
specific physical problem that is unsolvable using classical computers [3]. Such systems
have been used to simulate the Dirac equation and Klein paradox [4, 5] and systems of
frustrated Ising spins [6, 7].

One of the ultimate goals of quantum technologies research is the development of a
universal quantum computer. Significant progress has been achieved towards this goal, as
described later in this chapter, using a wide range of architectures. Currently, research is
active in a large number of laboratories globally, aided by significant recent investments by
funding agencies as well as in an increasing number of commercial technology companies.
It is therefore an exciting time to be active in the research area of quantum information,
where the current improvements in control of quantum systems being made by many
technologies are resulting in advancements in our understanding of the underlying physics.

The discovery of quantum effects such as discrete energy levels, superposition and quan-
tum tunnelling led to the development of devices such as transistors, lasers and atomic
clocks, which made possible the modern electronics and communication systems that are
ubiquitous today [8]. What is compelling about the field of quantum information is that
a second generation of devices resulting from current research efforts have the potential

to revolutionise technology in a similarly dramatic way.
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1.1 Classical information processing

The basic building block of classical information is the ‘bit’, which is a single unit of
Boolean data that can take the value of true (1) or false (0). Such binary data has been
historically stored physically, for example in the presence or absence of holes punched
in paper tape, but in modern computers is stored electrically, in the voltage levels of
transistor circuits.

Computations using these bit-strings are achieved using logic gates, which form the basis
of classical information processing. A logic gate is a function that maps a fixed number
of input bits to a fixed number of output bits. Examples include the NOT gate (which
inverts the bit value), the AND gate (outputs 0 unless both inputs are 1) and the OR gate
(outputs 1 unless both inputs are 0), for which the symbols and logic tables are shown in
table 1.1. This set of gates is universal, meaning any logical operation can be achieved

using a combination of these three gates [9].

NOT gate (—) AND gate (A) OR gate (V)
A B AAB A B AVB
A -A 0 0 0 0 0 0
—Do— 0 1 D— 0 1 0 :D— 0 1 1
10 1 0 0 1 0o 1
1 1 1 1 1 1

Table 1.1 — The three logic gates that are universal for classical computing. The
schematic symbol for each gate is shown, along with its logic table, which shows the
gate output for given input(s).

In modern electronic computers, such gates can be achieved with transistor circuits. Ad-
vancements in semiconductor device fabrication in the 1960s allowed for the development
of integrated circuits, which incorporate large numbers of transistors and other electronic
components into single microchips. These integrated circuits are much less expensive to
produce than assembled logic circuits of discrete components, as they can be fabricated as
a complete unit using photolithography. The small sizes and separations of these compo-
nents permit very efficient operation of integrated circuits, allowing for high computational
powers and low power consumption devices.

In the 1960s and 1970s it was predicted that the number of transistors in integrated
circuits would approximately double every two years [10, 11] (commonly referred to as
Moore’s law), and manufacturing of integrated circuits has subsequently followed this
trend. The continued reduction of the size and separation of components has resulted in
increasing numbers of components per device and therefore computing power.

However, there are predictions that this exponential increase in transistor density will
begin to slow in the next decade as feature sizes of integrated circuits approach dimen-
sions where quantum mechanical effects begin to interfere with their operation [12]. An
additional challenge to this continued miniaturisation is the increasing heat density that

must be removed from the integrated circuits [13]. Although there is no consensus on the
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minimum achievable feature size or transistor density, the fact that there is a lower bound
on feature size due to quantum mechanics requires further innovation to achieve future
devices with significantly higher computational power.

Quantum computing is a completely alternative method of processing information. By
harnessing rather than suppressing the fundamental quantum behaviour of small objects,
it is possible to solve problems that are beyond the capabilities of any future classical com-
puter of any size and processing speed. This powerful new form of technology opens the
door to new realms of research that can currently only be coarsely approximated by clas-
sical computers, such as simulating the dynamics of complex molecules, or designing new
materials for use in extreme environments, as well as tasks that are currently impossible,

such as the factorisation of very large numbers.

1.2 Quantum computing

The basic building block of quantum information is the quantum bit, or ‘qubit’. In general,
a qubit is a linear superposition of its basis states, which correspond to the ‘0’ and ‘1’
possible values of the classical bit above. Quantum states can be concisely represented
as ‘kets’ in Dirac notation, for example |¥), and in the case of qubits these states can be

written as a linear combination of basis states
1 0
|¥) = «|0) + 5 |1), where |0) = 0 and |1) = ) (1.1)

where in general, a and [ are complex coefficients. Expressing qubit states as two-
component vectors allows for operations on those qubits to be expressed as matrices.
Measurement of the state |¥) in the {]0),|1)} basis will yield the results ‘0’ and ‘1’ with
probabilities |a|? and |B|? respectively. It follows that the coefficients are required to
satisfy the normalisation condition |a|? + |S]? = 1.

Quantum information processing uses these qubits to perform computations. By prepar-
ing a register of n qubits in a superposition of its 2" basis states, calculations can be
performed on the many basis states of the qubit register in parallel, allowing for an ex-
ponential speed-up compared to classical information processing, which would have to
perform the computation for each of the 2™ possible initial states in turn.

Specific examples of this computational speedup include Shor’s algorithm for the fac-
torisation of large numbers [14], Grover’s algorithm for searching large databases [15],
and the Deutsch-Jozsa algorithm for function discrimination [16], and in 1989 Deutsch
described the extension of these techniques to a more general class of problems, laying the
theoretical groundwork for a universal quantum computer [17].

These algorithms are comprised of a series of quantum logic gates, which perform trans-
formations on the state of a qubit, and can be represented by unitary matrices. One
example of a single-qubit operation is the Hadamard (H) gate, which maps the pure
states |0) and |1) above into superposition states, for example H [0) = (|0) + |1)) /v/2.
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Another example of a quantum logic gate is the two-qubit controlled-NOT gate (CNOT)
operation. If the input states are classical (meaning not in superpositions), the behaviour
of the CNOT gate is to perform a bitflip operation on a target qubit, conditional on the
control qubit being in the ‘1’ state. On more general quantum states, the CNOT gate

performs the transformation
a0) |0) + B0} [1) + v [1) |0) + 6[1) [1) = [0} [0) + B0) [1) +6[1) [0) + v [1) [1). (1.2)

Expressing a general two-qubit state as a four-component vector, where the components
are the coefficients for each combination of its basis states, allows the CNOT gate to be
represented as a 4x4 matrix. The schematic symbol and matrix representation of three

quantum gates (including the CNOT) are shown in table 1.2.

Hadamard gate Phase gate CNOT gate
10

sl ) ca) e
0

Table 1.2 — The universal logic gates for quantum computing, showing the schematic
symbol and unitary matrix for each.

O O =
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The Hadamard and CNOT gates, together with the single-qubit phase gate (which intro-
duces a phase shift 6 to the |1) component of the qubit state), form a universal set of gates
for quantum computing [9]. By performing a series of these quantum gates, computations
can be performed on a register of input qubits. Also, by preparing two qubits in the initial
state |0) |0) and applying a CNOT gate after a Hadamard rotation on the control qubit,
we can generate the maximally-entangled Bell state |®T) = (|0) [0) + |1) [1)) /v/2. Mea-
surements of the states of these qubits in the {|0), |1)} basis will be perfectly correlated,
even when the qubits are spacelike separated.

This correlation between the states of objects is a quantum phenomenon known as en-
tanglement, the study of which underpins the majority of quantum information research.
Quantum entanglement is a resource used by quantum computers to effect their computa-
tions on multiple qubits, and when combined with superposition provides the toolkit that
makes powerful computations using quantum computers possible. The ability to experi-
mentally generate entangled quantum states is therefore an important point of progress
for quantum computing and the broader subject of quantum technologies.

The source of this increased computational power, namely using entanglement and quan-
tum superpositions of the qubit registers for for calculations, also provides the major chal-
lenge to the construction of a quantum computer — decoherence. A qubit in a superposition
state will be perturbed to a different state if it interacts with its environment, making it
extremely delicate. A major research milestone towards functional quantum computers
is therefore the experimental demonstration of qubits with low decoherence rates, and of

‘high-fidelity’ quantum gates, meaning operations with low error rates.
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1.2.1 The DiVincenzo criteria

The conditions for a fully-functional quantum computer, including those discussed above,
were first listed by DiVincenzo in 2000 [18] as follows:

1. A scalable system with well-isolated qubits

2. The ability to initialise the state of the qubits to a simple fiducial state
3. Long relevant coherence times, much longer than the gate operation time
4. A ‘universal’ set of quantum gates

5. A qubit-specific measurement capability

There are a number of physical systems that are promising candidates for the implemen-
tation of a quantum computer when judged against these criteria, including single pho-
tons [19], superconducting qubits [20], neutral atoms [21], quantum dots [22] and trapped
ions [23].

In later chapters, the use of trapped ions as an implementation for quantum computing,
and its fulfilment of these criteria, is described in detail. With the preparation, ma-
nipulation and detection of small numbers of qubits having been achieved in a range of
implementations, the main challenge facing the field of quantum computing research is the
first criterion, the scalability of a system. As such, in addition to incremental increases
in gate fidelities and qubit numbers, one of the major research efforts in the field is the
demonstration of quantum computing techniques within a scalable architecture.

Comparing the progress of quantum computing to its classical computer ancestors, an
analogy can be drawn between the current generation of quantum computing prototypes
and the vacuum tube computers of the 1940s, which were bulky, expensive and unreli-
able. In essence, the field of quantum technologies is currently searching for its ‘quantum
transistor’ — a durable, inexpensive basic building block for quantum computing that is

scalable to large devices.

1.3 Alternative approaches to quantum computing

To provide context for the trapped-ion approach to quantum computing, this section gives

a brief overview of two alternative approaches, as well as their achievements and challenges.

1.3.1 Superconducting qubits

Superconducting qubits are electronic circuits that are cooled near absolute zero using
dilution refrigerators, at which temperature various properties of the circuits (including
charge [24], current direction [25] and phase [26]) exhibit quantum mechanical behaviour.
Qubit state manipulation is performed by applying resonant pulses of microwave radiation

to the qubits, and state detection is achieved by detecting changes in the voltages across
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the superconducting circuit. This results in an all-electronic interface with the qubit,
similar to the transitors of a classical computer.

In 2016, a Google Inc. laboratory successfully demonstrated a quantum computing
device with nine linearly-arranged superconducting qubits [27], and before that in 2014,
an IBM research group demonstrated a 2D lattice of four qubits [28], designed for better
scalability. Combining these results with experimentally demonstrated two-qubit gate
fidelities of 99.4% [29], superconducting qubits have proven to be a viable contender to
trapped ions as an experimental realisation of quantum computing.

One obstacle to scalability for superconducting qubits is the requirement to cool the
resonant circuits to below 100 mK, which requires extremely bulky and expensive dilution
refrigerators for even single qubit experiments. As more qubits are added to the circuits,
more electrical connections are required to interact with them, which increases the heat
load on the cooling system, as well as adding extra sources of decoherence. Another
obstacle is the short coherence times of superconducting qubits (on the order of 10ns to
500 ns, depending on the qubit type), although recent experiments have shown progress
towards increased coherence times [30].

Finally, when manipulating n qubits, the number of required transition frequencies
grows as 2", so increasing to even modest numbers of superconducting qubits require an
exponential growth in classical resources. A recent proposal to overcome this is to tune
the interaction strength and resonant frequencies of the qubits [31], although this method

can introduce additional phase errors.

1.3.2 Photonic quantum computing

There have been proposals to build quantum computers using linear quantum optics and
single photons since the proposal of a protocol using probabilistic two-photon gates in
2001 [19]. Single photons can be produced probabilistically using spontaneous parametric
down conversion, and qubits can then be encoded either in the presence of a single photon
in two possible paths of an optical device, or in the polarisation of photons. Single- and
two-qubit operations can then be performed on the quantum states of these single photons
using quarter- and half-wave plates and beam splitters [32].

The entanglement of photons was first demonstrated experimentally in 2003 [33], and
with high-fidelity in 2009 [34]. The advantage of using photons to encode quantum in-
formation is their extremely low decoherence when compared to other experimental real-
isations. However, the complexity of photonic quantum circuits is limited to operations
on relatively few interactions between small numbers of photons (fewer than ten in both
cases).

This limitation is due to several factors [35]. Storing photons is extremely difficult,
therefore any quantum operation is required to perform its gates simultaneously in parallel,
which requires complex circuits. However, because the production of single photons is

probabilistic (with some success probability p < 1), when using a quantum circuit with
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n channels the probability of successfully producing one photon per mode is p™ < 1.
The low success probability of the two-qubit gates also limits their scalability in the same
way, or requires large numbers of physical gates to produce logical gates of the required
fidelities. Current work in linear optics is attempting to overcome the scalability challenge
by the miniaturisation of linear optics devices into photonic integrated circuits, which can

be reprogrammed to implement any linear optical protocol [36].

1.4 Trapped ion quantum computing

When cooled with laser fields, trapped ions form crystals due to their mutual Coulomb
repulsion [37]. With the correct trap voltages, the cooled ions will form a chain along
the centre of an ion trap, allowing them to be individually addressed with laser beams.
Quantum information encoded into the electronic states of trapped ions allows their use
as qubits, and these qubits can be manipulated with pulses of electromagnetic radiation.
Initialisation of these qubits can be performed using optical pumping, and detection by
observation of state-selective fluorescence, as described in section 2.5.

Quantum computing using trapped ions was first suggested by Cirac and Zoller in
1995 [23], who proposed the first physical implementation of the CNOT gate described
above. This proposal used the collective motional state of a crystal of trapped ions to
couple the internal states of different ions. To implement a CNOT gate it required the
ions to be cooled to the ground state of their motion, which was achieved later the same
year [38]. This was rapidly followed by an experimental demonstration of the Cirac-Zoller
gate using the internal and motional states of a single ion [39], and by another one using the
internal states of two different ions [40] in 2003. The ability to perform this multi-qubit
gate using focused laser light, combined with single qubit manipulation (achieved with
pulses of laser light resonant with the qubit transition frequencies), provides a universal
set of quantum gates for trapped ions.

In 1999 and 2000, new methods of implementing two-qubit CNOT gates with trapped
ions using geometric phases were proposed by Mglmer and Sgrensen [41-43] and Schneider
et al [44]. Unlike the Cirac-Zoller gate, these gate operations are insensitive to the initial
motional state of the trapped ion, greatly reducing the experimental overhead for a CNOT
gate using trapped ions. This type of gate was first performed in 2000 [45], and performed
with a fidelity above 99% in 2008 [46] and 99.9% in 2016 [47, 48]. High-fidelity two-
qubit gates are important for scalable quantum computing using error correction codes,
discussed later.

There has also been a great deal of progress in implementing quantum algorithms on
small numbers of ions. Examples include the experimental demonstration of the Deutsch-
Josza algorithm on a single ion [49], a quantum Fourier transform using ions [50, 51] and
Grover’s search algorithm using two ions [52]. More recently, the performance of Deutsch-
Josza, Bernstein-Vazirani algorithms and a quantum Fourier transform were demonstrated

on a reconfigurable five-qubit trapped-ion quantum computer [53].
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1.4.1 Ton trapping microchips as a scalable architecture

The trapped ion experiments described so far were all performed using macroscopic ion
traps, consisting of assembled electrode structures. However, the use of a single chain of
trapped ions as a quantum register in a macroscopic trap lacks one of the DiVincenzo
criteria for viability as a quantum computing platform, scalability to large numbers, due
to technical complications that arise when applying these techniques to many ions.

The first complication is that as the number of ions in a single confining potential grows,
the frequency spacings of the vibrational modes of that ion string decreases. Driving
quantum operations that couple to a specific motional mode therefore results in unwanted
cross-coupling to other modes, which can be a source of decoherence. Reducing the inten-
sity of the radiation suppresses this coupling, but at the cost of the speed of the operation,
therefore using large quantum registers of ions in a single potential places a limit on the
speed, and resulting fidelity, of any quantum operations using that register.

The second challenge is the selective addressing of individual ions from the chain. As
the number of ions n in a chain grows, the minimum spacing dy,;, between the ions of the
string scales as 6 oc n =96 [54]. This decreasing separation makes addressing individual
ions with laser beams technically challenging for increasing ion numbers.

An ion trapping structure that permits control of the position of individual trapped
ions allows the development of an alternative approach to scalability. In this scenario,
the different processes required for a trapped-ion quantum computer can be allocated
to spatially separated confinement regions, and the ions can be shuttled between these
different regions by applying time-varying analog voltages to the trap electrodes. In anal-
ogy to a classical computer, this could include dedicated zones for ion storage (memory),
multi-qubit operations (processing) and state detection (readout). This approach was first
proposed by Wineland et al. in 1998 [54], and envisaged as a ‘quantum charge-coupled
device’ by Kielpinski et al. in 2002 [55]. The device is designed such that the number
of ions in any particular trapping region is kept low, to permit the techniques described
above to perform quantum logic operations to be applied to large numbers of ions, as
required by the DiVincenzo criteria.

This implementation of a trapped-ion quantum computer relies on the ability to control
the position of individual ions, which requires fine electrode structures in close proximity to
the trapping region. The natural platform for such a device is microfabricated ion traps — a
schematic of trapped ions above such a device is shown in figure 1.1, adapted from Lekitsch
et al. [56]. These ion traps can be manufactured using microelectromechanical systems
(MEMS) technology, which uses photolithography to form electrode structures with mini-
mum feature sizes of a few microns. Voltages can be applied to these electrodes to confine
ions in close proximity to the microchip surface. More recently, progress has also been
made in fabricating microchip ion traps using complementary metal-oxide-semiconductor
(CMOS) technology [57].

The first ion trap with micrometer-scale features fabricated as a monolithic microchip
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Readout zone
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Figure 1.1 — Schematic of a ions trapped on a microfabricated structure with zones
dedicated to the various functions of a quantum computer. Adapted from Lekitsch
et al. [56].

was developed in 2005 by Stick et al. [58], which demonstrated the basic unit of the
proposal above — the confinement of ions using a microfabricated structure. The microchip
differed from a previous demonstration [59] because the ion trap was fabricated from a
single substrate, meaning that the process could in theory be extended to larger arrays of
trapping regions.

To connect the various trapping regions of the proposed device, it is also necessary that
the device is capable of transporting ions through junctions, using differing waveforms
applied to a fixed geometry to select which trapping region an ion is shuttled into. This
was first demonstrated in multi-layer microfabricated traps for a T-shaped junction in
2006 [60] and X-junction in 2011 [61], proving the principle of ion transport around the
corners of ion traps.

However, it was the 2005 proposal [62] and 2006 demonstrations [63, 64] of planar mi-
crochip ion traps, where the electrode structure is fabricated entirely on a single surface,
that significantly simplified the fabrication proposal of a large-scale quantum computer.
Since then, asymmetric (or surface) traps with complex electrode geometries have been
used for increasingly sophisticated ion trapping experiments, including the transport of
trapped ions through Y-junctions [65, 66], an X-junction [67], and the implementation of
single and multi-qubit laser driven gates [68] and a the first quantum algorithm on a surface
trap [69]. There has also been progress towards using surface traps for quantum simula-
tions, including the formation of 2D arrays of ions for analog quantum simulations [70, 71]

and a trapped ion ring with translational symmetry [72].
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1.4.2 Scalable concept for a trapped-ion quantum computer

All of the results described so far in this chapter have been achieved using pulses of
laser radiation to implement both single- and multi-qubit operations with trapped ions.
The use of laser light for gates is technically challenging to achieve, and in the case
of Raman transitions also limits the achievable fidelity of the operations (as described in
section 2.5). The use of long-wavelength radiation for qubit manipulation was proposed as
an alternative in 2001 [73], in a scheme that uses magnetic-field-sensitive qubit transitions
in combination with a static magnetic field gradient. This allows for a sufficient coupling
between the internal and motional states of the ions for multi-qubit operations, and also
permits individual addressing of ions in frequency space. An alternative approach to using
long-wavelength radiation uses the field gradients of near-field microwaves to achieve the
required coupling to the motional states of the ions [74].

Both approaches provide methods of scaling trapped-ion quantum computing to a large
scale, by removing the need for large numbers of carefully aligned laser beams for qubit
operations and replacing them with easily controllable microwave fields. High-fidelity two-
qubit gates have recently been achieved using a static magnetic field gradient [75] and the
oscillating gradient scheme [76].

Independent of the use of microwave or laser radiation for qubit manipulation, a major
challenge to the scalability of trapped-ion quantum computing is the correlation between
the number of ions and the number of radiation fields required for quantum logic gates.
When planning for future devices designed to be capable of performing operations with
hundreds or thousands of trapped-ion qubits, it is implausible to require similar numbers
of radiation fields.

It is therefore important to remove this dependency on additional fields when adding
qubits to a device. A recent paper by Weidt et al. [75] proposes a solution to this prob-
lem by combining locally-generated static magnetic field gradients in each processing zone
with a fixed set of globally applied long-wavelength radiation fields. By using a qubit
which features a magnetic-field-dependent transition frequency while being insensitive to
magnetic field noise, it is proposed to move the qubits along the local gradient within their
individual processing zones, such that the offset magnetic field shifts the qubit transition
frequency into resonance with a particular set of globally applied radiation fields, to im-
plement the required gate operations (for example single-qubit preparation or two-qubit
gates). These operations can be completed in parallel for all ions in the corresponding
zones — this method is shown schematically in figure 1.2. In this way, only a handful of
radiation fields are required, independent of the total qubit number.

A recent paper by Lekitsch et al. [56] proposes a blueprint for a microwave radiation
trapped-ion quantum computer, which makes use of the above approach to perform quan-
tum operations on a large scale. The proposed device consist of individual modules. Each
module features an array of 36x36 connected X-junction ion traps, and all the required

electronics such that the module acts as a standalone small quantum computer. Scaling to
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Figure 1.2 — Schematic showing ions confined above an array of X-junction surface
traps. Locally applied offset magnetic fields tune ions into resonance with globally
applied fields for different operations, denoted by green and red. The blue ions are
tuned such that they are left invariant by the fields. Adapted from Weidt et al. [75].

many modules could be achieved via photonic interconnects, which can be achieved using
commercial optical fibres and fibre switches [77, 78]. While in theory, the operation of this
device is preserved even if these photonic interconnects are lossy or noisy [78], the limi-
tation of this approach is currently the slow interaction rate between different modules,
which takes much longer than the other operations of the device [79].

The work by Lekitsch et al. proposes an alternative method to scaling to a large number
of modules. This method is based on accurately aligning multiple of these modules such
that ions can be shuttled between them, allowing for operations with large numbers of
ions, with the manipulation fields radiated over the array of ions using external antennae.

In order to perform computations on this large number of ions with imperfect gate
fidelities, error correction schemes can be used [80]. These schemes work by including
extra qubits in a system, which act as ‘stabilisers’, protecting the qubits used in the
computation from errors. One example is the surface error correction code [81], which
can tolerate gate errors of up to 1%. The device described above can implement the
surface code by including extra ions to act as these stabiliser qubits, and shuttling them
continuously to interact with their nearest-neighbour computational qubits. This allows

for the detection of and correction for errors from imperfect logic operations.
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The work in this thesis is motivated by such a concept of scalable ion trapping, and aims
to prove various principles behind its design, including the trapping and manipulation of
ions using surface traps, in the presence of large magnetic field gradients, and the viability
of current-carrying wire structures incorporated into the microchip ion traps, as described

in the thesis summary below.

1.5 Research objective and colleague contributions

The aim of my PhD research was to build and operate the first microchip ion trap ex-
periment in our laboratory with a large magnetic field gradient, with the objective of
long-wavelength coherent manipulation of the trapped ions. The theory and experimen-
tal techniques for coherent operations on trapped ions had been developed prior to my
research in other experiments using a macroscopic trap in the same laboratory, and when
I began my research, a microfabrication process was underway to deliver microchips for
ion trapping experiments to the laboratory.

My research was therefore to bridge the gap between these two research areas to develop
a successful microchip ion trap experiment. The design and construction of this experiment
spanned a number of different areas, each covered with a chapter of this thesis. The final
chapter summarises the successful trapping of two different isotopes of ytterbium ions
using this new experimental setup, as well as some initial measurements taken in order to
characterise the properties of the microchip being operated.

The construction and operation of this experiment was a collaborative project. Below
I summarise the major contributions of other members of the laboratory to the work in
this thesis.

e Chapters 2 and 3: the theoretical background and experimental techniques for long-
wavelength coherent manipulation of ytterbium ions were developed during the PhD
research of Dr. Sebastian Weidt [82] and Dr. Joseph Randall [83]

e Chapter 4: the helical resonator was designed in collaboration with Nikolaus Lorenz,
and is a refinement of work performed by Dr. James Siverns [84], and the magnetic

field compensation system was designed by Eamon Standing [85]

e Chapter 5: the bakeout oven was constructed during the PhD research of Dr. James

Siverns [84], and automated with help from Nikolaus Lorenz and Ryan Timms

e Chapter 6: the microfabrication process was developed and performed during the
PhD research of Dr. Bjoern Lekitsch [86]

e Chapter 7: the magnetic field gradient assembly was designed and constructed by
Eamon Standing [85], and the operation of the experiment was performed with help

from Tomas Navickas, Nikolaus Lorenz and Eamon Standing
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1.6 Thesis summary

The outline of this thesis is as follows. Chapter 2 provides the theoretical framework that
underpins the work in the remaining chapters. This includes the theory behind ion traps
and their design, including microchip ion traps. The atomic structure of ytterbium ions is
presented, together with a description of how such ions are Doppler cooled and can be used
to form a qubit. Finally, the coherent manipulation of these ions using long-wavelength
radiation is discussed.

Chapter 3 builds on this theoretical background, describing entangling gates using
dressed-state qubits, which feature improved coherence times. It then presents two meth-
ods of generating large magnetic field gradients, and by performing simulations of theo-
retical gate error sources, optimises trap and gate parameters for both of these methods.

In chapter 4, the required experimental setup for trapping ytterbium ions and manipu-
lating them with long-wavelength radiation is described in detail. This includes the laser
beam configuration, imaging optics, and the systems for DC and RF voltage generation
and delivery, magnetic field compensation and the application of microwave and RF ra-
diation to the ions. Chapter 5 details the construction of an ultra-high vacuum system
capable of performing versatile experiments with complex microchip ion traps, including
a new method to protect the microchip from atomic flux. Finally, the process to achieve
ultra-high vacuum pressures is summarised.

The testing and preparation of microchip ion traps before their use in experiments is
described in chapter 6. This includes an overview of the design and microfabrication of
these microchips, the characterisation process and treatment steps to ensure that they are
functional, and the operation of chip samples to inform future experiments.

Finally, chapter 7 describes an experiment using a microchip ion trap aligned to a pair
of permanent magnets to create a large magnetic field gradient for multi-qubit operations.
The chapter describes the initial trapping process, measurement and optimisation of trap
parameters using ytterbium-174 ions, and some initial magnetic field measurements com-

pleted using ytterbium-171 ions.
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2 Trapping and manipulation of

ytterbium ions

2.1 Introduction

The motivation for the development of the research area of ion trapping was in the field of
precision measurements. In order to make highly accurate measurements, it is necessary
to confine the particle on which the measurements are to be made for long periods of time,
and to isolate it well from the environment [87]. The technique of laser Doppler cooling
with many trapped ions [88-91] and later single ions [92] and small ion crystals [37]
allowed the development of experiments investigating quantum phenomena using trapped
ions, and today there are a large number of groups trapping ions for many purposes,
including quantum computing [39, 40, 93-96], quantum simulations [4-7, 97-99], quantum
sensing [100, 101] and metrology [102].

Earnshaw’s theorem states that a charged particle can not be held in a stable equilibrium
by electrostatic forces alone [103], or in the case of ion traps, that charged ions can not
be trapped using any fields achieved exclusively by a collection of static charges. This is
a direct consequence of Gauss’ law — any three-dimensional electric potential minimum
in free space requires a negative divergence (as the field would be converging on a single
point), but Gauss’ law states that this divergence is zero, so the static minimum cannot
exist.

Two common forms of ion traps that allow for three-dimensional confinement are the
radio frequency (RF) trap [104], which uses a combination of RF and static voltages to
create a trapping potential, and the Penning trap [105], which uses a strong magnetic
field combined with static voltages. Both of these ion trap designs have the same ideal
electrode geometry to create their confining potentials, which is formed from hyperboloids
of revolution, as shown in figure 2.1. This geometry consists of three components: two
endcap electrodes and one ring electrode.

In the case of Penning traps, static voltages are applied to these three electrodes to
create a quadrupole electric potential. This electrode structure is placed in the vicinity
of a large, homogeneous magnetic field aligned with the vertical axis of the ion trap. The
magnetic field provides radial confinement in the horizontal (x and y) plane, attracting the
ions towards the central axis of the trap, while the electric fields repel the ions from the two
endcap electrodes towards the vertical (z axis) centre of the trap. The result is a central

potential minimum in all three dimensions, and the trapped ion exhibits motion with
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Figure 2.1 — The hyperbolic electrode geometry of an ideal ion trap. In the case
of a Penning trap, static voltages on these electrodes are combined with a vertical
magnetic field to form a three-dimensional potential minimum.

three trap frequencies: one axially and two radially (cyclotron and magnetron motion).
Gaps are often included in the electrode geometry for laser access, photon collection using
imaging systems, and atomic ovens for ion loading. Additionally, segmentation of the
electrodes allows for finer control of the trap parameters and potential shape.

Penning traps have the advantage that they use only static fields to confine ions, so unlike
RF traps there is no micromotion (discussed below) and no resulting heating of ions even
in large ion crystals. This makes Penning traps well-suited to precision measurements and
ion storage, as long ion lifetimes and very good isolation from the environment is possible.
However the rotating ion crystal and requirement for a large, homogeneous magnetic field
means that Penning traps are unsuitable for scaling to large numbers of ions for quantum
information purposes. For this reason the majority of research groups active in the field
of trapped-ion quantum computing make use of RF traps.

In contrast to the Penning trap, an RF quadrupole ion trap relies on RF voltages to
provide confinement in two (radial) dimensions, and static voltages to confine ions in the
third (axial) dimension. In the case of the hyperbolic geometry from figure 2.1, the RF
voltages would be applied to the ring electrode for confinement in the x and y directions,

and identical positive static voltages to the endcaps for confinement in the z direction.

2.2 The radio frequency (RF) quadrupole ion trap

Another simple electrode layout for a radio frequency ion trap is a linear trap geometry,
consisting of four elongated, hyperbolic electrodes (or ‘rails’), where an oscillating po-
tential, (Vryr/2)cos (Qt) is applied to two diagonally opposite electrodes and the inverse

voltage is applied to the other two (as shown in figure 2.2).
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Figure 2.2 — An ideal electrode geometry for a linear RF ion trap (DC endcaps for
axial confinement are not shown).

2.2.1 Radial motion and the pseudopotential

The explanation that follows is derived from Hughes et al. [106] and Olmschenk [107]. To
understand how RF voltages can confine charged particles, it is easiest first to consider
the case of static, opposite voltages applied to the two pairs of electrodes. This will result
in a quadrupole field, which causes a charged ion to feel a force that is confining in one
dimension and anticonfining in the other — this force is proportional to the gradient of the
potential, so is smallest at the centre of the trap and increases towards the edges.

Inverting the voltages will cause the confining and anticonfining force directions of the
quadrupole field to swap. An ion that starts displaced from the central potential minimum
will initially experience a force towards the centre and will move inwards, then after the
voltages reverse, the force on the ion will be directed away from the centre, but with a
lower magnitude due to its more central position. After a large number of cycles the net
effect of the alternating fields is a confining force in two dimensions.

To calculate the time-averaged force on an ion in an inhomogeneous electric field, we
can consider the case of a one-dimensional field with spatial dependence E(x) and time

dependence cos (). In this case, the force on the ion is of mass m and charge e is

F = —eL and so the equation of motion can be written as
d2
d—tf = f%E(ac) cos (§2t) (2.1)

which can be solved (for an ion initially stationary at position zg) to find

e

x(t) = WE(x) cos (Qt) + xo. (2.2)
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By considering small perturbations of the field (at roughly constant ion position), we can

Taylor expand the field around zq to find

oF
E(z) = E (x9) + () (x —x0) + ...
ox
o )“’0 (2.3)
Zo €
~ F(x0) + B mQQE(mo) cos (Qt)
which leads to a force on the ion given by

e? OFE(zo) 9

F(x) = —eF (xg) cos (2t) — P 0s E(xg) cos® (Qt). (2.4)

The time average of this force over one oscillation period is
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(F(x)) ~ E(xg) = —e (2.5)
where ¥ (z9) = (e/4m€?) E? (2) is known as the ‘pseudopotential’, or the time-averaged
confining potential as seen by the ion. In order to solve the equations of motion for the
ion, we can extend this result to three dimensions to state a general definition of the
pseudopotential and time-averaged force on the ion as

&
v ($>y7z) = W‘E(xvyvzﬂz (26)

(F(z,y,2)) = —eVVU(x,y,2). (2.7)

The quadrupole potential ¢rp from the trap electrodes shown in figure 2.2 has the form

2 2

a2 —y
27 >COS (Qt) (2.8)

orr (T,9,t) = NRFVRF (

where rg is the distance from the centre of the trap to the electrodes and nrr is a geometric
factor that is unity for hyperbolic electrodes and decreases as the geometry deviates from

perfect [108]. The resulting electric field from this potential is
E (I7 Y, t) = _V¢RF (LU, Y, t)

_ _REVRF ( * ) cos (Qt) (2.9)
-y

G
= —FE (z,y) cos ().

Inserting this spatial dependence of E into the definition of the pseudopotential ¥ in
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equation 2.7 allows us to the find the time-averaged force on the ion as

4m?

e nEpVie
(F (z,y)) = —eVU (z,y) = —eV <ZR§«4RF (a® + yz))
0

27712@21“6L y

which is just the force from a quantum harmonic oscillator potential in two dimensions,

with a characteristic frequency of

_ enrrVRF

wy, = JIREVRE 2.11
V2mQrd (2.11)

This frequency w, is the radial secular frequency of the ion trap, capturing the gradient
of its radial confining potential. In ion trapping experiments, it is useful to have different
secular frequencies in each spatial dimension to allow the motional modes in each direction
to be excited independently. This asymmetry in radial secular frequencies can be achieved
by altering the geometry of the RF electrodes of an ion trap, or by application of DC
offset voltages, investigated in detail by Pyka [109].

Applying a static voltage (Vp¢) to each ‘endcap’ electrode provides axial confinement

with a harmonic potential along the z-axis of the trap, described by

952 _ (22 4 o2
¢pc (2,1) = npcVbe (Z;;er)) (2.12)
0

where zg is the distance from the centre of the trap to the endcap electrodes and npc is
a geometric factor that captures deviations of the electrode geometry from hyperbolic, as
well as the shielding effects of the axial field due to the presence of the RF electrodes [110].
The axial motion within this quantum harmonic oscillator potential can be solved to find

an axial secular frequency (w,) defined by

_ V2enpcVbe

> (2.13)
sz

z

2.2.2 Equations of motion for trapped ions

The above treatment finds the oscillation frequencies of the radial and axial motion of a
trapped ion by approximating the radial confinement as a static pseudopotential. Alter-
natively, we can solve the equations of motion of the ion exactly to find its position as a
function of time. By combining the RF and DC potentials from above, we can write the

complete electric potential in the vicinity of the ion as

% (x?yazvt) = ¢RF (.’L’,’y,t) + ¢DC (xayazvt)
2

X y2
= NRFVRF 5,7 ) Cos (Q2t) + npcVoo
0

222 — (a?2 + y2)> (2.14)
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By considering motion in the radial z direction only, with radial secular frequency w, = w;,

from equation 2.11, we can use F = —ed¥/dx and F = md?z/dt? to find an equation of
motion )
d“x e [ nrrVRr nocVbe
We can solve this differential equation by making the substitutions
22w,  2enrrVir denpcVbe
Qt =27 s Qp = Q = mQQrpg and Ay = —mTQZ[z) (216)

which allows us to express equation 2.15 as a standard Mathieu differential equation

2z

wm T (a; — 2q; cos (27)) z = 0. (2.17)

By looking for solutions of the form
x (1) = zgcos (A7) [1 + B cos (27)] (2.18)

and restricting solutions to the case of a, = 0, corresponding to applying only oscillat-
ing voltages to the RF electrodes (with no DC offset), substitution into the differential

equation yields

—4B cos (A7) cos (27) + 4ABsin (A7) sin (27) — A% cos (A7) [1 + B cos (27)] (2.19)
= 2q, cos (27) cos (A1) (1 + Bcos (21)).

Assuming that A, B < 1 [111], equating coefficients of the cos (A1) cos (27) terms [112]
results in
qx

—AB—ﬂBszﬁB%—?. (2.20)

Then by time averaging the substituted differential equation and equating coefficients of

cos (A1) we find

—A2=¢B= A& (2.21)

V2

so substituting the expressions for A, B, ¢, and 7 into equation 2.18 yields

enrr VRE enrr VREF ) }
x (t) = xpcos —_—t 1 + —_— COS Qt
®) 0 (ﬂmQr% ) [ ( mQrd (62t)

1+ <\/in> cos (Qt)

where the radial secular frequency w, has the same definition as before. An equivalent

(2.22)

= xq cos (wyt)

solution can be found in the y radial direction.
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2.2.3 Micromotion of ions in RF traps

Equation 2.22 shows that the motion of the ion consists of two superimposed oscillations:
a large, slow oscillation at the characteristic frequency of the pseudopotential (w,) and a
smaller, faster oscillation at the RF drive frequency €. These are referred to as the secular

motion and micromotion respectively.
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Figure 2.3 — Plots of ion position with time for different values of Q) for fixed w,. /27 =
1 MHz, for (top) Q/w, = 5a, (middle) Q/w, = a and (bottom) Q/w, = 0.2«

Stable ion trapping is achieved when ¢ < 0.9 [112], or equivalently Q/w, > «, where
a = 2v2/0.9 ~ 3.14. Figure 2.3 shows the ion position as a function of time for different
RF drive frequencies at a fixed secular frequency. In the top diagram, where Q/w, is well
above the stability criterion, the slow secular motion and fast micromotion can clearly be
seen, but when Q/w, decreases through the critical value (middle) to below it (bottom),
the two oscillations comprising the motion of the ion can no longer be distinguished and
the trapping becomes unstable.

Excessive micromotion of ions in RF traps can also be caused by stray electric fields,
which can shift the trapped ions away from the location of the RF nil. This micromotion
can cause a number of undesirable effects, including changes in shapes of atomic transition
lines, second-order Doppler shifts and reduced ion lifetimes [113]. This micromotion can
be minimised by using static voltages to compensate stray fields, ensuring that the ion
trapping position is well overlapped with the RF nil. It is worth noting that there will
always be a small residual component of micromotion due to the secular motion of the ion

away from the RF nil, as can be seen in the top graph of figure 2.3.
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2.3 Microchip RF ion traps

All the analysis of trapped ion dynamics so far has focused on an ideal trap with hyperbolic
electrodes, but in practice many different geometries are used. It is therefore useful to
consider how the behaviours described above inform the design of microchip ion trap
geometries.

It is possible to achieve an RF trap pseudopotential using geometries other than the
ideal hyperbolic electrodes described above. Many types of macroscopic ion traps are
small variants on this design, such as four rod traps [37] and linear blade traps with
endcaps [114]. A segmented linear blade trap [115] has been used in a previous exper-
iment in our laboratory to demonstrate many results towards long-wavelength trapped
ion quantum computing [75, 116-119]. However, for the reasons laid out in section 1.4.1,
microchip ion traps are the natural choice for a scalable ion trapping architecture for

quantum computing, simulations and sensing applications.

2.3.1 Symmetric and asymmetric ion trapping microchips

Microchip ion traps can be split into two categories: symmetric geometries, where ions
are trapped between multiple layers of electrodes, and asymmetric geometries, where ions
are trapped above a single surface of electrodes, also known as ‘surface traps’. Cross-
sections of these trap geometries are shown in figure 2.4. In both cases, sinusoidal voltages
applied to RF electrodes create an oscillating quadrupole potential and the associated ra-
dial pseudopotential confinement. Constant voltages applied to the DC electrodes provide
confinement in the third (axial) direction. The microchip surfaces are typically formed of
microfabricated layers of metal with gaps etched between them to form individual elec-

trodes, deposited onto insulating (dielectric) surfaces.
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Figure 2.4 — Cross-sections of different microchip ion trap geometries: (left) two-layer
and (centre) three-layer symmetric designs, and (right) a surface trap (adapted from
Hughes et al. [106]). The black dots label the location of the ion trapping positions.
The labelled DC electrodes can be segmented into multiple sections to allow for axial
confinement.

Symmetric traps have some advantages, including larger trap depths and secular fre-
quencies for any given RF voltage, better optical access to the ion for laser beams, and
better shielding of the ion from stray electromagnetic fields, but require complex and pre-
cise fabrication and assembly processes. Both symmetric and asymmetric traps allow for
shuttling of ions between different trapping regions, and have been used to demonstrate
ion shuttling through junctions [60, 61, 67].

An important consideration for both symmetric and asymmetric microchip ion traps is

the direction of the quantised motion of the trapped ions, or ‘principal axes’. These axes
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are important for effective Doppler cooling of the ions — it is necessary that the wavevector
of the Doppler cooling laser beam has a significant component in all three principal axis
directions of the motion of the ions. For an asymmetric geometry, the laser beams must
be aligned parallel to the microchip surface to access the ion trapping position, and will
therefore have no component in any radial principal axis perpendicular to the surface.

It is important therefore to rotate the principal axes of a surface trap such that none
are perpendicular to the microchip surface. This can be achieved by including additional
DC electrodes [86], which can rotate the principal axes of a microchip ion trap by su-
perimposing a DC quadrupole potential onto the RF pseudopotential [120]. Rotations of
greater than 15° can be achieved with four rotation electrodes (one electrode either side
of both RF rails) by applying relatively low voltages (typically less than 2 V) [86], without
altering the ion height.

Surface traps require higher voltages to obtain the equivalent trapping potentials as
symmetric traps, but offer much greater flexibility in their design and fabrication. The
necessity to assemble multiple carefully aligned layers for symmetric traps makes scaling
this trap layout to large dimensions and numbers of ions potentially more difficult than
for surface traps, which are manufactured in a single structure using microfabrication
techniques. For this reason, a number of ion trapping research groups focus solely on
surface ion traps, and so will this thesis. From this point on, the term microchip ion trap

refers exclusively to surface trap designs.

2.3.2 Surface trap electrode design considerations

As mentioned above, surface traps are formed of electrically separate metal electrodes
deposited onto a dielectric layer. The number, shape and size of the RF, DC and ground
electrodes, and the gaps between them, together determine the characteristics of the re-

sulting ion trapping potential.
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Figure 2.5 — Simplified electrode layout of a basic microchip RF trap, adapted from
House [121]. An RF voltage is applied to two rails to provide radial confinement, and
static voltages are applied to the DC electrodes to form an axial potential.
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Two or more parallel RF electrodes (or ‘rails’) that are separated and surrounded by a
ground plane are used to achieve the required quadrupole potential above a surface trap.
A simplified RF electrode layout for a surface trap is shown in figure 2.5. A microchip
with this layout of two RF rails with three ground rails (the DC electrodes act as RF
ground) is known as a ‘five-wire’ geometry [106].

By using DC electrodes for principal axis rotation, we can restrict our designs to mi-
crochips with two RF electrodes of equal width. Following the derivation in the previous
section for macroscopic traps, we can find the pseudopotential and resulting trap param-
eters for a given microchip geometry as follows. As labelled in figure 2.5, we set up our
co-ordinate system such that the RF rails lie between —b <z <0 and a <z < a+ b, and
are driven with a voltage of the form Vip cos (Qt), and the electrodes at all other values
of x are held at ground. The potential at a height y above the electrodes can then be
written [121] as ¢ (z, y, t) = ¢ (x, y) cos (), where

¢(z,y) = Vi [tanl (M> —tan~! <ﬂ> + tan~! (b—_x) — tan~ ! (E)] )
m Y Yy Yy Y

From this potential, we can follow the same method as above to calculate the corresponding
pseudopotential ¥ (z, y), and distance to the pseudopotential minimum (ion height) h

above the microchip.
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Figure 2.6 — (Left) Contour plot showing the pseudopotential above a microchip sur-
face, with the electrode geometry superimposed — areas of low potential are coloured
blue, high areas are yellow. The minimum of the pseudopotential shown is the ion
trapping position. (Right) Plots of the pseudopotential: vertically (y-direction) at
x = 0, showing the low potential barrier, and horizontally (2-direction) at y = h,
showing the radial confinement of the ion.

For an example microchip geometry with RF electrode separation ¢ = 150 pm and
width b = 300 um, the pseudopotential is shown in figure 2.6. The minimum of the
pseudopotential (which can be seen on the contour plot) is the ion trapping position, so

by differentiating the expression for the pseudopotential to find the minimum, we find that
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the ion height h can be written as

a(a—|—2b).

h = 5

(2.23)

For this electrode geometry, the ion height is 167.7 pm. The lowest pseudopotential barrier
is always in the y direction for surface traps, so the trap depth d can be found by finding
the maximum value of the pseudopotential along y and multiplying by the charge of the
ion
62V§F b
mmQ | (a+ )2+ (a +b)y/ala +2b) |
For the above electrode widths, driven with a typical Vgr = 200V and Q = 27 x 20 MHz,
the trap depth d = 0.104eV.

The RF electrode geometry is therefore decided upon by the required ion height, which

d= eV =

(2.24)

is the most important of all the ion trap characteristics. Decreasing the ion height of a
microchip increases the possible trap depth and secular frequencies of the ion trap, which
allows for long-lived ions and fast multi-qubit operations, but also increases the heating
rate of the ions, causing decoherence. In addition, increasing the size of the gaps between
electrodes, or by using sophisticated dielectric layers [122], allows for the application of
large voltages, which also improves confinement of the ions, but wide gaps can expose the
ions to the dielectric surfaces, which can become charged and cause the ion to experience

stray electric fields.

Figure 2.7 — Simplified electrode layout of a more complex microchip ion trap,
showing DC electrodes outside and between the RF rails, and four additional DC
electrodes for principal axis rotation (ROT).

After the RF geometry has been decided upon, the DC electrode configuration is the
next step in the microchip design process. The complexity of the DC electrodes can vary
with the desired functionality of the chip. For example, complex segmented DC electrodes
between the RF rails allow for fast ion string shuttling, separation and recombination, but

requires multi-layered microchips in order to electrically connect these isolated electrodes.
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A diagram of a microchip with a more complex DC electrode structure (including DC
electrodes between the RF rails and for principal axis rotation) is shown in figure 2.7, and
the complex microfabrication necessary for such structures and resulting challenges are
discussed in chapter 6. For experiments with just one desired trapping position, it may
therefore be advantageous to use a simpler DC electrode configuration that only requires
a single-layer microchip (for example the layout shown in figure 2.5).

The design and microfabrication of a wide range of surface ion traps is described in
detail in chapter 6, including both simple and complex linear trap geometries with ion

heights ranging between 60 pm and 250 pm.

2.4 Ytterbium ions as single qubits

The atomic elements used for trapped ion experiments are chosen for a number of reasons,
including favourable atomic transition energies for addressing with commercially-available
laser wavelengths, availability of the relevant isotopes of the elements, and the ease of
preparing atomic ovens capable of producing an atomic flux of the element. Another
important consideration for ion trapping elements and isotopes is existence of convenient
electronic states to form a qubit transition, in which quantum information can be encoded
— for this purpose it is convenient to use ion species with one outer ‘valence’ electron.
Popular elements for ions used in quantum information experiments include beryllium [39],
magnesium [123], calcium [124], strontium [125], barium [126] and ytterbium [127].

The species trapped for this experiment is ytterbium, which has naturally occurring
isotopes with both even and odd nucleon numbers. The even isotopes have a simpler
atomic structure than the odd isotopes, which have energy levels split by the hyperfine
interaction. This section describes the energy level structure of the ions of an even (174)
and an odd (171) isotope of ytterbium, and the laser wavelengths required to ionise and

Doppler cool those ions.

2.4.1 Photoionisation of neutral ytterbium atoms

Neutral ytterbium atoms can be introduced to the location of the ion trapping potential
for ionisation and trapping in the form of a thermal beam from an atomic oven. The
design, building and testing of the atomic ovens used in this experiment is described in
section 5.5. Once a beam of neutral ytterbium atoms is passing through the trapping
potential, they must be ionised in situ in order to be trapped.

The ionisation energy of neutral ytterbium is 6.25eV, corresponding to a wavelength
of around 198 nm, so photoionisation could be achieved with laser light of a single ultra-
violet (UV) wavelength. Alternatively, photoionisation can be achieved using multiple
laser fields by making use of suitable intermediate states, and this method has a few
advantages. Firstly, laser diodes at wavelengths such as 200nm are not readily available

and are expensive when compared to longer wavelengths, and manipulation of invisible
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UV radiation in a laboratory environment is more difficult and hazardous than for visible
or infrared (IR) wavelengths. Secondly, short-wavelength laser light is more likely to cause
charge build-up on the ion trap electrodes due to the energy of its photon exceeding the
work function of the metals of the trap structure. This can distort the confining potentials
of the trap and encourage electrical breakdown between the electrodes. Finally, a laser
field that promotes atomic electrons directly to the continuum will function identically for
all isotopes of an element, whereas a multiple-photon process can have differing resonant
transition frequencies for different isotopes, allowing for isotope-selective photoionisation.

For these reasons, a bichromatic photoionisation process is used, as shown in figure 2.8.
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Figure 2.8 — Partial energy level diagram of neutral ytterbium-174 atoms (to scale),
showing the two-photon ionisation process. The lifetime 7 of the 'P; state is taken
from Pizzocaro et al. [128].

First, a 398.9nm photon promotes a valence electron of the ytterbium atom from the
1Sy ground state to the intermediate 'P; atomic state. The resonant frequency of this
transition is isotope-dependent, and the transition wavelengths are shown in table 2.1.
From this state, a photon of any wavelength below 397.1 nm can promote the electron to
the continuum, ionising the atom. It is unnecessary to introduce another laser wavelength
for this purpose, as the Doppler cooling laser light is at a wavelength of 369.5nm, so
applying light from both lasers simultaneously allows atomic ytterbium to be ionised.

A complication arising from the bichromatic photoionisation process is the shift of the
resonant 398.9 nm transition wavelengths due to the Doppler effect. The velocity of the
atomic beam parallel to the direction of the ionisation laser causes a Doppler shift in the

resonant frequency of the transition A fp, described by

v cos 6

Afp = fo (2.25)

where fo is the unshifted resonant transition frequency, v is the atomic velocity, and 6
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is the angle between the propagation directions of the laser and atomic beams. By their
nature, atomic beams have an angular spread and a thermal velocity distribution, both of
which complicate this picture. This Doppler shift can be minimised by orienting the oven
such that the atomic beam is perpendicular to the ionisation laser beam. By setting the
atomic and laser beams at an angle slightly offset from perpendicular, small detunings of
the ionisation laser wavelength remain resonant with a fraction of the atoms in the beam
due to its thermal velocity distribution, but at the cost of less effective isotope-selectivity
due to overlap of the Doppler-shifted resonant frequencies of multiple isotopes. Ultimately
this is worthwhile, as the use of isotopically enriched atomic ovens reduces the necessity

of isotope selectivity.

2.4.2 The Doppler cooling cycle of ytterbium ions

Once neutral atoms have been ionised within the confines of the trapping potential, the
ions must be cooled to form trapped ion crystals [37] and to prevent heating removing
them from the trap. Historically, cooling of trapped ions has been achieved with buffer
gas cooling [87], but is more commonly achieved using detuned Doppler cooling lasers.
Doppler laser cooling of trapped ions is achieved by addressing an atomic transition with
laser radiation of a frequency slightly below resonance (‘red’ detuned) [129]. This causes
the ions to have a higher probability of absorbing laser photons when moving towards
the laser source (exciting the transition) than in the opposite direction, in contrast to the
isotropic emission of photons on relaxation. This resulting asymmetry in absorbed photon
momentum of the scattering events results in a net force on the ion, opposing its motion
within a confining potential and as a result reducing its kinetic energy. For an ion in
motion, its scattering rate v with a laser field detuned from an atomic transition can be

written as [112]
sT'/2

T T s 1 (28/T)

where 0 is the detuning, I" is the linewidth of the transition and s = I /Iy is the saturation

(2.26)

parameter, or the ratio of the radiation intensity I to the saturation intensity Is,, which
can be expressed as
Lot = mhel' /32, (2.27)

where X is the wavelength of the addressing radiation. The resulting scattering force Fycat
is equal to the scattering rate multiplied by the momentum of the scattered photons, so

can be written as

s(T/2) hk
1+ s+ (26/T)

where k is the wavevector of the laser radiation. By ensuring that this wavevector has a

(2.28)

scat —

significant component in each of the three principal axes of a trapping potential, the ion
will experience a Doppler-cooling force in all directions of its motion.

The spontaneous emission of photons during Doppler cooling results in a non-zero mini-
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mum energy that a Doppler-cooled ion can reach — this is known as the Doppler limit [129],
at which the ion has a kinetic energy of Al'/2 [112].

For effective laser cooling, a Doppler-cooling transition should be to a sufficiently short-
lived state to permit high scattering rates, and preferably at a convenient laser wavelength.
Additionally, the branching ratios of the decays from the excited state of the transition
must either return the entire population to the ground state, or additional laser wave-
lengths must be included to ‘close the cooling cycle’, or return lost population to the

ground state of the ion.

15/2]5/9
7Y

“13/2li

T=37.7T ns

935.2 nm 638.6 nm

1.6%

’D

5/2

T=72 ms\ .
2
83.0% \4 FT:"‘J
T > 1 year

369.5 nm

99.5%

Figure 2.9 — Partial atomic energy level diagram of the ytterbium-174 ion and rele-
vant transitions (to scale). Thick arrows indicate transitions addressed by laser light,
and thin arrows represent spontaneous decays, labelled with relevant branching ra-
tios and state lifetimes [107, 130]. The double arrow labels a transition that can be
stimulated by inelastic collisions with background gas molecules.

The cooling cycle for ytterbium-174 is shown in figure 2.9. The Doppler cooling transi-
tion is formed by the 25, /2 ground state and the ’p, /2 excited state, which are coupled by
a detuned 369.5 nm laser. From this excited state, the majority (99.5%) of the population
returns to the ground state, but a small fraction (0.5%) decays to the 2D3/2 state. To
return this population, laser light at a wavelength of 935.2nm couples this state to the
313/2], /o state, from which the majority of the population decays to the ground state,
with a minority of the population returning to the 2Dj /2 state before being promoted

again. In this way, the two laser wavelengths form a closed cooling cycle, with the de-
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tuned 369.5 nm wavelength light cooling the ion, and the resonant 935.2 nm light acting
as a ‘repump’, returning population to the ground state. The other states shown in the
diagram are relevant for inelastic collisions with background gas molecules, discussed later
in this section.

The ytterbium-171 ion has a nuclear spin I = 1/2, resulting in hyperfine splittings of its
electronic states into different F' = I + .J sub-levels. The hyperfine splitting of ~ 12.6 GHz
within the 2S; /2 ground state is suitable for use as a qubit for quantum information
experiments, due to its long coherence time [107]. However, ytterbium-171 has a more
complicated Doppler cooling cycle due to these hyperfine levels and the extra selection

rules for the transitions between those levels, shown in figure 2.10.
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Figure 2.10 — Partial atomic energy level diagram of the ytterbium-171 ion, including
hyperfine structure (not to scale) and relevant transitions. Thick arrows indicate
transitions addressed during Doppler cooling, and thin arrows represent spontaneous
decays. The double arrow labels a transition that can be stimulated by inelastic
collisions with background gas molecules.

The Py 5, ?Dy/5 and ?[3/2]; /o states are similarly split into their hyperfine levels, with
splittings of 2.1 GHz, 2.2 GHz and 900 MHz respectively, as are the 2D5/2 (190 MHz),
1[5/2]5/2 (190 MHz), ?F7/5 (3.6 GHz) states, relevant for background collisions.
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It is necessary to ensure that ion population does not become trapped in any of these
extra energy levels in the atomic structure of ytterbium-171. This can occur if any states
that are uncoupled by radiation can be reached by spontaneous decays from cooling cycle
states. To prevent this, any such states must be included in the cooling cycle either by
coupling them directly, modulating the laser frequency such that it spans the relevant
transition resonances, or by making an existing laser transition sufficiently broad that it
also drives transitions between the additional states.

An atomic transition with a natural linewidth I" which is addressed with laser radiation

of intensity I will have a power-broadened linewidth I'” that can be expressed as [112]

1
I'=T4/1+ (2.29)
Isat

where Ig,; has the same definition as in equation 2.27. Therefore, the linewidth of a

transition can be made broader by increasing the intensity of the laser field addressing the
transition. In this way, the 935.2 nm laser field is power-broadened sufficiently to couple
all of the hyperline levels of its transition states, to keep the cooling cycle closed. The
369.5nm laser light couples only the 281/2 |F=1) and 2P1/2 |F' = 0) states directly, so the
2P, /2| F' = 1) state remains outside of the cooling cycle.

The 12.6 GHz hyperfine splitting of the 281/2 ground state is coupled directly with mi-
crowave radiation during Doppler cooling. This transition can be used as a qubit transi-
tion, which can be prepared, manipulated and detected using microwave and RF radiation

as described in the next section.

2.4.3 Background collisions

A trapped ion perfectly isolated from its environment will remain in the cooling cycle if
addressed with appropriate wavelengths and optical power as described above. An inelastic
collision of the ion with a background gas molecule can transfer its electronic state to one
outside the cooling cycle, and for ytterbium one such state is the 2Dy /2 state. From this
state, the ion will return to the ground state with 17% probability, but with a branching
ratio of 83% it will decay to the 2F; /2 state, which has a lifetime of multiple years. To
return the ion to the cooling cycle, laser light at a wavelength of 638.6 nm is used to couple
this long-lived state with the [5/2], /2 state, which can decay to a cooling cycle state with
a finite probability. In practice, the 638.6 nm laser is only used if a previously crystallised
ion ‘goes dark’, in order to return it to the cooling cycle.

The resonant wavelengths for all of the laser fields discussed above for ytterbium-174
and -171 are detailed in table 2.1. These wavelengths were determined experimentally in

our laboratory.
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Resonant atomic transition wavelengths (nm)

Isotope Ionisation Doppler cooling 2D3 /9 repump 2F, /5 repump
174 398.91128(3) 369.52494(6) 935.17976(20) ~638.618
171 398.91084(4) 369.52604(6) 935.18768(20) ~638.610-638.616

Table 2.1 — Resonant atomic transition wavelengths for ytterbium ions, determined
experimentally. Tonisation wavelengths are from Nizamani et al. [131], adjusted for
perpendicular atomic and laser beams, and the remainder are from McLoughlin et
al. [115]. Wavelengths for the 638.6 nm transition are only known approximately.

2.5 Coherent manipulation of ytterbium ions with

long-wavelength radiation

The 12.6 GHz hyperfine splitting within the 25, /2 ground state manifold of ytterbium-
171 described in the previous section can be used as a qubit. Instead of using Raman
transitions to coherently manipulate the qubit state, which requires a pair of detuned
laser fields to drive population via an intermediate state, we use microwave radiation
resonant with the hyperfine splitting itself to directly address the qubit transition.

Raman transitions have been used to manipulate hyperfine qubits of trapped ions with
great success, including high-fidelity two-qubit entanglement [47] and entanglement of 14
ions [132]. Laser light pulses of the correct intensity and duration can be tightly focused
and deflected onto individual ions in a string in order to drive transitions in any particular
chosen qubit, and multi-qubit operations can be directly driven using only the laser light.

However there are limitations that complicate the use of laser-driven Raman-transitions
from being scaled to systems with large numbers of ions, both technical and fundamental.
These include the prohibitive level of experimental control required for manipulation of
large numbers of ions with laser light — the beams must be focused to a sufficiently small
spot size as to only address one ion within an ion string at once, and deflectable with
high level of accuracy to choose which ion to address. With ion spacings on the order
of a few microns, this places high requirements on the beam profiles and stability of the
laser beam positions for Raman transitions. More importantly, the fidelity of operations
on hyperfine qubits using Raman lasers is fundamentally limited by Raman scattering,
where a Raman photon becomes entangled with the internal state of the ion, therefore
destroying the coherence of that state [133].

For these reasons, long-wavelength radiation provides an attractive alternative for the
coherent manipulation of large numbers of trapped-ion qubits. Microwave and radio-
frequency (RF) radiation is easily generated by inherently stable and easily controllable
equipment, and can be amplified, combined and switched using standard off-the-shelf
components. The radiation can be applied to large volumes by using antennas such as
horns and coils without the need for focusing and steering optics. Finally, no population
is lost during quantum operations because transitions are addressed directly instead of via
an intermediate state which lies outside the qubit subspace.

The challenges with using long-wavelength radiation are the inability to focus the fields
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onto one particular ion, and the inability of the radiation to couple the internal and
motional states of the ions, which is necessary for multi-qubit operations.

A method for achieving individual addressability and spin-motion coupling with mi-
crowaves and RF fields was first proposed in 2001 by Mintert and Wunderlich [73] and
demonstrated in 2009 by Johanning et al. [134]. This method uses a magnetic-field-
sensitive qubit transition in combination with a static magnetic field gradient to manip-
ulate the internal and motional states of trapped ions, and addresses individual qubits
using different frequencies. This is the method for which this experiment is designed, and
is discussed during the remainder of this chapter and chapter 3.

A variant of this method makes use of near-field long-wavelength radiation to directly
manipulate microwave qubits, which relies on near-field gradients at the location of trapped
ions to manipulate the internal and motional states of the ions, as first proposed by
Ospelkaus et al. [74]. This method has been shown to be mathematically identical to
the static gradient scheme described above [135], but the experimental techniques for
achieving the required gradients differ. The ‘oscillating’ gates enjoy some of the same
experimental simplifications as the static gradient scheme (such as off-the-shelf sources
and amplifiers), but require the application of large microwave voltages to microfabricated
electrode structures, which can be technically difficult to achieve.

The oscillating scheme also requires the ions to be in close proximity to the microchip
structure, which must include microwave emitters (typically waveguides) because the field
gradient of the near-field microwaves is inversely proportional to the square of the ion-
electrode distance. However, this makes the state of the ions particularly susceptible to
motional heating, which limits multi-qubit gate fidelities, and the microwave power that
can be applied to the microchip is limited by the power dissipation and resulting heating of
that microchip [136]. Additionally, increasingly small electrode structures are required to
trap the ions at smaller ion-electrode distances, which increases power dissipation further.
Another challenge is the high fields experienced by ions exposed to the required high
field gradients, which require nilling with offset fields [136] or suppression using pulse-
shaping [137]. Finally, where the static gradient scheme provides a natural individual
addressability, the near-field scheme requires complex nilling of fields used to address
neighbouring ions to prevent cross-talk [138], or alternative methods that make use of
micromotion sidebands or differential AC Zeeman shifts [139].

The corresponding challenges for the static gradient scheme are a requirement for dif-
ferent microwave and RF frequencies for each individual ion, and the dependence of gate
speed and fidelities on high magnetic field gradients and microwave powers, which are
non-trivial to achieve experimentally. To overcome both of these challenges when scaling
to large numbers of ions, it has been proposed to use microfabricated current carrying
wires in the microchip trap structure, which can create local magnetic fields and high
magnetic field gradients at various ‘zones’ on an array of chips, which can be designated
for functions such as state preparation, two qubit gates and state detection [56]. This

proposal is summarised in section 1.4 as a motivation for the design of this experiment.
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2.5.1 The hyperfine qubit of ytterbium-171

The energy level scheme within the 2S; /2 ground state of ytterbium-171 is shown in fig-
ure 2.11, with the 12.6 GHz hyperfine splitting of the |F' = 0) and |F' = 1) states, and the
Zeeman splitting of the different mp states in the presence of a weak magnetic field. From
this point on, the states will be referred to as labelled in the diagram for readability. Any
state from the |F = 1) manifold can be coupled with the |0) state to form a qubit, which

can be manipulated by addressing the ion with a microwave field tuned to the relevant

frequency.
+1)

|Uf) F=1,mp=+1 ¢~10 MHz
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Figure 2.11 — Hyperfine and Zeeman levels within the 2S; /2 ground state of the
ytterbium-171 ion, in the presence of a weak (around 0.7 mT) magnetic field (not to
scale). For simplicity, the different F' and mp states are relabelled as shown.

2.5.2 State preparation and readout

In order to prepare the hyperfine qubit, the frequency of the 369.5 nm Doppler cooling
light is tuned such that it couples only the 281/2 [F=1)« 2P1/2 |F = 1) transition. From
the excited state of this transition, it is possible for the atomic state to decay to either of
the |F' = 0) or |F = 1) levels of the ground state. If the microwaves used to couple these
hyperfine levels during Doppler cooling are switched off, the |F' = 0) state is not coupled
nor can spontaneously decay to any other state, so after a sufficient period of time (around
2 ps [83]) the atomic state will be prepared in |0) state of the qubit with near unit fidelity.

After any quantum operation that manipulates the state of the qubit, a method is re-
quired to measure the qubit state at the end of the protocol. This is achieved by addressing
the ion with 369.5 nm laser light, which couples the 281/2 |[FF=1) + 2P1/2 |F = 0) tran-
sition, for a fixed period of time and counting the fluorescence photons collected during
that time. Preparing a single ion in either of the |F' = 0) (dark) or |F' = 1) (bright) states
and then addressing it with this pulse of this laser light yields Poissonian distributions

of fluorescence photons, shown in figure 2.12. For these distributions, the resulting mean
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Figure 2.12 — Histograms showing the distribution of number of collected photons
after preparing a single ion in the dark |F' =0) (blue) or bright |F' =1) (orange)
states (adapted from Randall [83]). Fitting a Poissonian distribution to each data set
yield mean photon numbers of 0.3 for the dark state and 9.9 for the light state.

photon numbers are 0.3 for the dark state and 9.9 for the bright state.

By setting a discrimination threshold such that if zero or one photons are collected, the
state is detected as |F' = 0), and if two or more photons are collected then it is detected as
|F' = 1), which yields a detection fidelity of 96.8% in the case of the data from figure 2.12.
Work by Noek et al. [140] has shown that by using imaging optics with a higher collection

efficiency, detection fidelities in excess of 99.9% are possible.

2.5.3 Single qubit manipulation

The following explanation closely follows Weidt [82]. A trapped ion with internal qubit
states of |1) and ||} separated by a transition frequency wy, confined in a harmonic poten-
tial with secular frequency w, and creation and annihilation operators ' and a respectively,

can be described by the Hamiltonion Hy as
- hw 1
Ho =52 (1= 1) )+ o (bt 3 ). (2.30)

The Hamiltonian (f] ) of the interaction of the ion with an applied field of frequency w
close to resonance with its transition can be written as the dot product of its magnetic

moment () with the magnetic field of the radiation (B) given by

H=-p-B=—p-2B. (el‘(’“—“”@ + e‘i<kz—“t+¢>) . (2.31)
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This Hamiltonian can be transformed into the interaction picture with respect to Hy using
I:I[ — eiflot/h fe=iflot/h ¢ find

Ay = (1) 1€ 4 1) (4] (232)

where we have defined the Rabi frequency of the interaction Q = — (B, /h) (}| - 2|1). By
varying the phase of the applied radiation, it is possible to perform single qubit manipu-

lation in the x and y bases as follows

Ay (6= 0) = 200 1+ 10 () = e

(2.33)
- T R 7S
H ( = —) = — — = —0
H(6=3) =500 il - ) = 54,
and the z basis by using 6, = —i6,6,, where 6, . are the Pauli matrices. Any arbitrary

qubit state on the Bloch sphere can be prepared by performing rotations of the qubit state
in each of these three bases. Additionally, by detuning the field from the qubit transition,
it is possible to alter the motional state of the ions by driving sideband transitions, which
is discussed in the following section.

The Rabi frequency of the interaction sets the ‘mr time’ of a given transition as t, = 7/,
which is the period of a pulse of radiation that will transfer qubit population from one state
to the other. By addressing the qubit with pulse durations of fractions of ¢, the qubit can
be manipulated into a superposition of its two states. Repeating the sequence of preparing
the qubit, applying a manipulation pulse, and detecting the state of the ion many times
for each pulse duration will yield either result with a fixed proportion, which can be seen
in the form of Rabi oscillations. An example performed in a previous experiment [83] is

shown in figure 2.13.
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Figure 2.13 — Experimental data showing Rabi oscillations between the two states

of the ‘clock’ transition |0) and |0’), for a Rabi frequency 2 = 679 Hz, from a previous
experiment [83].

48



2.5.4 Individually addressing ions in frequency space

As discussed at the beginning of this section, multi-qubit operations with long-wavelength
radiation require the use of a magnetic-field-sensitive qubit in combination with a mag-
netic field gradient to couple the internal and motional states of the ions. An additional
feature of this method is that individual addressing of the ions can be trivially achieved
in frequency space, as described below.

By combining |0) with a magnetic-field-sensitive state (|41) or |—1)), the qubit transi-
tion frequency is dependent on the magnetic field strength (B) at the ion due to a Zeeman
shift AEy (to first order) given by

AEZ = mFgFMBB (2.34)

where pp is the Bohr magneton and gr is the Landé g-factor determined by

FF+1) - II+ 1)+ J(J+1)  FF+1)+ I +1)— I +1)
SF(F + 1) T SF(F + 1)

gr = gJ (2.35)
where g5 ~ 2, g1 < ¢y, and for the |£1) states I = 1/2, J = 1/2 and F = 1, so
gr =~ 1. The qubit transition therefore has a frequency shift (from the zero magnetic field

frequency) of
Afy ~ j:MTBB (2.36)

which equates to 14 MHzmT~!. For an illustrative magnetic field gradient of 100 T m~!
parallel to a string of trapped ions with an ion-ion spacing of 10 pm, the transition fre-
quency of each ion will be separated by 14 MHz. In this way, individual addressability of
the ions is easily achieved by globally addressing the ion string with fields and selecting
individual ions in frequency space. Figure 2.14 shows data from a previous experiment
in a macroscopic trap, where the resonant frequency of the |0) <+ |+1) transition in two
adjacent ions can be seen to be resolved by 2.87 MHz — in this case the magnetic field
gradient was 24.5 Tm™! and the ion spacing was 8.4 im.

In this way, the hyperfine qubits of individual ions can be separately addressed in
frequency space (as shown for two ions in figure 2.14). The peak for each ion is fit with
the theoretical probability of measuring the ion in the |+1) state as a function of the

detuning (§) and Rabi frequency (€2) given by

QQ .9

PF:1 (Q, 5) = WSIH

5 (2.37)

(92 + 62) tﬂ].

The cross-talk Cj;, defined as the fraction of population transferred in one ion when a

neighbouring ion is resonantly driven, can be expressed as [83]

Cij = ~ (2.38)
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Figure 2.14 — Graph showing the resonant frequencies of the |0) <> |[+1) transition
for two adjacent trapped ions in a magnetic field gradient, adapted from Randall [83].
The experimental data points have been fit with the theoretical peaks for a frequency
splitting of 2.87 MHz, with a Rabi frequency of 66.7 kHz.

where w; —wj is the splitting of the resonant frequencies of the two qubits. For the values
in figure 2.14, the cross-talk Cj; = 2.7 x 10~*. This value can be further improved by
increasing the magnetic field gradient, reducing the microwave Rabi frequency, or by using
pulse shaping. Experimentally, the ability to individually address ions in frequency rather
than by position corresponds to a significant simplification of the required laboratory
equipment for the manipulation of multiple trapped-ion qubits — tightly focused, accurately
deflectable Raman laser beams can be replaced with a single microwave horn and off-the-
shelf components such as sources, switches and amplifiers. Laser fields are still used for

Doppler cooling of the ions and qubit state preparation and readout (as described above).

2.5.5 Coupling the internal and motional states of the ions

In order to perform multi-qubit operations on trapped ions, the collective motional state of
the ion string is used as a ‘bus’ qubit, which can be used to communicate the internal state
of one ion to another, and so perform operations on one conditional on the other. A single
ion addressed by radiation of frequency w trapped in a harmonic potential characterised by
a secular frequency w, will see a discrete number of frequency components of the laser field,
comprising an unshifted ‘carrier’ (w) and an array of ‘sidebands’ — frequency components
above (‘blue’) and below (‘red’) the carrier, equally spaced by the trap frequency ws. When
an ion is ‘hot’; or in a high motional quantum number state, it experiences a large number
of sideband fields, but as the ion is cooled the sidebands are suppressed, until only one
blue and one red sideband remain.
The criterion defining the boundary between these two regimes is the Lamb-Dicke limit,
expressed by
n”?(2n+1) <1 (2.39)
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where n is the motional quantum number of the ion and n is the Lamb-Dicke parameter,
which can be expressed in terms of the wavelength of the applied radiation A\ and the

spatial extent of the ion’s wavefunction Az as
2
n= ;Ax (2.40)

where Az = \/h/ (2mws) for an ion of mass m confined in a potential with secular fre-
quency ws.

An jon-radiation interaction with a carrier Rabi frequency 2 (changing the internal state
but leaving the motional state |n) unchanged), has Rabi frequencies for its first sideband
transitions (changing the motional state by one quantum) of Q, ,+1 = v/n + 1nQ and
Qpon—1 = v/nnf [82]. Therefore it can be seen that to manipulate the motional state
of the ion, it is important to have a sufficiently large Lamb-Dicke parameter. For an
ytterbium-171 ion in a trap with a secular frequency of 1 MHz, a Raman transition detuned
from the 369.5nm Doppler cooling wavelength has n = 0.18 (maximised for counter-
propagating beams) and 12.6 GHz microwave radiation has = 1.4 x 107%, roughly five
orders of magnitude lower.

In order to increase the Lamb-Dicke parameter for microwave radiation such that it
is sufficient for manipulation of the motional state of ions, a magnetic field gradient in
combination with a magnetic-field-sensitive qubit transition can be used. This allows
for coupling to the ion’s motional state as described below, which is closely follows the
derivations by Randall [83].

A qubit formed of the |0) and |+1) states within the ground state of an ytterbium-171
ion (described earlier in this chapter) will have a transition frequency wp that depends on

the magnetic field strength B given by

wp = wo + M?BB (2.41)

where pp is the Bohr magneton. In the absence of any applied fields, and defining energy
levels of the qubit states as equidistant around zero, the Hamiltonian of the ion in a

potential of secular frequency w, can be written as Hy=Hgp + ﬁm, where

i = "2 (1) 11 = ) () + em B 1) {1
H,, = hw.ala

(2.42)

which represent uncoupled internal and motional states of the ion. If we include a mag-
netic field gradient along the z-axis such that B(z) = By + 20B/0z, we can rewrite the

Hamiltonian as H' = H 5+ H’_ in the presence of this gradient by writing the position
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co-ordinate in terms of the ladder operators z = zg (d + dT) such that

Ay = "0 (1) 41 = 1) (41) + s Bo 1) (1

g, 9B (o st St
Hm—uBazzo<a+a)|T><T|+hwzaa

(2.43)

which shows the coupling between the internal and motional states of the ion in the first

term of H/ . By rewriting H/, as

Hy, = H 1) (W + HE 1) (1], where
Hy, = (L Hyp |)) = hwala and (2.44)
A, = (1 B 1) = 0 20 (a4 ) + Bl

we can see that ﬁfn is the usual harmonic oscillator Hamiltonian. By defining an effective

Lamb-Dicke parameter 7.g as
_ pp OB

Teff = he. gzo

(2.45)

we can introduce the new ladder operators b=a+ Neft and bt = at + Nett, Which allows
I:I,L to be rewritten as
H = hw.b'b — hw.n’g (2.46)

which is another harmonic oscillator, with a constant energy offset of —ﬁwzngﬁ and eigen-

states |n’). The new ladder operators lead to a new position basis 2’
2 =z (l; + BT> =20 (d +al + 2neﬁr) = 2z + 2297Ncf- (2.47)

So the effect of the gradient is to displace the position of the motional state by 2zgneg for
the |1) spin state only, and this displaced oscillator has Fock states |n’) which are related
to the original Fock states |n) by a displacement operator: |n') = D («)|n). The [|) spin
state still has the original oscillator states and energies.

It is possible to define new ‘polaron’ internal states that incorporate this harmonic
oscillator displacement such that both spin states share the same harmonic oscillator

states [83]. We can define the polaron states as

o) [np) = [¥) 1)

R (2.48)
1) Inp) = e (@1 =0) 3y )

with corresponding ladder operators dg) = a + neg|t) (1. The Hamiltonian for the

hyperfine qubit of the ion in a magnetic field gradient in the presence of near-resonant
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long-wavelength radiation can then be written as

. Q ) .
i = 22 (1) Q1+ ) (1) (&40 4 =90

o o (2.49)
= 5 () ) gl ) 1) ) (-9 i),

2

By transforming this Hamiltonian into the interaction picture with respect to the original

Hamiltonian of the ion Hy using H; = eiﬁot/h]f]LWefiﬁOt/h, and making the rotating wave

approximation (neglecting terms that oscillate at wy + w), we find

-

; ap—a Cillwp— ap—a)
sy = 57 (ettemalhalBin) ) ) eoilemama i) 1) 1) (2.0

where a, = aye”“*! and d;f, = d;r,ei“’zt.

For the case that nzﬁnp < 1, meaning that we are operating in the Lamb-Dicke regime
for nes, we can expand this exponential in powers of n.g for transitions between different
harmonic oscillator states, to arrive at a zeroth-order term (carrier) and two first-order

terms (red and blue sidebands) for a single ion defined by

& Y —1 i % —1

He = 5 (746 1) (ol + 6%t |1,) (1))

F e (st i ~ 6t —i ~

By = =TI (7 1) (L] @ + €' |1,) (1, ) (251)
~ h Q i i ~ 7 —1 P

Hy = 2 (e 1) (1] @)+ e ) (1))

where d., are the detunings of the three fields. The corresponding sideband Rabi fre-
quencies for these Hamiltonians are: Q. = Qy, n,—1 = /Mpneaf) and Qp = Qs 41 =

1y + 142, which are both suppressed by the effective Lamb-Dicke parameter 7.

Unlike the spin-motion coupling achieved with laser radiation, the effective Lamb-Dicke
parameter is independent of the radiation frequency. This allows for the internal and mo-
tional states of the ion to be coupled with long-wavelength radiation, a necessary ingredient
for multi-qubit operations.

Within the theoretical framework that has been outlined above, it is possible to inves-
tigate the effect of various gate parameters on multi-qubit gate fidelity. For example, it
can be seen from the equation 2.51 that the sideband Rabi frequencies are proportional to
the effective Lamb-Dicke parameter 7., so in order to increase gate speed, it is desirable
to have an neg with an appreciable value. Following equation 2.45, this can be achieved
(for example) by increasing the magnetic field gradient experienced by the ions. Optimi-
sation of the gate parameters, and the theoretically achievable two-qubit gate fidelities is

investigated in detail in chapter 3.
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2.6 Conclusion

This chapter has summarised the theoretical background to experiments designed to per-
form multi-qubit operations on trapped ytterbium ions using long-wavelength radiation.
First, the principles of ion trapping were described, and these were used to inform the
design of microchip RF ion traps. Following this, the specific laser fields required to ionise
and Doppler cool ytterbium ions were presented, before the hyperfine qubit of the ground
state of such an ion was described. The preparation, detection and manipulation of this
qubit was discussed, before the theoretical description behind the use of magnetic field
gradients for spin-motion coupling and individual addressing was presented.

This theoretical background informs much of the work summarised in later chapters. In
chapter 3, a method of increasing the coherence time of the trapped-ion qubit using dressed
states is presented, before describing the theory of a two-qubit gate using those states.
Microchip trapping parameters are then optimised for the maximum possible fidelity of
such a gate. Following this, the experimental setup and vacuum system to perform such

a gate are then described in chapters 4 and 5.
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3 Optimisation of microchip parameters

for high-fidelity entanglement

3.1 Introduction

Trapped ions are a promising candidate for the implementation of a quantum computing
device, and for this device to be useful, scalability to large numbers of trapped-ion qubits
is a key requirement. Microchip ion traps provide a promising platform on which the
techniques and results achieved with macroscopic ion traps can be extended to many ions,
with the end goal of performing trapped-ion quantum information processing using error
correcting codes (discussed in section 1.4). A key result on this path is the demonstration
of high-fidelity qubit operations with ions trapped on microchips.

The sources of error that determine the theoretical achievable fidelity for any operation
are functions of many experimental parameters, some of which can be controlled during
the experiment itself (for example microwave intensity) and others that are fixed when the
microchip is designed (for example ion height). For this reason, the potential error sources
for any particular gate must be understood at the time of chip design and microfabrication,
or alternatively, a wide range of microchip designs must be fabricated to provide adequate
options once a particular experiment has been decided upon.

For the work in this thesis, the second approach was taken. A large fabrication process
was undertaken by a previous PhD student of the laboratory [86] (summarised in chap-
ter 6), resulting in a large number of microchip ion traps with a range of designs. This
approach provides microchips for many different experiments without the other experi-
mental parameters having to be decided upon in advance. For example, different methods
of generating magnetic field gradients results in different scaling laws of that gradient with
ion height, so the different magnetic field gradient methods can be simulated and selected
from at a later date than the fabrication of the microchips.

This chapter begins by describing a method of engineering a dressed-state qubit, which
features a long coherence time while remaining sensitive to the magnetic field gradients
used for multi-qubit operations. It then describes the theory of a two-qubit gate using
these dressed states, before considering the relationship between the fidelity of this gate
and various experimental parameters. It then describes the various methods of generating
the required magnetic field gradient, and their scaling laws with ion height. Finally, it
outlines the results of simulations investigating the dependence of the gate fidelity on

various microchip parameters, and the resulting selection of a microchips for experiments.
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3.2 Entanglement of trapped ions using dressed-state qubits

Using a magnetic field gradient for individual addressability and coupling the internal and
motional states of the ion (described in section 2.5) requires a magnetic field-sensitive
transition, so the |0) state can be used in conjunction with the [4+1) or |—1) states to form
a suitable qubit. However, this qubit transition is subject to decoherence due to magnetic
field noise in the laboratory environment, which changes the qubit transition frequency
due to the Zeeman interaction. This results in a short coherence time (around 2 ms [83]),
which is comparable to the gate duration for the expected gate parameters (discussed in
section 3.4), limiting the achievable two-qubit gate fidelity.

For this reason a qubit that has a longer coherence time, while retaining sensitivity to

magnetic field gradients, is desirable — this can be achieved using dressed states.

3.2.1 The dressed-state qubit

A dressed state is an eigenstate of the Hamiltonian that describes an atomic system
being driven by resonant electromagnetic fields [118], and microwave dressed states can be
created in the hyperfine manifold of the 281/2 ground state of ytterbium-171 ions [118, 141].
These states are less sensitive to dephasing from magnetic field noise and hence their use
can increase the coherence time of the system by several orders of magnitude.

The |0) and |0") states of this manifold are insensitive to magnetic fields (to first order)
at low field strengths, while |[+1) and |—1) are magnetic field sensitive. To make use of the
static magnetic field gradient scheme [73], any dressed state qubit must also be magnetic

field sensitive.

|+1) |u)
Qnvw
V2
0) D) &
Qmw
V2
\d) d

Figure 3.1 — (Left) The atomic bare states, showing the second-order Zeeman shifted
|0") state and applied microwave dressing fields, with Rabi frequencies Q4, Q_ =
Omw. (Right) The resulting dressed-state eigenstates, showing the energy gap be-
tween |u) and |d) and the qubit states |0') and |D).

To create the dressed-state system, the magnetic-field-sensitive states |[+1) and |—1) are

coupled to the magnetic-field-insensitive state |0) using two resonant microwave fields with
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frequencies wy + w1 and Rabi frequencies Q4+, as shown in figure 3.1. The unperturbed

energy level structure of the ground state can be described by the Hamiltonian Ho, given
by

Ho = —hwo|0) (0] + heon (|+1) (+1] = |=1) (~1]) (3.1)
where wyp is labelled in figure 3.1 and w; = w+ = w_, which holds to first order. If the
Rabi frequencies of the applied microwave fields are set equal such that Q. = Q_ = OQyw,
then the Hamiltonian of their interaction with the ion Hypy is give by

. 9
HMWf:h MW

(e“wow)t 10) (1] + ell@o=w)t |0y (—1] + H. c.) . (3.2)
Moving to the interaction picture with respect to Hy and performing the rotating wave
approximation (RWA) gives the interaction Hamiltonian ﬁl{/IW as

- hOaw
Al = 1

(10) (+1[ +10) (=1] + [+1) (O] + [=1) (0]) (3.3)

if the phases of the microwave fields are set to zero. The three eigenstates of this Hamil-
tonian are the dressed states, which are formed of the following superpositions of the bare

states
1

D) = — (I+1) = |=1))

S

2

=5 D)+ 51D+ o) (3.4)
@ =50 +31-1 - =0,
Hyw can then be written as
Faw = ’:%W (J) (] — | {dl) (3.5)

The energies of the dressed states |u) and |d) are separated from the dressed state |D) by
hw/ V2 and —hQyw /v/2 respectively as shown in figure 3.1.
To understand why these dressed states are robust to magnetic field noise, we can model

the fluctuations as a perturbation H’ and rewrite them in the dressed state basis as

H' = ho(t) (|+1) (+1] = [=1) (~1])

(b (3.6)
=5 (I1D) (ul + [D) (d| + |u) (D] + [u) (DI)

where Ao(t) is an arbitrary time-dependent function. It can be seen therefore that the mag-

netic field noise attempts to drive population between the three dressed states. However,
these states are separated in energy space by AQnw/ V2, so it is energetically unfavourable
for these transitions to be driven unless the frequency of the noise is close to Qnw/ V2.

By combining the dressed state |D) and the bare atomic state |0’) to form a qubit,
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coherence times of over 700ms are possible [100, 118, 141], compared to around 2ms
for the magnetic-field-sensitive bare-state qubit, representing an improvement of over two
orders of magnitude. Unlike |u) and |d), the energy of the |D) state is insensitive to
fluctuations in Qyw, also preventing microwave intensity fluctuations from negatively
impacting the coherence time of the dressed-state qubit.

Importantly for multi-qubit operations, the dressed state qubit can still be coupled to
the motional state of the ions as described in section 2.5, because the dressed state | D) is
a superposition of the magnetic-field-sensitive bare states. The sideband terms arising in
equation 2.51 for a bare states field-sensitive transition in a magnetic field gradient will
therefore also manifest in the dressed state basis [83], allowing the dressed states of the ion
to also couple to its motional states. This coupling has already been used experimentally
to ground-state cool an ion [119], and to generate high-fidelity entanglement between two

ions [75].

3.2.2 Dressed-state qubit preparation, manipulation and readout

To prepare this dressed-state qubit, first the ion is prepared in its bare state |0) using
optical pumping, then a 7 pulse is applied on the |0) <+ |0’) clock transition, transferring
population to the |0/) state. Because |0’) is outside the dressed-state basis, the microwave
dressing fields can be instantaneously turned on at this stage without affecting the qubit
population. Once these fields are being continuously applied, the dressed-state qubit has
been prepared, and can be manipulated as described below.

This method replaces a previous method involving a partial stimulated Raman adiabatic
passage (STIRAP) process, by using a magnetic-field-insensitive transition (reducing de-
coherence) and by simplifying the experimental setup (by using only digital switching
of the microwave fields instead of analogue modulation). It should be noted that in-
stantaneously turning on the dressed fields as described above only transfers populations
between the dressed- and bare-state systems, whereas STIRAP allows for coherences of
the dressed-state qubit to be mapped back into the bare states. However, for the purposes
for preparing and detecting dressed states for two-qubit gates, this method is sufficient.

To manipulate this qubit, a single RF field resonant with the |0') <+ |+1) transition
is applied. Due to the second-order Zeeman effect, the |[0/) < |—1) and |0') < [+1)
resonant transition frequencies (labelled in figure 3.1) are shifted by dw = (w_ —w4) /2,
allowing either transition to be driven independently as long as the RF Rabi frequency

Qrr < 0w [118]. In this case we can write the Hamiltonian of the applied RF field as

e = " (e 1) 0] + v o) (1)
e e ] B e 0] e
2 2v/2

where the |0') to |d) and |u) transitions are heavily suppressed if Qrp < Quw due to
the energy separations of the states. Therefore fIRF acts only to couple the |0/) and |D)
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qubit states, with a modified Rabi frequency Qpp = Qrr/ V2. By modifying the RF field
phase of this ¢rr, all possible single qubit rotations can be performed in the same way to

a standard two-level system, as described in chapter 2.
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Figure 3.2 — Comparison of Rabi oscillations on the (left) magnetic-field-sensitive
|0y <> |+1) transition and (right) the dressed-state |0') <> |D) qubit transition,
adapted from [83].

At the end of a qubit manipulation sequence, the microwave dressing fields are turned
off, and another 7 pulse on the clock transition transfers the population of the dressed
states back to the bare states, by returning population in |0’) to |0), and leaving the
population of |D) in the |F = 1) manifold. After the = pulse, readout is performed as
for the bare-state qubit, by applying a pulse of resonant 369.5 nm laser light to the ion
and counting fluorescence photons. Figure 3.2 shows Rabi oscillations of the dressed-state
qubit compared to the magnetic field sensitive bare-state qubit, showing the improvement
in coherence time.

Performing manipulation of a single dressed-state qubit using this method requires little
extra experimental overhead compared to the bare-state qubit — two additional clock w
pulses and two microwave dressing fields per ion. The next chapter describes how multi-
qubit gates can be achieved using dressed-state qubits, and the various parameters that

can be controlled to optimise potential gate fidelities.

3.2.3 Theory of the Mglmer-Sgrensen gate with microwave dressed
states

Multi-qubit operations such as a two-qubit gate require field-sensitive transitions to couple
the internal and motional states of the ions, but the short coherence time of these qubits
favour the use of dressed states in order to achieve high-fidelity quantum operations, as
described in the previous section. The dressed-state qubit formed of |0') and |D) combines
the required magnetic-field-gradient sensitivity with a long coherence time, so can be used
as the basis for a two-qubit gate such as the one described below.

A two-qubit gate functions by altering the state of one qubit, conditional on the state
of the other. In early proposals, this conditionality was generated by cooling ions to their
motional ground state and using the absence of a red sideband to introduce the asymmetry

necessary for a conditional action [23]. Later proposals removed the stringent condition
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for ground state cooling of the ions prior to the gate by generating the conditionality
in a different way, which in the case of the phase [96] or Mglmer-Sgrensen [41-43] gates
is achieved by displacing the state of two ions in a closed circular path in phase space
conditional on their original state. For the implementation of a two-qubit gate utilising
our dressed-state system, the Mglmer-Sgrensen gate is used.

The Mglmer-Sgrensen (MS) gate functions as follows [43]. By acting on a general
motional state |¥) of a trapped ion with a classical force Fjsin (wst — ¢) for time 7, where
ws is a trap secular frequency, the displacement of the ion’s position (Az) and momentum

(Ap) in phase space is described by a displacement operator D («) such that

|[¥) — D («)|¥), where D (o) = exp (aaT - a*a)

Ap Fozo i (3.8)
= ———¢"%r
mws 2h

and o = 1 (Az +1i
220

where zg is the spread of the motional ground state of the ion. Repeated applica-
tion of these displacements are additive with an additional global phase ¢, such that
D(a)D(B) = D(a+ B)e. By considering a closed loop path in phase space formed
of successive steps, the total phase gained by the operation (®) is the sum of the phases
gained by each step such that ® =, ¢, which is equivalent to the area enclosed by the
path and is independent of the initial motional state |¥).

Separately, we can describe the effect of applying a resonant field to the dressed-state
qubit transition between the |0') and |D) states, given by Hiosonant = hQ) (6T +67)/2,
where 67 = |D) (0/| and 6= = |0/) (D|. Addressing the qubit with fields symmetrically
detuned by § from the red and blue motional sidebands of its transition results in the

Mglmer-Sgrensen Hamiltonian [43]

lfst = I:Irsb + f{bsb

_ Imea€rr (6.+d€—i6t n a.—d]“ei&) n e tRF (6.+&Tei6t n &—d€—¢5t>
2 2

_ e drp (a.+ + (}7) (&Teiét _}_defiét)
2

_ e QRF
2

(3.9)

HspinHmot

where phases have been set to zero for simplicity. The motional part of this Hamiltonian
(ﬁmot) represents the classical force applied to a motional state as described above, re-
sulting in a path in phase space as in equation 3.8. In this case, the detuning of the fields
causes the angle of the phase space displacement to change with time, forming a closed
loop, and the resulting gained phase.

The spin part of this Hamiltonian (Hgpin) for a single ion has +1 eigenstates of |—) =
(|0'y 4+ |D)) /v/2 and |«) = (|0') — |D)) /v/2. Applying the MS fields to two ions results
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in a spin operator acting on each ion, which can be written as

Hospin = (67 +67) @ 1o+ 11 @ (65 +65) (3.10)

with eigenstates |—=) |—) and |[+) [«), with eigenvalues +1, and eigenstates |—) [«) and

[«-) |—), both with eigenvalue 0.
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Figure 3.3 — (Left) Diagram showing the MS gate fields applied to the dressed-state
qubit transition of two ions in a magnetic field gradient. In both cases, the fields are
symmetrically detuned from the first motional sidebands of the transition. (Right)
The resulting path in phase space for the non-displaced (orange point) and displaced
(blue arrows) qubit superposition states in the {|<) , | =)} basis, and the phase gained
by the displaced states (shaded blue areas).

The effect of this operator, therefore, is that when applying the full MS Hamiltonian

to two ions in the same state in the {<—, —} basis, the state of the ions will be displaced

in a circle in phase space, but states of odd parity (ions in different states) will not be

displaced and therefore gain no phase (shown as the orange point in figure 3.3). If the

detuning and Rabi frequency of the gate fields is set such that § = £2n.4Qgrr, the phase

gained per loop in phase space is ® = 7/2. By applying the fields for a time 7 = 27/4, the

path in phase space completes exactly one full loop, and the motional and internal states

decouple [43].

Therefore the effect of lfIMs on the possible initial states of two ions is

Hyss (|=) [=) [9)) = €% |=) |=) [¥) = i |=) | =) [¥)

P:IMS () [ [9) = €' [¢) [) [¥) = i) [«) |¥) (3.11)
Hys (<) [=) V) = [«) |[=) [¥)

Hys (1) [) [¥)) = | =) |«) [¥)
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If instead, we begin in the {|0'), |D)} basis, the truth table is as follows

|0)[0") = (|0) [0) +4|D) D)) /v/2

0)10) = ([0)1D) +41D) [0)) /v o1
D) |0") — (|0} |D) —i|D)[0)) /v/2 '
D)D) = (|0) |0") —i|D) [D)) /v/2

Therefore if the MS gate is performed on two trapped ions prepared in any of these four
basis states of the dressed-state qubit, a maximally entangled ‘Bell’ state will be created.

SBHE A

U,
=2 HE - HE

Figure 3.4 — The equivalent quantum circuit for an CNOT gate, consisting of an
MS gate (Uns) with additional single qubit rotations. —m /2 represents a single qubit
phase shift, and H, is a Hadamard rotation in the y basis [83].

The MS gate is equivalent to a CNOT gate with additional single-qubit rotations [83],
and a CNOT gate can be performed using the quantum circuit shown in figure 3.4.

In a previous experiment in our laboratory, a Mglmer-Sgrensen gate was performed
on the dressed-state qubits of two ytterbium-171 ions in a macroscopic linear blade trap
using long-wavelength radiation [75]. For this experiment, the axial stretch motional mode

(with secular frequency 459.34(1) kHz) was used, and the ions were placed in a magnetic

field gradient of 24.5 Tm™!, which corresponds to an effective Lamb-Dicke parameter
Net = 4.1 x 1073, and sideband cooled to their ground state of motion before the gate [119].
The populations graph and parity curve of the gate operation is shown in figure 3.5,

corresponding to a calculated two-qubit gate fidelity of 98.5(12)%.
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Figure 3.5 — (Left) The populations P(0’,0") (red), P(D, D) (blue) and P(0’, D) +
P(D,0") (black) of the ions after application of MS gate fields for variable time ¢. A
Bell state is formed at time 7 = 2.7ms. (Right) Plot of the parity II = P(0'0") +
P(DD) — P(0'D) — P(D0'), after applying a 7/2 pulse of variable phase ¢ to both
ions after applying the MS gate fields for a time 7. Adapted from Weidt et al. [75].

The dominant sources of infidelity during this gate are heating of the motional mode

and decoherence of the dressed-state qubit, so an increase in gate speed would significantly
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increase its fidelity. As discussed later in the chapter, increasing gate speed relies on larger
magnetic field gradients and Rabi frequencies of the applied radiation. Performing this
fast, high-fidelity gate is the motivation for the microchip experiment described in this
thesis, and so the design of this experiment requires a thorough understanding of the

sources of error and their dependence on ion trap parameters.

3.3 Generation of large magnetic field gradients for

microchips

Magnetic fields, and therefore magnetic field gradients, can be created using either elec-
trical currents or permanent magnets. Both methods have advantages and disadvantages
for use in ion trapping experiments, and as a result are useful in different applications.
The two methods considered for this microchip experiment are current-carrying wires em-
bedded in the microchip structure, and aligned permanent magnet pairs, both pictured in
figure 3.6.

Figure 3.6 — (Left) A scanning electron microscope image of a microchip with
current-carrying wires underneath the trapping electrodes, with black arrows labelling
the current directions. (Right) A pair of permanent magnets separated by a copper
spacer, onto which a microchip can be aligned (adapted from Standing [85]). In both
diagrams, white arrows label the magnetic field gradient directions.

Conductive paths for electrical currents can be included in the microchip ion trap struc-
ture, which makes them an inherently scalable method of generating magnetic field gra-
dients, especially when considering large numbers of ions on an array of ion trapping
microchips. The currents can be switched off when not required, and adjusted for fine-
tuning of the magnetic field and gradient at the position of the ions, and even pulsed
to achieve higher gradients for short periods of time. However, on-chip currents cause
power dissipation directly at the surface closest to the trapped ions, which causes addi-
tional heating and requires cooling for large currents. Also, any variation in the currents

is directly felt by the ions as noise on the magnetic field and gradient, so extremely stable
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current supplies are required.

Permanent magnets result in no power dissipation and so require no cooling to function,
and are inherently more stable than the equivalent currents-generated gradient as there
are no sources of fluctuations in the system, and can generate extremely high magnetic
field gradients. However, they require precise alignment with the microchip electrodes,
as any offset in position or angle will result in potentially large offset fields and gradients
that can not be adjusted. Additionally, the temperature dependence of the magnetisation
of the magnets must be ensured to be low enough to not vary significantly during normal
microchip operation.

This section describes both magnetic field gradient generation methods, and determines
their scaling laws with ion height in order to inform the optimisation of two-qubit gate

parameters for a range of ion heights for both methods.

3.3.1 Current-carrying wires

Current-carrying wires (CCWs) are fabricated by depositing copper into channels etched
into a chip substrate, below the trapping electrode structures. This requires a thermally
conductive substrate in order for effective heat removal, for example diamond. Details
of the fabrication and operation of current-carrying wire substrates is discussed in chap-
ter 6. The structures described in that chapter are designed to operate at around 12.5 A

when cooled with liquid nitrogen, and possibly higher if cooled with high-pressure gaseous

helium.
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Figure 3.7 — (Left) Contour plot of the magnitude of the magnetic field above two
anti-parallel currents of 12.5 A separated by 100 um. (Right) The resulting magnetic
field gradient at an ion height of 100 pm, which is approximately 180 Tm™! over the
distance between the current-carrying wires.

Two parallel, counter-propagating currents will generate a large magnetic field gradient
in the region between them, as shown in figure 3.7. The anti-parallel currents also generate
a small offset magnetic field, which is easily cancelled with field compensation, desirable
for the long-wavelength scheme as large fields cause undesirable Zeeman shifts of the field-

sensitive qubit states.
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3.3.2 Permanent magnet pairs

An alternative method of generating magnetic field gradients is by using pairs of permanent
magnets in close proximity to the ion trapping structure. This method was used previously
in a macroscopic blade trap experiment in our laboratory to perform a two qubit gate
with long wavelength radiation, the results of which have been summarised earlier in this
chapter. In that experiment, the magnets are placed on either side of the axial direction
of the ion trap, achieving a magnetic field gradient of 24.5 Tm™".

A variant of this method suitable for microchip experiments is to incorporate the per-
manent magnets in a structure beneath the ion trap electrodes, which has been developed
by PhD student Eamon Standing [85]. This reduces the distance between the magnets and
from the magnets to the trapped ions, which significantly increases the maximum possible
magnetic field gradient. This method has the additional advantage of not impeding optical
access to the ion trapping region, and also ensures that the magnets have a good thermal
connection to the cooling system, allowing their temperature (and therefore magnetic field
and gradient) to be stabilised.

The permanent magnets used are uncoated samarium cobalt, which has a remanence
of 1.08 T, and the magnet spacer is made from oxygen-free, high-conductivity (OFHC)
copper, and is manufactured with a 20 pm precision, in order to position the magnets
with the maximum possible accuracy. The position of the minimum magnetic field and
strength of the gradient are determined by the magnet width and depth, separation and
magnetisation. Therefore, once the vertical distance between the ions and the top of
the magnets is known (comprising the ion height and microchip thickness), the optimum
magnet size and separation is determined by simulations. Following this, the magnets and
a spacer of the correct dimensions are assembled. The microchip is then aligned onto the
magnets and spacer assembly with a custom-built stage in a process described in more

detail in section 7.1.

3.3.3 Ion height dependency of gradients

The two different methods for generating the magnetic field gradients result in different
scaling laws with ion height. One important difference is the effective ion distance from
the magnetic structures — the current-carrying wires are separated from the microchip
surface by only the trap electrode structure, which is a few microns thick, so the distance
is dominated by the ion height (typically tens of microns). The permanent magnets are
positioned below the substrate of the microchip, which is around 500 pm thick, so the
separation is comprised mostly of the fixed substrate. The result of this difference is that
the magnetic field gradient of the current-carrying wires is much more sensitive to the ion
height compared to the permanent magnets.

The explicit dependence of the maximum achievable magnetic field gradient on the ion
height was determined by simulating the structures for a range of ion heights (performed

by PhD student Eamon Standing) and fitting the data points. For the current-carrying
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Figure 3.8 — Plots of the magnetic field gradient 9B/0z (in Tm™!) as a function of
ion height A (in pm) for both current-carrying wires (blue) and permanent magnets
(orange), assuming currents of 12.5 A and a chip thickness of 500 pm.

wires, the design current of 12.5 A was used, and for the magnets a chip thickness of
500 um was assumed. The resulting magnetic field gradient dependence on ion height is
plotted in figure 3.8 for both methods.

For this case of a 500 pm microchip thickness, it can be seen that for small ion heights
(below & 70um) the current-carrying wires achieve higher gradients, but at higher ion
heights the permanent magnets are more effective. Decreasing the microchip thickness
by using thinner substrates will cause the permanent magnets to achieve higher magnetic
field gradients than current-carrying wires over a larger range of ion heights. The effect
of these gradient scaling laws on the optimum ion height for two-qubit gates using both

gradient methods are further explored towards the end of this chapter.

3.4 Experimental parameters for two-qubit entanglement

and sources of infidelity

Three main sources of error are considered for the dressed-state two-qubit gate described
earlier in the chapter — heating of the ion (Fleat), off-resonant coupling of the gate fields to
their carrier transitions (Forc), and decoherence of the dressed-state qubit (Feon). These
error sources depend on a range of ion trap and gate parameters, namely: the magnetic
field gradient (0B/0z), axial secular frequency of the ion trap (w.), gate duration (7),
detuning of the gate fields (), and the heating rate of the ion (dn/dt), as well as the
effective Lamb-Dicke parameter (7eg).

In turn, this wide range of trap and gate parameters have scaling laws with various
parameters of the experiment, including: ion height (h), spectral field noise density (Sg),

dressed-state qubit coherence time (fco), gate field Rabi frequency (Qrp), ion trap tem-
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perature (T'), applied RF voltage (Vgr) and magnetic field gradient generation method
(CCWs or permanent magnets).

The key parameter from this list is the ion height of the microchip used in the exper-
iment. This is because either of the magnetic field gradient generation schemes must be
optimised for the specific ion height used, meaning that the ion height must be decided
upon in advance of the experiment. Two important trap parameters with an ion height
dependence are the heating rate and the secular frequency, the assumptions for which
are discussed below. Four ion heights were considered in the analysis: 70 um, 110 pm,
150 pm and 200 pm, representing the range of ion heights of microchips from the recent
microfabrication process [86].

As such, the dependence of the heating rate and secular frequencies of the microchips
are discussed below, followed by the dependence of other experimental parameters, before

expressions for the error sources are presented and optimised for.

3.4.1 Heating rate

In the absence of a Doppler cooling laser, the mean motional quantum number of a trapped
ion 7 will increase at a rate dii/dt — this quantity is the heating rate of the trapped ion.
The heating rate of ions in any particular trap will have a considerable effect on the fidelity
of two-qubit gates, by introducing decoherence into the motional state of the ions. Because
heating rates increase with decreasing ion heights in surface traps, the desirability of large
ion heights to minimise heating must be weighed against the corresponding reduction in
secular frequencies and magnetic field gradients. Therefore, a reasonable assumption of
the expected heating rate must be used when deciding on the optimum ion height.

Although there is no consensus on the mechanism of trapped ion heating or its scal-
ing with various trap parameters, experimental observations suggest that the heating is
a result of fluctuating patch electric potentials on the ion trap electrodes, due to the
stronger dependence with ion-electrode distance than would be expected from uniform
noise sources. This dependence is estimated to be roughly dn/dt oc h=* [142]. Under this
model, the heating rate dn/dt for a motional mode is related to the spectral density of the
fluctuating electric fields Sg by [143]

dn 7>

where ¢ and m are the charge and mass of the ion respectively and wg is the secular
frequency of the motional mode. When comparing different experiments, it makes sense
to compare S values rather than the heating rate itself, in order to isolate the electric
field noise from the effect of different secular frequencies and ion masses. Many other
factors also have an effect on the heating rate of an ion, including electrode material and
surface roughness, contaminants on the trap surface [144], and the source and filtering of

the voltages applied to the ion trap [119], but adjusting for these factors is impossible due
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to lack of comparability between experiments.

An ion trap with a similar geometry and electrode surface to our experiments was
chosen as a typical value. This heating rate was from a gold-coated linear RF trap with a
100 pm ion-electrode distance from the University of Michigan [145], with a spectral noise
density Sgp = 1.9 x 107" V2m~2Hz ! for cadmium-111 ions at an axial trap frequency
w, = 2w x4 MHz. Using this as our Sg for room temperature experiments, we can calculate
the heating rate for ytterbium-171 ions at any ion height and secular frequency using the
h~—* scaling law and equation 3.13.

By understanding the scaling of ion heating rates with temperature, the effect of cooling
the microchip ion traps on gate fidelities can also be investigated. Studies of cryogenically-
cooled ion traps have observed reductions in ion heating rates compared to the identical
traps at room temperature, on the order of one to three orders of magnitude [146, 147]. A
detailed study of heating rates of a large range of temperatures [148] searched for a scaling
law of the form

5 X 77 (3.14)

and found a § = 2.13(5) for the temperature range 70K — 300K, and 8 = 0.54(4) for
temperatures below 70 K.

Depending on the level of power dissipation at the microchip (from current-carrying
wires and trap RF voltages), liquid nitrogen cooling is expected to achieve temperatures
of around 100 K, so the scaling law above implies an associated heating rate reduction of

10.4(4), or approximately one order of magnitude.

3.4.2 Secular frequencies

The secular frequencies are an important experimental parameter for multi-qubit oper-
ations, as they affect other parameters such as the heating rate, effective Lamb-Dicke
parameter, and the detuning of the MS gate fields and therefore duration of the two-qubit
gate. As such, it is desirable to achieve high secular frequencies, and these are limited by
the electrical characteristics of any given ion trap.

In order to estimate the secular frequencies for the microchips, analytical simulations
were performed of the RF electrode geometries used to achieve each of the four ion heights
under consideration, which all have symmetric RF rails and an RF electrode width fixed
to half of the RF electrode separation, using the methods from section 2.3. A breakdown
measurement was performed on a sample microchip from the fabrication process, which
had identical gaps between adjacent electrodes of 5 um, and was designed to have an ion
height of 120 pm. Details of the geometry of this microchip can be seen in figure 6.1.

The test achieved a maximum RF amplitude of 289(5) V before surface breakdown oc-
curred between the RF electrode and the ground plane, so for safe microchip operation
a maximum RF voltage was set at 200V. When designing the microchips, it was as-
sumed that a trap depth of 0.1 eV was required, while keeping the inhomogeneity factor ¢

mentioned in section 2.3 below 0.5 to ensure stable ion trapping [86].

68



The simulations showed that it was possible to achieve sufficient trap depth within these
constraints at all ion heights, with resulting radial trap frequencies for ion heights of 70 um,
110 pm, 150 pm and 200 pm were 2764 kHz, 1765 kHz, 1299 kHz and 978 kHz respectively.

The motional mode of the ions used for the two-qubit gate is the axial stretch mode,
which has a lower heating rate than the COM mode [149], so the stretch mode secular
frequency must be used for infidelity calculations. First, the criterion for two ions to be
oriented along the axial direction of a trap is used to find the axial COM frequency as

w, = w,/v/4.5, then the axial stretch mode frequency is calculated using w? = V3w

3.4.3 Two-ion gate parameters and infidelities

We can combine the behaviour of the magnetic field gradients, heating rates and secular
frequencies discussed above with the other ion trap and gate parameters to estimate the
most dominant sources of infidelity for entangling operations, and find the optimum gate
parameters to use in experiments. There are three sources of error that are used to
determine the gate fidelity in this analysis: heating of the motional mode, off-resonant
coupling to the carrier transition, and decoherence of the dressed-state qubit.

For the microwave dressed-state qubit described at the beginning of this chapter, our
qubit states are [0/) and |D), and the two-qubit gate is performed using the stretch mode
of the two ions.

The single-ion effective Lamb-Dicke parameter 7.5 is defined as

up [ h 0B
.V 2mw, 0z

Tleft = (3.15)
where w, is the axial COM secular frequency as described above. The two ion effective
Lamb-Dicke parameter g is then related to the single ion neg by ot = Most/ V2.

The detuning of the gate fields from the motional sidebands § and the duration of the

gate 7 are set to
2m

(5 = 277201({ QRF, and 7T = ——
N2eft SIRF

(3.16)

for a single loop in phase space during the gate, where Qry is the Rabi frequency of the RF
gate field. The error sources can then be modelled as functions of these gate parameters,
along with the heating rate and coherence time of the qubit.

The first source of error modelled in this analysis is the heating of the axial stretch

motional mode of the ion during the gate. This error Epe,t can be modelled as [43]

5 1 24n . 1 gdn
Epeat = 3 3P (— ‘Z > — g &xP (—‘Z) (3.17)

so high heating rates and long gate times result in lower fidelities. The lower heating rate

of the stretch mode (taken from King et al. [149]) results in a reduced error contribution

from this term, so the stretch mode is favoured over the COM mode for the gate.
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The second source of error is the off-resonant coupling of the detuned sideband fields
to their carrier transitions. Because the motional sidebands addressed with the gate
fields are only separated from their carrier transition frequencies by the sum of the trap
secular frequency and the gate detuning, the gate fields will also weakly drive the carrier
transition, introducing a source of noise during the gate that manifests itself as a fast
oscillation between the qubit states. For each carrier transition, this introduces an error
Ei

(@)

o, quantified by the expression [75]
i 2
. rf
EZ)I‘C - <w§ +5> (318)

which favours low RF Rabi frequencies, and high secular frequencies and detunings. There
are six carrier transitions for the gate fields (coupling the |0) state with the dressed
states | D), |u) and |d)), with Rabi frequencies defined in equation 3.7, so the total error

contribution from off-resonant coupling to carrier transitions can be found as [75]

i Qrf 2
Boe=Y Ei =4 . 3.19
3 =4 (555) (519

It is possible to strongly suppress this error using pulse-shaping of the gate fields [137], and
this was recently demonstrated by Weidt et al [75] for the two-qubit gate being considered
in this chapter, where the off-resonant carrier coupling errors were reduced to a negligible
contribution using this technique. This was not included for the optimisation plots, but
the absolute fidelities in the following analysis can therefore be significantly improved
upon, as discussed in the conclusion of this chapter.

The final source of error is the decoherence of the dressed-state qubit due to depolarisa-
tion during the duration of the gate (E.on). This was estimated using a master equation
approach by Randall [83], which sums over contributions from o, and o, type rotations
between |D) and the unused dressed states |u) and |d). Performing a numerical simulation

of the master equation and fitting the simulated errors to a exponential decay yielded an

4
Feon = 0.7222 {1 — exp (—0 6”)] (3.20)

error of

coh
which favours low gate durations (with high RF Rabi frequencies) and long coherence
times. The coherence time used for the dressed-state qubit is 650 ms as measured in a
previous experiment [75].
The sum of these errors leads to the total error of the gate, allowing us to find the

theoretical gate fidelity Fiopa as
Ftotal =1- (Ehoat + Eore + Ecoh) . (321)

An additional source of error not included in the analysis is Kerr coupling, which modi-

fies the stretch mode secular frequency due to a coupling with the stretch radial (rocking)
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mode, and so leads to infidelities to due incorrect detunings of the gate fields. The mag-
nitude of this error depends on the ratio of the axial COM (w,), radial COM (w,), axial
stretch w? = v/3w, and radial rocking w! = m secular frequencies of the trap. In
this analysis these are all fixed by the relation w, = v/4.5w, as earlier mentioned. The
error also depends on the mean motional quantum numbers of the axial stretch mode n}
and radial mode i, and is given by the expression [150]

72 3+4n

Fier = 2K2 2n, + 1 22
Ko =y 16 Y 2

where K depends on the various secular frequencies. In order to quantify this error it is
necessary to consider specific motional quantum numbers, where the rest of this analysis
is performed for general motional states of the ions. An estimate for the magnitude of this

error is given in the conclusion at the optimised trap parameters for each case.

3.4.4 Selection of optimum trap parameters

By choosing a particular ion height and magnetic field gradient method and varying the
RF Rabi frequency and ion trap axial (COM) secular frequency, we can map out the
regions of high fidelity in each case in order to optimise the trap parameters. The secular
frequencies calculated from the earlier mentioned analytical trap simulations are overlaid
on each plot as a limit to the available region of fidelity using the available RF trap voltage
discussed above. A similar approach is taken for the RF Rabi frequency, which is limited
by the requirement that 7o.gQrr < Qnw/V2 to prevent off-resonant coupling to the
dressed states |u) and |d). With the existing amplifiers and emitters in the laboratory, the
RF Rabi frequency can be set to around 70kHz without exceeding the criterion above.
This value is overlaid on the contour plots as well, defining another limit on the available
gate parameters. These two lines therefore define a region of fidelities that can be accessed
with the current microchips and laboratory equipment, while the rest of the plot represents
areas of fidelity that could be accessed with future developments in microfabrication and
experiment upgrades.

The aim of the optimisation process is to have access to gate fidelities above the relevant
threshold required for ‘fault-tolerant’ quantum computing, using error correction schemes.
If the surface code scheme [81] is used (as discussed in section 1.4), this threshold is a
fidelity of around 99% [151, 152]. In designing an experiment with the goal of demonstrat-
ing results towards a large-scale quantum computer that implements the surface code, it
is therefore important that a two-qubit gate performed in the experiment is theoretically
capable of far exceeding a 99% fidelity.

Figure 3.9 shows four contour plots of the theoretical two-qubit gate fidelity as a function
of the RF Rabi frequency (y-axis) and ion trap axial COM secular frequency (x-axis),
for a chip with a magnetic field gradient generated by current-carrying wires, cooled to
around 100 K. The area representing fidelities above the ‘fault-tolerant’ threshold of 99%
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Figure 3.9 — Contour plots of theoretical two-qubit gate fidelity (%) as a function of
RF Rabi frequency and secular frequency, shown for a liquid nitrogen cooled microchip
with current-carrying wires. The four ion heights are 70 pm (top left), 110 pm (top
right), 150 pm (bottom left) and 200 pm (bottom right). The blue lines denote the
estimated maximum achievable secular frequencies (vertical) for current microchips,
and RF Rabi frequency (horizontal) with current laboratory amplifiers.

is coloured orange, and the maximum possible Rabi and secular frequencies are overlaid
in blue. It can be seen that in the case of a liquid nitrogen-cooled, current-carrying wires
microchip, gate fidelities in excess of 99% are theoretically possible over a range of ion
heights. The optimum ion height for this experiment is around 110 pm, which gives access
to fidelities above 99.2% at a range of gate parameters.

Repeating the calculations at room temperature yields much lower fidelities, with the
optimal ion height found to be at 200 pm, but the fidelity is limited to a maximum of 98.4%
due to the higher heating rate of trapped ions in the room temperature microchip. Re-
maining at low ion heights to yield higher magnetic field gradients is therefore important,
but as a result cooling of the microchip to suppress ion heating is found to be necessary
for this experiment.

Figure 3.10 shows the fidelity contour plots for the same four ion heights, for a chip
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Figure 3.10 — Contour plots of theoretical two qubit gate fidelity (%) as a function of
RF Rabi frequency and ion trap axial secular frequency, shown for a room temperature
microchip with permanent magnets. The four ion heights are 70 pm (top left), 110 pm
(top right), 150 pm (bottom left) and 200 pm (bottom right). The blue lines denote the
estimated maximum achievable secular frequencies (vertical) for current microchips,
and RF Rabi frequency (horizontal) with current laboratory amplifiers.

with a permanent magnet pair generating a magnetic field gradient at room temperature.
In this case, high gate fidelities strongly prefer large ion-electrode distances, with the
optimum ion height being around 200 pm, which gives access to fidelities in excess of
99.4%.

Finally, the dependence of the gate duration 7 is important to understand when optimis-
ing gate parameters for fidelity, because long gate times become undesirable when scaling
to operations on large numbers of ions. Figure 3.11 shows the fidelity plot for the room
temperature chip with magnets, retaining only the 99% fidelity contour, overlaid with the
gate durations. It can be seen that to keep gate duration low, the area of acceptable gate
parameters is reduced further to only the shaded area (for 7 < 1ms).

It should also be noted that the use of pulse shaping to reduce error contributions from

off-resonant carrier coupling will result in different experimental parameters for optimum
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Figure 3.11 — Gate parameter contour plot for a room temperature microchip with
permanent magnets at and ion heights of 200 pm. The 99% fidelity region is inside
the orange contour, and achievable gate parameters inside the lower bottom blue box
as before, with example values for the gate duration 7 overlaid in yellow.

gate fidelities. Because Fg.. favours low Rabi frequencies, reducing its magnitude with
pulse shaping will allow for faster gates for maximised fidelities, which will in turn result

in a reduction in gate duration 7.

3.5 Conclusion

For the liquid nitrogen-cooled, current-carrying wire microchips, the optimum ion height is
around 110 pm, with a total error at the optimum experimental parameters Fio; = 0.70%,
comprised of Eyeay = 0.21%, Eore = 0.23%, Eeon = 0.26%. This suggests that future mi-
crochips with current-carrying wires should be fabricated for ion heights around this value
in order to optimise gate fidelities, assuming that the chips can be liquid nitrogen cooled.
Without cooling, the achievable fidelities are reduced, due to the relatively large heating
rates at the required low ion heights. Using pulse shaping, it is possible to significantly
increase this fidelity.

For the 200 pm permanent magnet experiment at room temperature, on which the exper-
iment described in this thesis is based, the optimised total error Fio; = 0.51%, comprised
of Fheat = 0.24%, Eore = 0.17%, Econ = 0.10%. Again, the use of pulse shaping to sup-

press off-resonant carrier coupling errors suggests that this fidelity can be significantly
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increased.

Assuming the radial modes of motion of the ion are cooled to their Doppler recoil
limit, the Kerr coupling error for the optimised permanent magnet gate parameters is
approximately 0.11% for ions cooled to the ground state of their stretch mode motional
state. By doubling the radial secular frequency, this error can be reduced to 0.03%,
highlighting the importance of a large radial secular frequency for low error rates due to
Kerr coupling.

By increasing the coherence time of the dressed-state qubit, F.., can also be reduced,
and this is achieved by addressing the ions with higher intensity microwave radiation,
increasing the Rabi frequency of the microwave dressing fields Qryp, and therefore also the
energy separation of the |u) and |d) levels from the qubit states.

However, by far the biggest contribution to the error of the gate is the heating of the ion.
By reducing the heating rate by one order of magnitude, the same error calculations above
predict a minimum total error of Eiot = 0.26% (and Epear = 0.04%). For this reason, the
experiment and vacuum system are designed to include a liquid nitrogen cooling system,
to reduce the temperature of the chip down to the 70 K to 100 K range. There are other
methods of reducing the heating rate, including cleaning the surface of the microchip,
using argon ion sputter systems [143] or laser ablation [153], which will not be employed
for the experiment in this thesis, or by optimising the microfabrication process to ensure
smooth metal surfaces for the microchip electrodes.

Finally, this analysis does not include errors that arise from imperfect experimental
conditions, such as mis-setting of gate parameters, and various second-order effects in the
gate Hamiltonian, which are summarised by Weidt et al. [75]. These effects contribute
negligible errors to experiments performed with these proposed parameters, but must be
considered when pursuing higher fidelities with drastically increased gate parameters such

as larger Rabi frequencies and magnetic field gradients.
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4 Experimental setup

4.1 Introduction

Creating an experiment capable of trapping ions and coherently manipulating their quan-
tum states is a significant engineering challenge. Complete control of a large number of
experimental variables is required before experiments can begin, which places stringent
requirements on every component of the experiment under construction. This chapter

documents each element of the experiment that was designed and constructed over the

period of the research conducted for this thesis.

Imaging optics, photon

DC axial potential

Ultra-high vayerrtin
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Microwave and RF
radiation

/

Cooling cycle
laser radiation

Fast control

[1]]

Neutral atomic beam
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Photo-ionisation
laser radiation

Magnetic field gradient

# Shickding from
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Figure 4.1 — The various elements of an ion trapping experiment suitable for per-

—

forming quantum operations using global long-wavelength radiation fields.

The elements of an experiment required for trapping ions and manipulating them using
long-wavelength radiation are shown in figure 4.1. The ions are trapped within a vacuum
system, which provides an ultra-high vacuum environment and shielding from electromag-
netic fields, as well as electrical feedthroughs and apertures for laser beams, imaging optics

and long-wavelength radiation. The vacuum system, and the elements of the experiment
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that are placed within it, are described in chapter 5. This includes the permanent magnets
used for generating a large static magnetic field gradient and the atomic ovens used to
generate a thermal beam of ytterbium atoms aligned with the ion trapping position.
This chapter describes the elements of the experiment that are external to the vac-
uum system, starting with the ‘fast’ control system that allows different components of
the experiment to be varied and switched with accurate timing during the experiment.
Next, the laser field generation setups are detailed, which provide the required laser light
for ionisation and Doppler cooling of the ions, as described in section 2.4. The optical
setup required to achieve laser beams with the correct sizes, powers and positions is also
described, as well as the imaging system used to collect photons from the trapped ions.
After that, the systems used to provide the required DC and RF voltages for trapping
are described, which includes the filtering circuits for the analog voltages and the resonant
circuit that couples the amplified RF source to the ion trap. The compensation coils
used to apply offset magnetic fields to the ion trap are briefly described, and finally the
generation of the required microwave and RF radiation is summarised at the end of this

chapter.

4.2 Fast experimental control

All the components described in this chapter must be integrated into an experimental
control system for simultaneous control of the many variables during an ion trapping
experiment. This includes ‘slow’ control of continuously applied fields, such as laser wave-
lengths, and ‘fast’ control of pulsed fields, such as microwaves. All of the elements of
the experiment must be synchronised to each other, to ensure sequences of manipulation
and measurement occur in the correct time period. For this purpose we use a LabVIEW-

controlled field-programmable gate array.

4.2.1 Field-programmable gate array

The field-programmable gate array (FPGA) used is a National Instruments product! which
is controlled with the LabVIEW graphical programming language. The FPGA has a
40 MHz clock and 96 digital input/outputs, which can be read and controlled on a 25 ns
timescale, as well as eight analog inputs and eight analog outputs.

The elements that are controlled with the FPGA outputs include the acousto-optical
modulator (two analog outputs for frequency and amplitude and one digital output for
fast switching), the electro-optical modulator (one digital output), the wavemeter-locked
wavelengths of the 398.9nm and 935.2nm lasers (two analog outputs), and three home-
built beam shutters (three digital outputs). Due to the relative scarcity of analog outputs,
when adding functionality to the experiment it is desirable that new components can be

controlled digitally.

National Instruments PCle-7842R
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4.3 Lasers and optical components

As discussed in section 2.4, four laser wavelengths are required for the trapping of ytter-
bium ions: 369.5 nm and 935.2nm for Doppler cooling of the ions, 398.9 nm for photoion-
isation, and 638.6 nm for returning the ion from dark states resulting from background
collisions. The laser radiation at each of these wavelengths must pass through a num-
ber of optical components before all being directed into the ion trapping position of the
trap with a high degree of accuracy, which requires a complex optical setup. In addition
to these requirements, working with microchip ion traps necessitates finer control of the
shape and size of the laser beams than experiments with macroscopic ion traps. Finally,
as this experiment coexists with other experiments in the laboratory, sharing resources
that include laser systems and space on the optical tables, extra components must be
included to allow for flexibility and minimal disruption when switching resources between
different experiments. This section details the configuration of the optical components
used to achieve this.

Laser stabilisation is an important component of ion trapping experiments, and has been
developed for this (and other) experiments by PhD student Tomas Navickas. However,
the laser stabilisation system is yet to be used during the process of this experiment, so is

not discussed in this thesis.

4.3.1 Laser systems and pre-optical fibre components

One of the considerations when choosing the species for an ion trapping experiment is the
availability of laser systems at the correct wavelengths to address the relevant electronic
transitions of the ions. Ytterbium is a popular choice in part due to the simplicity of the
energy level structure of its ions and convenient wavelengths of the required transitions — all
wavelengths required can be generated by either direct diode lasers (398.9 nm, 638.6 nm,
935.2nm) or commercially available frequency-doubled diode lasers (369.5nm, doubled
from 739 nm lasers). Additionally, unlike ion species that require shorter wavelengths for
Doppler cooling (for example sub-300 nm laser light for cadmium ions), optical fibres can
be used to guide laser beams at these wavelengths indefinitely without degradation, which
is important for experiments of long duration.

This experiment uses two commercial frequency-doubled 369.5nm lasers: a Toptica
diode laser system for trapping ytterbium-174 ions and an M Squared titanium sapphire
laser system for ytterbium-171 ions. The Toptica laser can also be used as a far off-resonant
beam during ytterbium-171 experiments by reconfiguring the post-fibre optics. If required,
the M Squared system can also be used for ytterbium-174 trapping experiments. Small
fractions of both of these lasers are sampled for wavelength monitoring on a multi-channel
wavemeter?.

The Toptica laser system® shown in figure 4.2 produces 739 nm light with a diode laser

2High Finesse WS-7
3Toptica TA-SHG 36
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Figure 4.2 — The pre-fibre Toptica 369.5 nm laser and optical setup.

that passes through a tapered amplifier, which increases its power from around 30 mW to
around 300 mW. After the tapered amplifier, the laser beam is steered (via some mode
matching optics) into a bow-tie doubling cavity with a lithium triborate (LBO) crystal,
which uses second harmonic generation to frequency double the light to 369.5 nm, with an
output power of around 50 mW. More details on the configuration and operation of this
laser system have been described by McLoughlin [154].

The output of this laser passes through a filter (to reduce the beam power) and some
beam-shaping optics, followed by a zero-order half-wave plate and a polarising beam split-
ter (which together allow a controllable fraction of the laser power to be used for different
experiments) before being coupled into a single-mode optical fibre. Another half-wave
plate allows the beam polarisation to be aligned with the axis of the optical fibre, which
ensures that the laser light exits the fibre with a fixed, constant linear polarisation.

The M Squared laser system is a diode-pumped titanium sapphire laser, which uses
around 12W of optical power from a green 532nm diode laser* to pump a titanium
sapphire cavity®, producing 739 nm laser light, which is frequency doubled to 369.5 nm in
a doubler module® to produce around 1W of blue light.

The required power is taken from the laser output beam using a beam sampler’, the
remainder is available for other experiments to sample in the same way. This sampled
beam passes through a half-wave plate for polarisation control, then steered through an
acousto-optical modulator (AOM)® in a double-pass setup, meaning that the light passes
through the AOM once, is reflected by a prism and passes through it again in the opposite

direction. This ensures that the beam angle remains constant as the frequency of the

Lighthouse Photonics Sprout-G
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Figure 4.3 — The pre-fibre M Squared 369.5 nm laser and optical setup.

Beam sampler

AOM is varied, and improves the extinction ratio of the first order beam when switching
the AOM off. This AOM is driven by an AOM controller, which allows for the laser
light to be tuned in frequency and amplitude, as well as to be switched on and off on a
sub-microsecond timescale. This controller is in turn controlled by two analog outputs and
one digital output of the FPGA, so the AOM is easily integrated into the experimental
control program.

After the AOM double-pass beam path, the laser light passes (via zero-order quarter-
wave and half-wave plates for further polarisation control) through an electro-optical mod-
ulator'? (EOM), which allows for sidebands to be added to the laser light to address the
|FF = 1) hyperfine level of the ?P; /2 in ytterbium-171, necessary for qubit state prepara-
tion as discussed in section 2.4. This optical layout is shown in figure 4.3. Both this laser
and the Toptica laser are coupled into optical fibres, and the output couplers for both

1 guch that either laser can be used as a source for

are aligned with a removable mirror
the 369.5nm light in the experiment without realignment of the post-fibre optical setup.
Following a removal and reinsertion of the mirror, the laser beam remains aligned to bet-
ter than around 10 pm over a beam path length of around 1m, which is sufficient for this
experiment.

The 935.2nm repump laser is a commercial Toptica external cavity diode laser'? used
only for this experiment, which outputs around 50 mW of power. The laser has a diode
current feed-forward, ensuring large mode-hop free tuning ranges, and a modulation input,
used to lock the laser wavelength using a wavemeter. This laser light passes through a
beam sampler, which sends a small portion of the light to a wavemeter, and the remainder

is simply coupled straight into an optical fibre without requirement for further components.

9Tsomet 630C-110G
'QUBIG EO-T1055M3
HLINOS LI12-2000-6
2Toptica DL Pro HP
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A home-built external cavity diode laser (described by Siverns [84]) is used for the
generation of light at 398.9nm for the ionisation of ytterbium, which outputs around
4mW of light (after an optical isolator) and is shared with another experiment by using a
flipper mirror to send the light into one of two optical fibres. An identical setup is used for
the 638.6 nm light (also shared between two experiments), from a home-built laser with an
output power of around 15mW. This laser has a signal generator connected to modulate
its diode current and piezo voltage, in order to span a range of wavelengths to couple the

necessary states in ytterbium-171 ions (as shown in figure 2.10).

4.3.2 Post-optical fibre laser beam layout

399 fibre
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Figure 4.4 — The configuration of optical components to deliver the laser beams from
their optical fibres to the trapped ions.

After their fibre launchers, each of the four laser beams has a home-built shutter (de-
veloped by previous group member Nikolaus Lorenz) placed in their beampath, which are
controlled using the FPGA. Each shutter is constructed from a servo motor'? that is con-
trolled through pulse width modulation. The FPGA digital outputs send a high voltage
pulse every 20 ms with a duration of between 0.75ms and 2.25ms, which instructs the
servo motor to hold an angular position of between 0° to 180°. The duration of the pulse
is controlled in the LabVIEW program, and calibrated such that the shutter will fully
block and unblock the beam at two set points. These shutters allow for fast (sub-second)
blocking /unblocking of the laser beams, important during initial ion loading to prevent

trapping of further ions (by blocking the 398.9 nm laser light) or to check for the presence

BParallax Inc 900-00005
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of ions (by blocking/unblocking the 935.2 nm laser light).
The 638.6 nm and 398.9 nm laser beams are overlapped using a broadband beamsplit-

ter!

4. with the unused laser power from both beams incident on a beam block. These two
beams are then overlapped with the 935.2nm laser on a cold mirror'®, which is coated
such that it reflects light with wavelengths below (and transmits light above) 700 nm, at
incident angles of 45°. To ensure that the two beams can be made completely colinear,
both have two mirrors before the cold mirror, which allows the beams to be ‘walked’ onto
each other, ie aligned in the near- and far-field.

These overlapped beams then pass underneath the imaging tube via two periscopes, and
then via two more walking mirrors to the final steering optics, which comprises a mirror
and achromat lens with f = 150 mm mounted on a horizontal translation stage. This
ensures that the beams can be repeatably translated exact distances from the microchip
surface, to have certainty regarding beam positions during the experiment. In this way
the beams are focused to a waist above the microchip inside the vacuum system, which
they enter and exit via anti-reflection coated viewports.

After its fibre, the 369.5 nm light passes through a precisely aligned beam shaping stage,
which consists of a telescope and a pinhole. This beam shaping stage achieves fine control
of the size, collimation and spatial profile of the laser beam as follows. The focal lengths of
the lenses of the telescope are selected in order to achieve the correct diameter of the laser
beam as described by the formula d, = (f1/f2)d;, where d, and d; are the output and
input beam diameters respectively and f; and fy are the respective focal lengths of the
first and second lens of the telescope. The lenses are separated by the sum of their focal
lengths and the second lens is mounted on a horizontal micrometer-controlled translation
stage, which allows for precise control of the length of the telescope. Varying this length
allows for control of the collimation of the beam after the telescope.

A pinhole is placed in the path of the beam between these two lenses, mounted in a lens
mount with two-axis angle control, on a three-dimensional, micrometer-controlled trans-
lation stage. This combination allows for complete control of the pinhole position within
the telescope. The pinhole is placed close to, but slightly after, the focus of the telescope,
which allows it to block any off-axis components of the laser beam, while transmitting
only the desired Gaussian profile. The pinhole diameter is chosen by calculating the beam

waist size of the telescope w from the input beam radius r using:

_ AN
w= 211

: (4.1)

and setting the pinhole diameter to ~ 1.3w (following a Thorlabs tutorial [155]). By
correct selection of the lenses and pinhole, and observing the beam with a camera after
the telescope and adjusting the lens separation as well as the position and angle of the

pinhole, any undesirable components of the beam can be removed and the correct beam

4 Thorlabs BS019
5 Thorlabs M254C45
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size and quality can be achieved. Then, by using flipper mirrors before the viewports and
positioning a beam profiler'® at the same distance from the final lenses as the ion trap,

the resulting beam profiles at the ion trap position can be directly observed.

<+1.2 mm=>

Figure 4.5 — (Left and centre) Images (captured with a Thorlabs DCC1545M camera)
of the 369.5 nm laser beam profile after the telescope (left) before and (centre) after
the insertion of the pinhole, showing the effect of spatially cleaning the laser beam.
(Right) The resulting beam profile after the final lens (captured with the WinCamD
XHR camera), showing a beam waist of &~ 100 pm (all labelled beam sizes are the
1/€? diameter).

Figure 4.5 shows the beam profile of the 369.5 nm laser measured after the telescope,
before and after insertion of a pinhole. When collimated, the output beam from the
optical fibre has a diameter of 1.4mm, so from equation 4.1 the beam waist diameter of
the telescope (comprised of two identical lenses with focal lengths of 100 mm) is around
53 nm, so for the spatial cleaning the optimal pinhole size should be around 70 pm. By
using pinholes of different diameters, and varying the distance between the pinhole and
the telescope beam waist, the beam profile was optimised by direct observation on the
camera. The most Gaussian beam profile was found using a 100 pm precision pinhole!”,
which yielded the post-telescope beam profile shown in the centre of figure 4.5.

After the beam shaping optics, the 369.5 nm light is steered to its own translation stage
mounted final mirror and lens, set at a 45° downward angle to the optical table, as shown
in figure 4.6. Level with the optical table, a horizontal mirror reflects this beam so that it
passes upwards through the diagonal viewports of the vacuum system. A Gimbal mount'®
is used for this final mirror for precise control of the beam angle, and the final lens requires
a focal length of 250 mm, which accounts for the greater distance to the microchip via the
horizontal mirror. Focusing the 1.2mm diameter 369.5nm laser beam output from the
beam-shaping optics using this final lens yielded the beam profile shown on the right of
figure 4.5, with a beam waist of roughly 100 pm.

For efficient Doppler cooling of the trapped ions, the k-vector of the 369.5 nm laser beam

must have a significant component in all three principal axes of the ion trap. By using

WinCamD XHR
7 Thorlabs P100S
8 Thorlabs GM100/M
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extra DC electrodes running parallel to the RF electrodes, it is possible to rotate the two
radial principal axes of the ion trap such that instead of being parallel and perpendicular
to the chip surface, they both have a significant component in both directions. However,
the k-vector of a laser beam aligned parallel to the axial direction of a microchip trap
will have zero component in either of these radial axes, independent of this principal axis
rotation.

For this reason, it is important to orient the Doppler cooling laser beam at a significant
angle to the axial direction of the ion trap, and for this vacuum system it is convenient
to use the viewports mounted diagonally on the vacuum chamber, resulting in an angle
of 45° between the k-vector of the laser and the ion trap axial direction. In combination
with a principal axis rotation, this ensures that the laser light is able to cool the motion

of the ions in all three principal axes of the motion of the ions.
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Figure 4.6 — Orientation of the laser beams through the vacuum system, as viewed
from the imaging window. The 369.5 nm beam passes through a lens of focal length
250 mm before a horizontal mirror deflects it upward through the system at 45° with
respect to the axial direction of the microchip. The combined 398.9 nm, 638.6 nm and
935.2nm beams pass horizontally through an achromat lens of focal length 150 mm
and the vacuum system.

By manipulating the position and angle of the beams using the final translation stages
and monitoring the appearance of the laser beams exiting the system and the resulting
scattered light on the ion trap electrodes using the imaging setup (described below) it is
possible to optimise the alignment of the beams until they are parallel to the microchip
surface. The collimation of the beams and distance between the final achromat lens and
the ion trap can then be fine tuned to achieve the desired beam waist at the ion trap (as

viewed on the beam profiler using the flipper mirror described above).
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4.3.3 Upgrade for barium ion trapping

The vacuum system includes a barium oven as well as ytterbium ovens, in order to be
compatible with barium ion trapping experiments in the future, including sympathetic
cooling and multi-species entanglement. It is therefore important to ensure that the nec-
essary laser wavelengths for trapping barium ions can be integrated into the optical table
layout with minimum disruption.

Similar to ytterbium ions, photoionisation of neutral barium can be achieved in a two-
photon process via an intermediate state, but in the case of barium, it is possible to use
two photons of the same wavelength, so only one 413.4nm laser field is required. For
Doppler cooling of the barium ions, two wavelengths are required to couple three atomic
states: 493.5nm and 649.9 nm [156].

Combining these three laser wavelengths with the existing four wavelengths required for
ytterbium ions is simplified due to some fields only being required intermittently. Five of
the wavelengths are required continuously (369.5nm, 493.5 nm, 638.6 nm, 649.9nm and
935.2nm), so they are combined in a way that allows all of them to address the same
trapping region simultaneously. Only one of the ionisation wavelengths is required at

once, so a removable mirror can be used to select between them.
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Figure 4.7 — The modified post-optical fibre table layout to include the necessary
wavelengths for trapping barium ions.

The modifications to the post-optical fibre layout from figure 4.4 is shown in figure 4.7.
The post-fibre optics for the three barium wavelengths (such as beam shaping and polarisa-
tion optics) are not shown for clarity. Either of the two ionisation wavelengths (398.9 nm

and 413.4nm) can occupy the same beam path by using a removable mirror, and the
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638.6 nm and 649.9 nm laser beams are combined using half-wave plates and a polarising
beamsplitter. The two Doppler-cooling wavelengths are combined using a narrow-pass
369.5nm filter'?, and can both therefore pass through the vacuum system at 45° for ef-
fective Doppler cooling of the ions in all trap axes.

The laser systems for these additional wavelengths are already installed in the labo-
ratory, so in theory the transition from trapping ytterbium to barium is as simple as
including the extra optics shown in figure 4.7 and applying a current to the electrical

feedthrough pin connected to the barium atomic oven mounted inside the vacuum system.

4.4 Imaging system

The imaging system used for an ion trapping experiment has two main purposes. The first
purpose is to provide a highly magnified real-time image of the trapping region. The image
allows for detection of individual ions and ion strings as they are trapped, and also allows
for verification of the imaging position relative to the ion trap electrodes, and accurate
alignment of multiple laser beams onto the position of the RF nil.

The second purpose of the imaging system is the detection of the internal state of the
trapped ions. As described in section 2.5, the internal state of an ion is detected by
addressing the ion with a resonant 369.5 nm laser beam for a set time period and counting
the fluorescence photons emitted by the ion — if this number is below or above a set
threshold the ion is determined to be measured in its ‘dark’ or ‘bright’ state respectively.
Therefore the imaging system must collect and count fluorescence photons from the ions
with high efficiency during short time periods. The imaging setup must therefore be
flexible enough to perform both of these functions, while also being well isolated from
stray photons due to background illumination of the laboratory and other laser light used
in the experiment.

The imaging system used in this experiment comprises three parts: imaging optics, dark

box, and imaging devices.

4.4.1 CCD camera and PMT

For initial trapping experiments, the microchip and trapped ions are imaged with an
electron-multiplying (EM) charge-coupled device (CCD) camera, which is specifically de-
signed for low noise photon detection in low-light applications. EMCCD devices use impact
ionisation to suppress the readout noise relative to the photon-collection signal, and are
cooled to around —80 °C to suppress dark current, which is the effect of thermally gener-
ated electrons adding noise to the signal. The specific model used for this experiment?’
was selected for its high quantum efficiency at 369.5nm (greater than 30%), large EM-
CCD sensor size (13.3 x 13.3 mm) and high readout rate (26 frames per second for the full

sensor). For experiments with small numbers of ions, only a small portion of the sensor is
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used at a typical magnification, but when considering future experiments on large numbers
of ions in spatially separated potentials (as described in section 1.4), it is important that
the imaging system is capable of collecting photons over a relatively large area.

However for photon counting applications, which are necessary for state detection of
the ion, it is convenient to use a photomultiplier tube?! (PMT), which is able to detect
individual photons incident on its sensor. For efficient use of the imaging optics, both
the CCD and the PMT are placed inside a light-tight box, and a flipper mirror is used to
switch between them with no realignment necessary, as shown in figure 4.8. Also placed
within the light-tight box is a removable narrow bandpass 369.5 nm filter??, which allows
for selective imaging of fluorescence photons and 369.5 nm laser light only. This is useful to
remove background scatter both from general laboratory light sources and also the other

laser wavelengths used in the experiment.

4.4.2 Tmaging optics
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Figure 4.8 — The experimental imaging setup, with the distances between optical
elements to scale. The microchip is shown in gold behind the ion, and the main
imaging window (between the ion and the triplet) in blue.

The imaging optics used to form an image in this experiment consist of a triplet lens
and a doublet lens, following the original design described by Siverns [84]. A triplet lens
with fixed magnification is used to reduce the effect of spherical aberrations caused by the
wide angle of collection of photons from the ions. By changing the focal lengths of the two
lenses that comprise the doublet, the overall magnification of the imaging can be easily
controlled.

The magnification can be decided upon by considering the required field-of-view and
resolution for the experiment. For the microchip used, it is desirable to be able to image
multiple inner DC electrodes simultaneously in order to navigate the microchip surface
easily. These electrodes are 140 pm long by 90 pm wide, and they are separated by gaps
of 5um. A magnification My = 14 allows the CCD sensor to image at least six inner DC

electrodes at once, and means that each 13.3 pm pixel of the camera corresponds roughly
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to 1pm at the chip, which allows individual ions spaced by a few microns to be resolved
easily. The magnification My is a product of the magnifications of the doublet My and
the triplet M;. The triplet is a fixed lens combination with a set magnification, so the
easiest way to set the system magnification is to select the appropriate doublet lenses.

The selected triplet®® has M; = 12.29, so the required doublet magnification is My =
1.26. Using doublet lenses with f; = 150 mm and fo = 300 mm results in a doublet focal
length fq = (fif2)/ (fi + f2) = 100 mm. Using the relations

di 11 1
[T i_1.1 4.9
R (4.2)
we can find ) )
dy=fi (14— ddj= —— 4.3
° fd( *Md> = 1/, (4.3)

which gives us distances of d, = 188 mm and d; = 214 mm, which are easily achievable
on our optical table. The triplet has a focal length fi = 164 mm and is designed for an
object distance t, = 25mm, which allows for a ~ 10mm distance from the ion to the
imaging window and some additional distance between the window and the triplet lens.
This results in a triplet image distance of t; = 238 mm.

The imaging tube can therefore be constructed to achieve the given magnification by
ensuring the triplet-doublet distance is correct (¢; + do), then placing the triplet around
15mm from the imaging window and moving the camera (and light-tight box) until an
image of the trap electrodes is formed on the CCD sensor. Once the horizontal and vertical
positions of the imaging tube and camera have been adjusted, the whole system can be
bolted down to the optical table, with fine adjustment during the experiment achieved
with a three-axis micrometer translation stage, which translates the imaging tube but
leaves the camera stationary. The flipper mirror can then be adjusted until the scattered
light is detected by the PMT.

4.5 Analog voltages

In an RF trap, confinement of the ion in two spatial directions is provided by an RF voltage
via a pseudopotential, and confinement in the third spatial direction is provided by analog
DC voltages, as described in section 2.2. Depending on the geometry of the ion trap and
the compensation required for offset fields, the voltages required for a sufficiently deep
axial potential can range up to tens of Volts for microchips. However, independent of the
actual voltages applied there is a critical need for stability of these voltages to minimise
heating of the motional states of trapped ions. These analog voltages must also be easily
variable for the optimisation of trapping parameters and micromotion compensation.

To remove noise from the analog voltages, multi-stage low-pass filters are used. Low-

pass filters are electrical circuits that transmit signals of low frequency and attenuate
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high-frequency components — the transition point between the two is known as the cut-
off frequency. Most simply, this can be achieved by a resistor in series and capacitor in
parallel to the load of the circuit, which is known as a ‘first-order’ filter. By combining
multiple low-pass filters with different cut-off frequencies and attenuation levels in series,
a higher-order filter can be created with a steeper attenuation response at the cut-off

frequency.

4.5.1 System requirements

The analog voltages used for ion trapping must be stable over long experiment durations,
and must also be filtered to reject any fast noise components before reaching the DC
electrodes of the ion trap. Sources of noise range in frequency from mains power in the
laboratory (50 Hz), to switching power supplies (kHz), high power RF voltages for trapping
(MHz) and microwaves for qubit manipulation from other experiments (GHz). To reject
this wide range of noise frequencies, it is important to have a high attenuation and low-
cut off frequency, and to place the filters in close proximity to the ion trap electrodes to
prevent noise from being picked up after the voltages have been filtered.

The system must also be compact enough to filter 100 DC channels in an experimental
context. This means that any filters external to the system must fit within a grounded
shield close to the electrical feedthroughs of the vacuum system, and any filtering inside
the vacuum system must be extremely compact to fit within the experimental chamber.
Additionally, the in-vacuum portion must be ultra-high vacuum compatible, and reusable
between multiple microchip ion trap experiments, to allow for a short preparation time of
experiments and to reduce the cost of replacing a microchip ion trap. It is also desirable to
be able to alter the cut-off frequency of the filter during an experiment, without having to
open the vacuum system. For example, high-fidelity multi-qubit entangling gates require
the most stable possible trap parameters, so low cut-off frequency filters would be pre-
ferred, whereas any experiments involving ion shuttling would require fast waveforms to
be applied to the DC electrodes, which would require filters with a higher cut-off frequency
to allow for transmission of these waveforms.

With these constraints in mind, the solution used comprises the following components:
a stable source of multiple analog voltages®® (eight channels with a range of £10V), low
cut-off frequency multi-stage filters outside the vacuum system and a single-stage low-
pass filter (with a higher cut-off frequency) inside the vacuum system. This separation of
functions allows for the large, complex filtering circuits to be placed outside the vacuum
system, which drastically attenuates laboratory noise of all frequencies, and a compact,
single-stage filter to be placed very close to the trap electrodes. This single-stage filter
provides a ground for the RF voltages applied to the microchip, as well as filtering out
any additional noise picked up by the DC wiring inside the vacuum system. Keeping the

low cut-off frequency filters outside the vacuum system also allows for modification of the
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properties of the filters without opening the vacuum system.
The external filter box is discussed below, and the construction of the in-vacuum filters

is discussed in section 5.4.

4.5.2 Design and testing of the multi-stage low-pass filters

The circuit used consists of a four-stage, low-pass RC filter with the resistor and capacitor
values shown in figure 4.9, designed in collaboration with group member Dr. Bjoern
Lekitsch.
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Figure 4.9 — Circuit diagram of the filters used for the DC trap electrodes.

This circuit was designed using LTSpice to simulate its frequency response, which was
designed to have a —3 dB cut-off frequency of 32 Hz — which is low enough to exclude the
mains noise from the laboratory environment. Four 1k() resistors®® and capacitors with

a range of values®®

from 200 pF to 2.2 uF are used for each channel, to cover a wide range
of frequencies. The capacitors were selected to have the smallest possible package sizes,
to reduce the effect of the inductive behaviour of capacitors at high frequencies, which
would reduce the performance of the filter. Additionally, the components were required
to be compatible with voltages in the range of £100V, to prevent placing unnecessary
restrictions on possible trap parameters. The simulated performance of the filters can be
seen in figure 4.11 — the inset shows more detail of the frequency response of the filters at
low frequencies.

SMA '

connectors

Single channel
fourth-order filter

Headers pins
to routing PCB

Figure 4.10 — A ten channel filter PCB (left) and the assembled filter box (right).
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To realise 100 channels of this filter in a compact design, a box was designed that used
ten identical filtering PCBs, each of which had ten channels of filtering, and a separate
PCB to route these filtered signals to the vacuum feedthrough?’. SMA connectors were
selected as a convenient method of connecting the filter box to DC supplies, and so the
filtering PCBs were designed to have SMA connectors that protruded through the lid of
the filter box (shown in figure 4.10). The routing PCB had two subminiature D-type
connectors for connecting directly to the vacuum feedthrough, which enables the filter
box to be placed directly on the vacuum system. This minimises the potential for noise
to be picked up after the filters.
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Figure 4.11 — Experimental performance of the filters (yellow points) plotted with
the simulated frequency response from LTSpice (blue line).

After construction, the filter box was tested using a signal generator and two channels
of an oscilloscope, and comparing the unfiltered and filtered signal voltages as a function
of frequency. The data is shown in figure 4.11 along with the expected performance, and
found to be in good agreement. Crucially, the cut-off frequency of 30.5 Hz is below the
50 Hz mains frequency, resulting in a greater than 5dB attenuation of mains noise from
the laboratory.

4.6 Application of high RF voltages to microchip ion traps

In order to generate a confining potential of sufficient depth to trap ions using typical
microchip geometries and common ion species, RF voltages with frequencies around 10-
100 MHz and amplitude around 100-500 V must be applied to the trap electrodes. An RF
voltage can be applied directly to a microchip from an amplified source in an unmatched

circuit, but a large applied power would be required for a given voltage as the impedance
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mismatches in the system will cause the RF power to be reflected. Additionally, noise
present on the amplified RF signal that reaches the microchip electrodes can cause heating
of the ions [142] similarly to noise on the DC electrodes as discussed above, which is
undesirable for ion trapping experiments.

The use of a helical resonator allows for the filtering and amplification of RF voltages
applied to microchip ion traps. This is achieved by forming a resonant circuit that is
impedance matched to the output of the RF amplifier, allowing for maximum power

transfer to the microchip.
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RF amplifier

RF source —— lon trap

Helical resonator
Figure 4.12 — Circuit diagram of a basic RF delivery system.

The RF delivery system of the experiment is shown schematically in figure 4.12, with
its components labelled. An RF signal of around 20 MHz and —10 dBm is generated by a
stable source®® and sent to a high power amplifier?” which amplifies the signal by 43 dB to
around 30 — 35dBm, or a few Watts of RF power. The amplified signal is connected to a
directional power meter®’ (not shown in the schematic), which allows for the monitoring
of RF power levels delivered by and reflected back to the amplifier. This RF generation
circuit is then connected to the resonant circuit, formed of a helical resonator and the ion

trapping microchip, and the cabling and vacuum feedthroughs linking the two.

4.6.1 High Q helical resonators

The resonant circuit used to filter and amplify the RF voltage delivered to the ion trap
electrodes can be modelled as an LCR circuit, where a capacitive load (the ion trap) is
impedance matched to the RF source by an inductor (the helical resonator). The helical
resonator used in this experiment follows the framework developed by Siverns et al. [157],
and was developed in collaboration with previous group member Nikolaus Lorenz. The
three main components of the helical resonator are the antenna coil, the pickup coil, and
the grounded shield, shown in figure 4.13. The antenna coil couples to the pickup coil
inductively, so an oscillating voltage on one induces an oscillating voltage on the other,

much like a transformer. The pickup coil is grounded at its top (closest to the antenna)
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Grounded shield Pickup coil
Diameter Height Diameter Wire diameter Pitch Number of turns
100 mm 140 mm 50 mm 3.8 mm 10 mm 7

Table 4.1 — A summary of the dimensions of the grounded shield and pickup coil
used for the helical resonator shown in figure 4.13.

and floating at the bottom, where it is connected to its capacitive load. Both coils are
electrically connected to SMA connectors mounted on the top and bottom of the grounded

shield, which protects the coils from nearby sources of noise in the laboratory environment.
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Antenna coil
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Figure 4.13 — A disassembled helical resonator showing its three main components:
antenna coil, grounded shield and pickup coil.

The helical resonator and connected ion trap can then be considered as a series LCR
circuit, where the main contribution to the inductance L is from the coils of the resonator,
the capacitance C' is from the coaxial cables and the ion trap itself, and the resistance R
is dominated by the cables, feedthroughs and wirebonds connecting the two. This LCR
circuit has a resonant frequency (wp) at which the lowest fraction of incident RF power is

reflected, and a quality factor (Q) given by:

1 1 /L
Jic and Q = Ve (4.4)

The power applied to a microchip ion trap should be kept low to minimise dissipation

wo =

losses and heating of the chip, while the voltage applied should be maximised for large
trap depths and long ion lifetimes. The RMS voltage at the microchip (Vrumg) for a given
input power P and quality factor @ is given by Vams = (L/ C’)l/ 1 /PQ, so to maximise
the trapping voltage for any given input power it is important to optimise the resonant
circuit such that @ is large — as can be seen from above this is achieved by maximising L
and minimising the C of the circuit.

As described by Siverns et al. [157], the @ factor of the resonance and the resonant
frequency can be altered by adjusting the geometry of either of the two coils, so the
system is made tunable by forming the antenna coil from a malleable wire. The pickup

coil is made from a thicker, non-flexible copper rod for stability and low losses. The
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dimensions of the shield and pickup coil are fixed, and summarised in table 4.1.

The resonance optimisation process is as follows: first, the wirebonded chip is connected
via an SMP connector on its front PCB to the SMA vacuum feedthrough via a homebuilt
SMA-to-SMP cable assembly (all detailed in section 5.4), and the capacitance of the
assembly is measured using a vector network analyser (VNA) at the feedthrough. The
capacitance of the unbonded microchip is usually around 5 pF to 10 pF, and the mounted
and bonded assembly can be up to 25 pF. To minimise this capacitive load, it is important
to keep the total length of cabling between the helical resonator and the ion trap as low
as possible [158] — for this reason the closest flange of the vacuum chamber to the PCB
track for the RF signal was used to mount the feedthrough, and the helical resonator was
placed on the optical table as close as possible to the system, resulting in a total SMA
cable length (from the resonator to the wirebonds of the microchip) of less than 200 mm.

With the vacuum feedthrough®! connected to the pickup coil of the helical resonator
with an SMA cable, the VNA can be connected at the antenna coil of the resonator
to characterise the resonant circuit. First, the resonant frequency is adjusted — a longer
antenna coil leads to a lower resonant frequency and vice versa, so the coil can be deformed
as required until the resonant frequency is correct (this frequency is determined in advance
from simulation of the optimum trapping parameters for the chip). Then, the @ factor
of the circuit should be maximised — this is achieved by fine tuning the antenna coil until
it is as close as possible to a perfect helix. Additionally, the cleaning of the inside of
the helical resonator (including the surface of the pickup coil and the inner surface of the
ground shield) to remove any corrosion of the copper helps to increase the @ factor of the
circuit — this can be achieved by physical abrasion (sanding) or chemical treatment (using
dilute hydrochoric acid). Another option to ensure corrosion free surfaces, not used in this
experiment, is to electroplate the grounded shield and coils with a thin layer of gold.

Using SMA connectors, coaxial cables and a custom PCB chip mount ensures a low-
loss, uniform 50 €2 impedance electrical connection between the helical resonator and the
wirebonds to the ion trap, which is important for the performance of the resonant circuit.
Previous vacuum systems relied on power vacuum feedthroughs®?, and bare wires attached
on either side with barrel connectors, and the RF signal was routed via the pins of a chip
carrier to the wirebonds to the chip. This connection has many different impedances
between the resonator and chip, causing reflections and losses in the resonant circuit.
Additionally, using a lower diagonal vacuum chamber flange for the connection allows the
resonator to be bolted to the optical table, for better temperature stability and protection

from mechanical shocks.

4.6.2 Monitoring the on-chip RF voltage

In order to calculate expected trap depths and secular frequencies of a confining potential,

it is important to have knowledge of the voltage level of the RF signal at the ion trap
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electrodes, but measuring this voltage is complicated. This is due to the delicate nature of
the resonant circuit — any additional capacitance (such as an oscilloscope in parallel with
the ion trap) will further load the helical resonator, reducing the @ factor and altering the
resonant frequency of the circuit. It is especially vital to monitor this voltage in microchip
experiments, as there is a fine balance to be struck between sufficient RF voltage for
ion trapping and a low enough level to be far away from the breakdown voltage of the
microchip. Finally, monitoring the on-chip RF voltage (and the incident and reflected
RF power to achieve that voltage), it is possible to detect changes in the coupling of the
resonant circuit during the experiment, which gives an indicator of any variations in the

electrical properties of the microchip.
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Figure 4.14 — The modified RF delivery system to include a simple capacitive probe.

In past experiments, and initially during this experiment, a simple capacitive probe
was employed to sample a small fraction of the RF voltage after the helical resonator (and
therefore over the trap electrodes), as shown in figure 4.14. The extremely low capacitance
of the probe (less than 1 pF) in series with the measuring device acted to shield the helical
resonator from any large increases in capacitance (which would negatively impact the @
factor of the circuit), while providing a monitor voltage which is a fixed fraction of the
voltage at the trap.

However, this solution was insufficient for two reasons. Firstly, the probe was con-
structed as two thick copper wires in close proximity to each other attached to BNC
connectors. For a constant capacitance (and therefore sampling fraction) the geometry of
this probe is required to be exactly constant, but it was found that unplugging and replug-
ging the BNC cables from the box (or indeed any small perturbation to its position) would
cause huge variations in the ratio, leading to uncertainty in the voltage applied to the ion
trap. The second problem was a poor stability of the coupling ratio with changes in RF
drive frequency, leading to further uncertainty in the applied voltage when the frequency
was varied.

For these reasons a new probe was designed, based on previous work by Johnson et
al [159], consisting of a capacitive divider placed in parallel with the ion trap, with

C1 = 0.2pF and Cy = 20pF for a sampling ratio of around 1%. To ensure a constant
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Figure 4.15 — The modified RF delivery system to include a capacitive divider for
monitoring the RF voltage. The 25pF value refers to the total capacitance of the
microchip, chip mount and in vacuum cable, as measured at the vacuum feedthrough.

3 were used to

performance with varying trap parameters, high performance capacitors®
construct the probe, which are rated to the high voltages and radio frequencies used for
the experiment.

To calculate the expected effect on the @ factor and resonant frequency of the LCR
circuit, we can consider the change in capacitive load between the unmonitored circuit
in figure 4.12 and the full circuit in figure 4.15. If the capacitive load measured at the
beginning of the SMA cable leading to the vacuum feedthrough is around 25 pF, and the
oscilloscope®* has a load of around 16 pF, the change in the capacitance loading the helical

resonator is as follows

1 1 B
Crotal = C Cr " O+ Cocope
total trap <C1 + Cy + Cscope>

1 1 -t
= AC = Ctotal - Ctrap = <C1 + W) (4‘5)
scope

Ny ! _1~02F
~\02pF " 20pF +16pF) P

so we can see that the resonator is shielded from the high capacitances of C5 and the
oscilloscope by the low capacitance of C7 connected in series, which dominates.

A convenient feature of this arrangement is the insensitivity of the resonant circuit to
the exact configuration of any part of the circuit after Cj, which means that long cables
can be used to connect the oscilloscope, and the experiment can be rearranged with little
effect, making it robust to the daily changes in the laboratory environment. These changes
will however change the sampling ratio as capacitance is effectively being added to Cs, so
for any given calibration the cabling should remain constant.

The probe can then be calibrated by connecting it directly to the amplified RF source
(without the helical resonator and ion trap), and using two channels of an oscilloscope

to compare the applied RF voltage from the source to the voltage measured across Cb.
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The ratio between the voltages at the desired frequency can then be directly read off the
oscilloscope, and the dependence of this ratio on frequency and RF power can be studied.
The calibrated probe can then by inserted into the complete RF delivery circuit as shown
in figure 4.15. The resonance of this circuit can be found by replacing the RF source and
amplifier with the VNA, and adjusted by altering the geometry of the antenna coil of the
helical resonator until the appropriate resonant frequency and quality factor of the circuit
are achieved.

After completing this calibration procedure, the probe used in this experiment was found
to have a coupling ratio of 509(3), meaning that 1 mV observed from the probe corresponds
to 509(3) mV at the RF electrodes of the ion trap. This calibration was performed at the
resonant frequency of 23.69 MHz (as found below), but there was no strong dependence
found on frequency around this central value, and the coupling ratio stayed approximately

constant with RF voltage.

4.6.3 Performance of the resonant circuit
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Figure 4.16 — Experimental data showing the S11 parameter (reflectance) as a func-
tion of frequency for the resonant RF delivery circuit.

Figure 4.16 shows the fractional reflected power expressed in dB (also known as the S11
parameter) as a function of frequency for the resonant circuit. The measurement is taken
at the input SMA connector of the helical resonator, which is connected to the wirebonded
chip inside the vacuum system and the capacitive divider probe described above, and has
been optimised for the desired resonant frequency and quality factor. The resulting system
has a resonant frequency of 23.69 MHz, and a bandwidth (defined as the frequency band
at which there is a 3dB reduction from the peak throughput) of 32.8 kHz.

The @ factor can then be calculated as the resonant frequency divided by the bandwidth,
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so in this case is 722.1, which is a dramatic improvement on previous helical resonators
built in our laboratory for other experiments, which typically achieve @ factors of around
100. This improvement can be attributed to the use of short, low-loss, impedance-matched
cables connecting the ion trap to the helical resonator, and improvements in the helical
resonator construction. This allows for the application of high RF voltages to our mi-
crochip using very low RF powers, resulting in lower heating of the chip and the trapped

ions as a result, and very strong suppression of unwanted frequency components.

4.7 Compensation of large offset magnetic fields

In ion trapping experiments, it is often important to have equipment in place to compen-
sate any stray magnetic fields experienced at the location of the trapped ions, so typically
Helmholtz coils in all three dimensions are placed around the vacuum system. In the case
of this experiment, there is an extremely high magnetic field gradient at the position of
the trapped ions (as described in section 3.3), which has been aligned to the microchip
with an error budget corresponding to offset fields of up to around 10 mT. This relatively
high magnetic field requires larger compensation fields than are typical for experiments

without magnetic field gradients.

G5 turns of wire
250 mm diameter

120 turns of wire
330 mm diameter

Figure 4.17 — CAD rendering of the compensation coils for the experiment, adapted
from Standing [85].

The system used, designed by PhD student Eamon Standing [85], consists of two pairs of
Helmholtz coils that are placed around the experimental chamber to compensate magnetic
fields in two radial trap axes directions, shown in figure 4.17, and a cluster of permanent
magnets to compensate for fields along the axial direction of the ion trap. It was not

possible to employ three pairs of Helmholtz coils due to the relatively large hemisphere
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and its proximity to the optical table.

The most important design considerations were to achieve the maximum possible com-
pensation field in each direction, while leaving optical access (lasers and imaging) of the
ion trap uncompromised and fitting around the liquid cooling system (described in sec-
tion 5.4). The coils also had to be compatible with a bakeout process (up to 200°C),
as at least one coil remains permanently captive once the vacuum system has been as-
sembled. For these reasons, all coils were constructed from 1.8 mm diameter, enamelled

35 wound onto an aluminium former, and held in place with cable ties.

copper wire

The compensation coils for magnetic fields in the ion height direction each have 65 turns
of enamel-coated 1.8 mm diameter copper wire, which can conduct up to 10 A of current
each, which results in a maximum compensation field of 6.5mT at the location of the
ions. The transverse radial direction coils each have 120 turns of the same wire, and can
conduct up to 8 A, resulting in a maximum compensation field of 6 mT. At these maximum
currents, the coils and formers reach around 80 °C if not cooled. For this reason, a trench
was included in the formers to house pipes of coolant to enable the coils to conduct large
currents without heating beyond the temperature rating of the wires. Any high currents
should only need to be used temporarily, because once the field has been compensated,
permanent magnets can be added outside the vacuum system in each direction to perform
the majority of the compensation, with the coils being used for fine adjustment at a lower
current.

The permanent magnets for compensation of axial magnetic fields are mounted on a
rack that can hold four stacks of up to four magnets each. These magnets are made of
neodymium with a remanence of 1.4T, and are 25 mm long, with a diameter of 32 mm
and a 6 mm diameter mounting hole. When this compensation stage is fully loaded with
magnets it can compensate a maximum field of around 14 mT. By mounting the magnet
rack on a micrometer stage pointing towards the vacuum system, it is possible to have
precise control of the ion-magnets distance to fine-tune the resulting offset magnetic field.
For safety reasons, the minimum required number of permanent magnets for any required
compensation field are placed on the rack, with stainless steel spacers occupying the other
positions. Finally, the magnet mount incorporates a central borehole, to allow axial laser

beams to exit the vacuum system without reflection.

4.8 Application of microwaves and RF radiation to trapped

ions

For trapping of ytterbium-171 ions and manipulation of its hyperfine qubit, it is necessary
to address the trapped ions with microwave and RF radiation, as described in section 2.5.
It is desirable to maximise the intensity of these fields at the position of the ions, to

increase the Rabi frequency of the ion-field interaction as much as possible and reduce

35Scientific Wire Company TX1800D-D160
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single- and two-qubit gate durations. For a single ion, two microwave dressing fields and
one RF field are required for preparation and manipulation of the dressed state qubit. For
each additional ion to be added to this particular experiment, another three frequencies are
required. Additionally, these microwave and RF frequencies must have easily controllable

frequencies, amplitudes, phases and pulse lengths during the experiment.

4.8.1 RF generation and radiation system

AD9959
evaluation board

+20 dB gain

amplifiers

SMA outputs Regulator PCB

Figure 4.18 — Photograph of the inside of the homebuilt four-channel RF synthesizer.

To generate the required number of fields, I developed a four channel RF source [160]
based on a direct digital synthesizer (DDS) evaluation board®®. The device uses a single
input signal at 25 MHz, which is converted to a 500 MHz clock signal using a phase-
locked loop, to generate four outputs with frequencies ranging from 1 MHz to 250 MHz
(with 32 bit precision), powers up to around 0dBm (with 10 bit precision), and 14 bit
precision phase control. These outputs can also be switched with a rise time of around
10ns. Additionally, because the four output signals are all generated from a single clock
frequency, they have an inherent phase relationship.

The DDS board was initially controlled with an Arduino Leonardo microcontroller,
which communicated with the LabVIEW experimental control software using a serial
USB connection, and controlled the DDS board using a serial peripheral interface (SPI)
bus, with the header pins of the two devices connected with wires. However, this control
method was found to have reliability issues (specifically, the serial communication between
LabVIEW and the Arduino would sporadically fail), and so the control interface was sim-
plified to LabVIEW communicating with the DDS board directly over a USB connection,
following work by PhD student Anna Webb.

36 Analog Devices AD9959
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Each output channel of the DDS board is amplified®” by 18 dB and then passes through

an RF switch®® for fast digital control of the outputs. The four amplified, switched channels

are then combined into a single signal, using a four way combiner®’.

Figure 4.19 — Photographs of (left) the RF coil on its mounting structure, and (right)
the RF coil in situ at the main imaging window of the vacuum system.

The RF setup consists of one of these assemblies, whose output is amplified using two
high power RF amplifiers?’ in parallel, achieved by splitting and combining the signal®!,
before the high power RF signal is delivered to a coil placed in close proximity to the main
imaging window of the vacuum system. The RF coil consists of three turns of insulated
copper wire*? with a coil radius of roughly 50 mm. This design allows the coil to fit within
the recess of the main imaging window and around the imaging tube without obstructing
its movement. A photograph of the RF coil and its placement in the imaging window are

shown in figure 4.19.

4.8.2 Microwave generation and radiation system

A similar degree of control is required over the microwave fields applied to the ions, but
due to the high cost of microwave synthesizers, and the power losses of standard laboratory
cables at microwave frequencies, it is convenient to control an RF source which is then
mixed with a fixed microwave source to obtain the desired frequencies. This mixed signal
can then be connected with short cables to the amplifier and the emitter. This also
means that another four channel RF source (as described above) can be used for control
of the microwave fields. The complete RF and microwave generation setups are shown in
figure 4.20

The microwave source used is a vector signal generator®?, which produces a fixed fre-

quency microwave signal, and incorporates a microwave mixer, to which the RF source
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Vector signal generator

12.6 GHz
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+18 dB RF switches Combiner Mixer Microwave + 43 dB Microwave
amplifiers switch  amplifier horn

Ch.
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I |Ch.:
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DDS

+18 dB RF switches Combiner  Splitter +43 dB  Combiner RF coil
amplifiers amplifiers

Figure 4.20 — The microwave (top) and RF (bottom) generation setups used in the
experiment.

is connected. The device then mixes the microwave and RF signals and outputs the
microwave fields for the experiment, which are then sent to the high power microwave
amplifier. The emitter used is a microwave horn**, which emits microwaves in a given
polarisation with a gain of around 9.4 dB for the desired 12.6 GHz frequencies. This horn

is placed in a rotation mount for precise control of the microwave polarisation.

4.8.3 Simulations of the microwave and RF field delivery methods

Images of simulated RF and microwave field intensities in the vicinity of the microchip
from these emitters are shown in figure 4.21. These simulations were performed by Eamon
Standing using EMPro*®, and show the fields resulting from a 1 W source of 12.6 GHz and
50 MHz radiation for microwaves and RF respectively. The simulations include the effect
of the imaging tube, vacuum system, chip mount and the mesh used to ground the imaging
window (as described in chapter 5) in the vicinity of the microchip.

It can be seen that while there is attenuation of both fields by the vacuum system, both
the microwave and RF radiation fields reach the location of the trapped ions. The simula-
tions also confirm that there are sufficient components of both frequencies in all three ion
trap principal axes, which is important for addressing the full range of electronic transi-
tions in the hyperfine qubit levels of the ground state of ytterbium-171 ions. Ultimately,
attenuation of the fields by the vacuum system can (up to a point) be compensated for

increasing the amplification of the signals before the emitters.

“Flann Microwave 18240-10
4Keysight Technologies Electromagnetic Professional (EMPro)
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Microwave horn Mesh with aperture Vacuum chamber  Imaging tube RF coil

Microchip and Recessed imaging
copper mount window

Figure 4.21 - Simulations of the (left) microwave and (right) RF radiation, adapted
from Standing [85]. In the left picture, red denotes regions with field strengths greater
than 2 Am™1, in the right, red denotes field strengths greater than 0.0l Am~', and
blue denotes zero field in both.

4.9 Conclusion

This chapter has described in detail the many elements of the experiment required to trap
even and odd isotope ytterbium ions using a microchip ion trap, and to manipulate the
states of those ions using long-wavelength radiation and magnetic field gradients. The
use of microwave and RF radiation instead of lasers has a small experimental overhead,
requiring only commercially-available sources, components such as amplifiers and switches,
and simple horn or coil emitters, with little alignment required. This means that the
transition from an experiment that can reliably trap ytterbium-174 ions to one that can
manipulate ytterbium-171 ion qubits requires only some additional polarisation control
and compensation of any offset magnetic fields before the microwave and RF sources can
simply be switched on. This has implications when considering experiments with large
numbers of ions, where the simplicity of the apparatus used, while having the advantage
of convenience for this experiment, becomes a key asset in making the case for a feasible

large-scale quantum device using trapped ions.
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5 Development of a vacuum system for

microchip ion trap experiments

5.1 Introduction

In order to perform quantum information experiments using trapped ions, the ions them-
selves must be well isolated from their environment to prevent disturbances to their state,
which can occur due to collisions with background gas molecules and interaction with
stray electromagnetic fields. Good isolation ensures that the ions remain trapped for long
periods of time and that the coherence times for trapped-ion qubits are sufficient for quan-
tum operations. Experimentally, this is achieved by placing the ion trap inside a vacuum
system, which can be evacuated to ultra-high vacuum pressures, and provides an effec-
tive Faraday cage around the trapped ions. The components of the experiment are either
placed inside the vacuum system (for example the atomic ovens) or routed through the
vacuum barrier to the ions via vacuum viewports or feedthroughs (for example the laser
beams and ion trap voltages).

The use of microchip ion traps places extra requirements on the vacuum system used, due
to the delicate nature of the microchip electrode structures. The minimum requirements
of a system that can support ion trapping experiments using the microchip traps described

in chapter 6 are:
e Maintain a pressure of below 10~ mbar for the duration of the experiment
e Shield trapped ions from stray electromagnetic fields
e Filter and route 96 analog voltages to the DC electrodes of the microchip
e Provide a direct thermal path between a cooling system and the microchip
e Deliver RF voltages to the microchip via a high @ resonant circuit
e Provide a low resistance path for large DC currents to the microchip
e Allow optical access to the microchip for laser beams and the imaging system
e Mount atomic ovens with precise alignment with respect to the microchip surface

These vacuum system requirements ensure that all of the required mounting structures,

electrical connections and optical access are provided for the experiment, that the trapped
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ions are optimally isolated from their environment, and prevent the degradation of the
microchip ion trap during operation.

There are two main risks to the continuing operation of an ion trapping experiment
using microchips. First, microchips are far more sensitive to application of excess voltage,
which can lead to electrical breakdown between trap electrodes, rendering the chip useless.
This can happen due to the accidental application of large voltages or scattering of high
intensity laser power on the trap electrodes inducing electrical breakdown due to the
photo-electric effect. Secondly, the operation of atomic ovens in close proximity to a
microchip can result in a deposited metallic layer, which can cause undesirable changes in
the trapping potential.

A trap subject to these effects can suffer from undesirable short ion lifetimes and high
heating rates, and if a microchip is exposed to these conditions without protection, the
lifetime of an experiment can be reduced to a period of a few months or less. This
chapter describes the design and construction of a vacuum system that is optimised for
experiments with complex microchip ion traps. This involves providing support for the
new microchip features described in chapter 6, creating a chip interface system that allows
for easy mounting and replacement of ion traps while filtering a large number of analog
trapping voltages, an impedance-matched connection for RF voltages, and precise oven
alignment methods.

First, the many individual components of the vacuum system that achieve a UHV
environment are identified. The next section describes the new chip interface system
designed specifically for microchip experiments, including the mounting structure, heat
transport system and modular chip interface, followed by the description of new atomic
ovens and mounting structures for these experiments. After a description of the grounding
of the main imaging window of the system, the bakeout process to reach an ultra-high

vacuum is summarised.

5.2 Ultra-high vacuum compatibility

To achieve ultra-high vacuum (UHV) pressures, it is important that every component used
in the construction of the vacuum system can withstand temperatures of up to 200 °C,
as it is necessary to bake the entire vacuum system to remove contaminants during the
pumping process, as described at the end of this chapter. It is also important that only
UHV-compatible materials are used, and that components and assemblies are completely
free of voids that could cause ‘virtual leaks’ — slow outgassings inside the vacuum system
that can prevent the pressure from ever reaching UHV pressures. These requirements place
very strict constraints on the design and construction of vacuum system components.

A material is considered UHV compatible if listed as suitable for unrestricted use on
the Vacuum Compatible Materials list for the Laser Interferometer Gravitational-Wave
Observatory (LIGO) experiment [161], and if it is explicitly rejected, then the material

is not used in designs. However, there is a wide gulf between these two classifications,
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especially when using components of unknown construction, so it is necessary to conduct

UHV compatibility testing in the laboratory.

Titanium
sublimation pump

lon gauge

Ton pump

All-metal valve
to TMP station

Location of test
components

Figure 5.1 — UHV-compatibility test chamber, shown within the bakeout oven. Ap-
proximate dimensions of the test chamber are 220 mm long, 350 mm wide and 450 mm
tall.

To verify the vacuum compatibility of components, a test chamber was constructed (as
shown in figure 5.1), consisting solely of an all-metal valve for attachment to a turbo-
molecular pump, ion pump, ion gauge and titanium sublimation pump, connected with
a five-way cross and two tee pieces (all parts are detailed below). This assembly was an
ideal chamber for performing test pump and bake processes, with a small internal volume
and no high-risk components, for example viewports with glass-metal interfaces, which
are prone to developing leaks during the bakeout process.

After placing the part to be tested within the chamber, an accelerated bakeout process
is performed as described at the end of the chapter, but with faster temperature changes
and a shorter duration at the maximum temperature. If at the end of this process the
pressure inside the test chamber reaches below 10~'! mbar, the new part or assembly is
certified as UHV-compatible, if not the construction is altered and re-tested.

Parts successfully tested using this chamber include all of the components of the PCB-
based chip mount (resistors, capacitors, D-sub connectors and spring-loaded connectors,
all described in section 5.4), as well as the soldering process for UHV compatibility, the
DC cable assemblies, and the homebuilt SMA-SMP cable.
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Figure 5.2 — The assembled vacuum system, with the imaging viewport removed.
Approximate dimensions of the vacuum system are 400 mm long, 500 mm wide and
450 mm tall.

5.3 Vacuum system components

The complete vacuum system is shown in figure 5.2. It is comprised of external com-
ponents, which form the vacuum-air barrier with feedthroughs and viewports to allow
electrical and optical transmission into the vacuum system, and internal components and

the microchip ion trap itself.

5.3.1 Experimental chamber, viewports and feedthroughs

The vacuum chamber is comprised of a spherical octagon and a weldable cluster’ welded
together to form a single chamber, and was inherited from a previous experiment [162].
The combined chamber provides one DN100CF flange parallel to the trap surface, eight
DN40CF flanges perpendicular to the trap surface, as well as four more DN40CF flanges
and one DN63CF flange at the rear of the chamber. This large number of flanges allows
for attachment of the necessary viewports and electrical feedthroughs for the experiment.

The DN100CF flange houses the imaging viewport through which fluorescence photons
are collected from the trapped ions. The flange has a 73.5 mm diameter viewport, recessed
by 17.5 mm, which allows for the objective lens of the imaging system (described in chap-
ter 4) to be placed in close proximity to the ion for maximum photon collection efficiency
and magnification, and to be moved around with a translation stage to image the entire
microchip electrode structure. The window can be seen with an attached wire mesh in
figure 5.16.

Six of the eight DN40CF flanges on the front of the chamber house fused silica view-

'Kimball Physics MCF600-SphOct-F2C8 and MCF450-WeldClstr-E1C4
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ports?, which allow for horizontal and diagonal laser access, important for effective Doppler
cooling of the ions as described in chapter 2, and for visual verification from above the
chamber of the alignment of the atomic ovens with the microchip. All of the glass view-
ports are anti-reflection (AR) coated for high transmission at UV wavelengths (above 99%
at 369.5nm). The bottom flange is blank® and rests on an aluminium block of the correct
height to support the weight of the chamber. The final flange of the spherical octagon
hosts a double-sided coaxial SMA feedthrough*, which connects an RF signal from out-
side the vacuum system to the printed circuit board (PCB) chip mount via a home-made
SMA-SMP cable inside the system.

The rear DN63CF flange of the weldable cluster houses a six-pin power feedthrough via
a zero-length reducer®. This feedthrough allows currents of up to 10 A to be supplied to
up to six different atomic ovens (the vacuum system itself is used as a common ground),
and has bare pins on the vacuum side, to which UHV-compatible wires can be attached
using barrel connectors®. The four additional DN40CF flanges on the weldable cluster
are used to connect to the DC voltages feedthrough, the liquid cooling system and the
pumping manifold via a custom elbow piece.

The DN40CF flange at the top of the weldable cluster connects to a 100-pin D-sub
electrical feedthrough’, which allows a large number of voltages to be delivered into the
vacuum system in a compact housing. The electrical connections on both sides of this
flange are achieved with two 50 pin subminiature D-sub connectors, allowing easy connec-
tion of the many feedthrough pins to the chip interface. These connectors are mounted
on a DN100CF flange, so two conical reducers are used to mate this to the DN40CF
flange®. The filter box described in chapter 4 has compatible D-sub connectors, so it can
be pushed onto the feedthrough directly, which prevents further pickup of noise between
the external filters and wires inside the vacuum system. On the vacuum side, custom
multi-core, Kapton insulated cable assemblies were assembled in the laboratory for con-
necting the two 50-way connectors on the flange to the four 25-way connectors on the
mounting PCBs. These cables were assembled using female PEEK 50-way connectors and
male PEEK 25-way connectors crimped onto 1m, 25-way, Kapton coated silver-plated

copper wires”.

5.3.2 Pumps and gauges

A custom elbow piece (detailed by Sterling [162]) connects the experimental chamber to
the pumping manifold of the vacuum system, while holding the chamber at the correct

height for imaging and laser access (127 mm above the optical table). The elbow piece
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connects directly to a five-way cross'’, which connects to the ion pump, ion gauge (via
a tee piece), all metal valve and titanium sublimation pump. The components of the
pumping manifold can be seen in figure 5.1.

The all-metal valve'! connects the pumping manifold to a turbo-molecular pumping
(TMP) station'? via flexible metal bellows. This allows the system to be evacuated to
low pressure (around 1075 mbar) prior to the bakeout process and activation of the other
pumps, and allows the TMP and bellows to be disconnected once the bakeout is complete.

The ion pump'® has a pumping rate of 20 litres per second, and provides the main
pumping source for the duration of the experiment. It functions by charging two parallel
conductive plates to a high potential difference (up to 7kV), which ionises residual gas
molecules and accelerates the resulting charged particles onto the pump surfaces, and can
be activated once the pressure has reached around 1078 mbar. The pressure is monitored
during the experiment using a Bayard-Alpert nude ionisation gauge'*, which can measure
pressures from around 10~%mbar down to 5 x 10~ mbar, and with a reduced accuracy
down to 5 x 1072 mbar. This gauge is activated during the bakeout process once the
pressure has dropped to within its functional range, and monitors the pressure within the
vacuum system through the experiment.

A titanium sublimation pump'® (TSP) is used once UHV is attained to reach the final
pressure for the experiment, and consists of three titanium filaments through which very
high currents are passed (around 48 A). This causes the titanium to sublime onto the
walls of the vacuum system, which then reacts with the trace elements in the vacuum
system to form solid materials, removing gas molecules from the system and decreasing
the pressure. The TSP is used intermittently for a few days at the end of the bakeout,
and then is disconnected from its power supply.

All of these pumps are connected to the experimental chamber and each other using tee
pieces and crosses to ensure that there is no line-of-sight between them. This is important
due to the large EM fields that results from the operation of the ion pump, gauge and
TSP being unfavourable for ion trapping experiments, and to prevent interaction between

the elements which could result in incorrect pressure measurement.

5.4 Internal mounting structure for microchip ion traps

A microchip ion trap must be held securely within the vacuum system and in close prox-
imity to the main imaging window, while electrically connected to the resonant circuit for
the trap RF signal, DC electrode feedthroughs (via low-pass filters) and current supplies

for magnetic field gradient generation, aligned to the atomic ovens and thermally con-
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nected to a cooling system. This is difficult to achieve using the commercially available
chip carriers that have been used for previous microchip experiments in our laboratory,
S0 its was necessary to design a new internal vacuum system structure for this and future
microchip ion trap experiments.

The internal vacuum system structure is comprised of three elements. First, the me-
chanical mounting structure, which connects the microchip rigidly to the inside of the
experimental chamber, is described. Next, the development of a heat transport system
is discussed, which thermally anchors the microchip to a copper heatsink, to allow heat
removal using a range of coolants, pumped through the vacuum system using a liquid
feedthrough system. Finally, the PCB-based modular chip interface is described, which
connects the microchip to all the necessary electrical signals for the experiment, and sep-
arates the functions of routing and filtering signals, to allow for more efficient microchip

replacement procedures.

5.4.1 Mechanical microchip mounting structure

The vacuum chamber used for the experiment includes mounting grooves on the vacuum
side of every flange, to which ‘groove grabbers’ (small clamps with threaded mounting
holes) can be attached. The mounting structure used in this experiment attaches the
cooling system, PCBs and microchip on the DN63CF flange at the rear of the chamber,
which keeps line-of-sight access to the trapping region unimpeded for laser beams, ion
fluorescence detection, microwave and RF radiation and neutral atom beams from the

atomic ovens.

Groove grabbers

Titanium plates

Stainless steel plate

PCB guide rails

-o..

Figure 5.3 — (Left) An early iteration of the assembled mounting structure, showing
the mounting plate and PCB guide rails mounted to the titanium brackets and groove
grabbers. (Right) The titanium brackets that rigidly attach the mounting structure
to the groove grabbers of the vacuum chamber.

The mounting structure can be seen in figure 5.3. The rear portion consists of two
parallel titanium brackets bolted to groove grabbers'® via slots, which allows for small

adjustments of the distance of the microchip to the imaging window, in case of small
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offsets. These titanium brackets are oriented vertically, allowing the direction in which
they are most stiff to bear the weight of the chip mounting structure. The titanium
brackets bolt to a stainless steel plate that acts as the support for the copper heatsink of
the cooling system.

Four stainless steel poles are attached to this steel plate using a UHV-compatible silver
epoxy!” to serve as guide rails for the two PCBs of the chip mount. In future vacuum
systems, it would be advisable to instead mount these poles mechanically (for example
using a threaded hole), for a stronger construction. Stainless steel and titanium were
chosen for their high rigidity, UHV compatibility and low thermal conductivities. The
copper cooling system can reach 70K if liquid nitrogen is used as a coolant, so it is
essential that it is thermally isolated from the large thermal load of the vacuum system
itself, which would raise the temperature of the cooled copper block significantly, as well
as cause leaks due to thermal stresses at flanges, viewports and feedthroughs.

To reinforce against horizontal vibrations, a pair of titanium cross-struts are used to
increase the stiffness of the structure in that direction, while adding minimal additional
weight and not obstructing the cooling system. The assembled system was tested for sta-
bility by assembling the mounting structure and closing the vacuum system, then imaging
the microchip surface using the CCD camera imaging setup described in chapter 4 while
flowing liquid nitrogen through the cooling system, in order to simulate possible experi-
mental conditions. In this way, the movement could be estimated to be below the level
that could be resolved by the imaging system, which is around ~ 5 pm.

In order to keep the internal piping of the cooling system as short as possible, a hole
was made in each titanium plate to allow for the pipes to pass directly through the plates.

These two modifications can be seen in figure 5.5.

5.4.2 Heat exchange system

The heat exchange system connects the microchip to a copper heat exchanger via a path
of very low thermal resistance, and provides a route for coolant to be transported through
the vacuum system via the heat exchanger. The heat exchanger (designed by Bjoern
Lekitsch) is wire-eroded from a single block of oxygen-free high thermal conductivity
(OFHC) copper, to create a large number of channels and fins, which gives it a large
surface area for efficient heat exchange. The design follows work by Lee et al. [163],
which uses 2mm tall oblique fins as an alternative to straight microchannels to achieve
improved heat transfer, by reinitialisation of the coolant boundary layers and generation
of secondary flows at the leading edge of each fin.

The copper heat exchanger is brazed to a stainless steel deflector plate (both of which
are shown in figure 5.4), which in turn has two in-vacuum flexible tubes brazed to it. These
tubes are connected to two liquid feedthroughs'®, which are attached to the flanges on the

rear of the vacuum chamber. The vacuum feedthroughs are liquid nitrogen compatible,
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Figure 5.4 — (Left) CAD rendering of the copper heat exchanger, showing the high
surface area face, and (right) sketch of the deflector plate, showing the internal struc-
ture.

with Swagelok Vacuum Coupling Radiation (VCR) connectors on the air and vacuum
sides, which allows components to be connected and disconnected using replaceable copper
gaskets. The feedthroughs are recessed by approximately 50 mm of stainless steel, to
increase the thermal path length between the feedthrough and the CF flange, to prevent
leaks. Importantly, the seals formed by these connectors are rated up to temperatures of
204 °C, and are therefore bakeable.

Copper heatsink
Stainless steel
deflector plate =
(g™ -

A\ Titanium
cross-strut

Holes for

coolant tubing

Swagelok tubing

Figure 5.5 — The complete mounting structure with cooling system in place, showing
the heatsink with the flexible tubing and deflector plate attached.

These components form a sealed path at atmospheric pressure through the vacuum
chamber, and any chosen coolant that is introduced via one feedthrough will flow through
the heat exchanger and exit the vacuum system via the other feedthrough. To test that the
assembled system remains sealed at UHV pressures when cooled, the system was evacuted
using the TMP with a residual gas analyser'? (RGA) attached. The RGA detects the
masses and abundances of residual gas molecules in the vacuum system, down to partial

pressures of 10~ mbar. By flowing argon (or a similar gas with low atmospheric partial

YExTorr XT100
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pressure) through the cooling system, small leaks can be detected using the RGA, signalled
by an increase in the argon partial pressure inside the vacuum system.

The system was tested for leaks using the method described above, before liquid nitrogen
was passed through the system for approximately 30 minutes, after which the system was
retested for leaks. The absence of argon in the vacuum system signified that the UHV
seals were all intact. The operation of the cooling system had another effect that is highly
desirable for ion trapping experiments — the liquid nitrogen temperature of the internal
metal surfaces resulted in cryo-pumping of the vacuum system, causing the pressure to

drop by around two orders of magnitude during the cooling process.

5.4.3 PCB-based modular chip interface

The majority of surface traps for ion trapping experiments are mounted on commercial
chip carriers such as ceramic pin grid arrays (CPGAs), which are wirebonded to the
microchip and connected to the vacuum system via pins. This provides a method of routing
trapping voltages from macroscopic connectors to the delicate microchip bond pads, but
these carriers are chiefly designed for use with integrated circuits rather than atomic
physics experiments, and so have a number of disadvantages in this application. These can
be overcome with modifications and workarounds, some examples of which are shown in
figure 5.6, which shows a carrier used for a cryogenic microchip experiment [164], but these
modifications are non-ideal solutions that are expensive, delicate and time consuming.

The first disadvantage is the lack of access to the microchip itself once it is mounted on
the carrier. An integrated circuit is solely interacted with electrically, so once in place on
a chip carrier, all functionality can be accessed via the pins of the carrier. An ion trapping
microchip interacts with other parts of the experiment in many more ways, including
optically with the lasers and imaging system, thermally, with the cooling system described
previously, and with the microwave and RF fields applied for quantum operations. This
limitation has been overcome in the past by using spacer blocks to raise the microchip to
be a distance above the chip carrier, in order to improve optical access, but this leads to
undesirable long wirebonds. Similarly, by removing the central surface of a chip carrier
and some of the backside pins (shown in figure 5.6), it is possible to thermally connect
the microchip to a cooling system using copper inserts, but this is an difficult workaround
that is expensive and time-consuming.

The second disadvantage is that CPGA chip carriers provide only one uniform type
of electrical connection for trapping electrodes, namely a backside pin connected to a
bondpad with an internal metal track, from which a wirebond is used to connect to the
microchip. This lack of customisability complicates two of the required functions of the
microchip interface: impedance matching of the RF delivery system, and low-pass filtering
of the DC electrode analog voltages. In fact, connecting large RF voltages via chip carriers
severely limits the effectiveness of any RF delivery circuit, due to multiple impedance

jumps and resistive heating between the vacuum feedthrough and the microchip itself.
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The addition of in-vacuum filtering in close proximity to the ion trap requires a PCB with
surface mounted capacitors to be attached to the chip carrier, and in-line resistors crimped

to the backside pins on the carrier, shown in figure 5.6.

Figure 5.6 — Various modifications required for experiments with ion traps mounted
on CPGA chip carriers, adapted from De Motte [164]. (Left) Carrier before and after
removal of central surface and backside pins. (Top right) PCB for surface mount
capacitors, to be epoxied to the carrier. (Bottom right) Custom PEEK spacers and
resistors for in-vacuum filtering.

Finally, due to the nature of a pin-and-socket interface, the use of a chip carrier prevents
the microchip from being mounted at an exact, repeatable position relative to the vacuum
system and imaging viewport. This prevents precise alignment of atomic beams with
respect to the microchip surface or control of the distance between the ion and imaging
window. Particularly in microchip experiments, it is crucial to align the atomic ovens
precisely to prevent coating of the electrode structure (as detailed later in this chapter),
so having an imprecise microchip position is an unwanted complication of this process.

For these reasons, a new chip interface for surface traps was designed and constructed.
This interface is modular, in that the functions are divided into two PCBs: one that hosts
all the electrical components, which remains in the vacuum system between experiments
(the ‘back’” PCB), and another that routes signals to the microchip (the ‘front” PCB).

The PCBs consist of 44 pm copper deposited onto both sides of 1.6 mm thick Rogers
RO4350B material. On top of the copper, there is an electroless nickel electroless palla-
dium immersion gold (ENEPIG) finish, which is a suitable surface (= 70 pm of gold) for
soldering components and wirebonding, both required for this application. Components
are soldered according to the LIGO PCBs for UHV technical note [165], which requires
lead-free solder?” that is cleaned with a flux remover?! before the assembled PCB is placed

into the vacuum system.

20Multicore 96SCLF320AGS88
21 Chemtronics Flux-Off Aqueous
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Figure 5.7 — (Left) Front and (right) rear views of the back PCB, showing the spring-
loaded pogo pins, filtering capacitors and resistors, and D-sub connectors. Also visible
are the protruding guide rails for the PCBs, and the stainless steel threaded inserts
for the front PCB bolts.

The back PCB is shown in figure 5.7. As described in section 4.5, it is necessary to
filter the analog voltages applied to the ion trap DC electrodes. In addition to the low
cut-off frequency, high-attenuation filters outside the vacuum system, it is desirable to
have an additional low-pass filter in proximity to the trap, to remove noise picked up by
the in-vacuum cables. This in-vacuum filter is much simpler than the four-stage filters
outside the vacuum system, being only a single-stage filter (one resistor and capacitor)
with a much higher cut-off frequency. This is for two reasons: first, there are severe
size and component restrictions inside the vacuum system, so very few components are
available to use and the PCB must be very compact, and second, the filters must have a
high enough cut-off frequency to be compatible with the fast waveforms applied to the ion
trap electrodes for shuttling operations, with no requirement to open the vacuum system.

The low-pass filter for each channel consists of a 1k resistor?” in series with the elec-
trode, and a grounded 620 pF capacitor’?® in parallel to the channel, both of which were
tested to be UHV compatible. This single stage filter has a theoretical cut-off frequency
of around 260 kHz, which is higher than the external filters, but low enough to attenuate
noise picked up at the RF and microwave frequencies used during the experiment.

The back PCB has four 25-pin D-sub connectors mounted on its reverse side, which
connect via the custom DC cables to the 100-pin feedthrough. Each analog voltage is
routed on this side via its resistor to a through-plated hole in the PCB to the front side.
A spring-loaded pogo pin®? is soldered into this hole, the top of which makes an electrical
connection with a pad on the front PCB when the two are compressed together. On the
front side of the back PCB, the signal is connected to ground via the capacitor to complete
the low-pass filter.

The pogo pins are the most critical part of the PCB interface assembly because they

22KOA Speer RK73N2ATTD102M
23presidio Components VP0505NP0621K150V4AM1R6
24Mill Max 0852-0-15-20-83-14-11-0
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permit the front PCB and microchip to be changed while leaving the back PCB in the vac-
uum system. To achieve this, all 96 pins are required to make good electrical connections
between the PCBs, when subjected to a force high enough to ensure good contact, but low
enough to prevent the PCBs from deforming. Initially, a smaller pin with beryllium cop-
per springs®® was UHV tested while compressed, but it was found that after the bakeout
process the springs no longer provided a compressive force, resulting in failed electrical
connections. The model used in the final design has stainless steel springs, providing a
much higher force that withstands the high temperatures of the bakeout process. When
these spring-loaded connectors are fully compressed, the deformation of the PCBs is con-
siderable (around 5mm), so titanium reinforcement plates were designed to prevent the
PCBs from bending, but were deemed unnecessary as good electrical contact was found

to be made using much lower compression, resulting in negligible PCB deformation.
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Figure 5.8 — (Left) The front PCB, labelled to show its design features. (Right)
Detail of wirebonds between a front PCB and test microchip.

The front PCB has circular pads on its reverse to make contact with the pogo pins,
which then pass the voltages to the front side via through-plated holes, then via narrow
tracks to pads in close proximity to the microchip for wirebonding. Also on the reverse
side, there are some wide pads and tracks for high current delivery to the microchip for
the current carrying wire method of generating magnetic field gradients, as described in
section 3.3.

These currents travel to the front side via six through-plated holes to pads in very close
proximity to the position of the current carrying wire bondpads on the microchip. This
is extremely important, as the thermal and electrical resistance of wirebonds used for
high currents must be limited to prevent them from melting — the wirebond is thermally
grounded via the microchip, so can resist high heat dissipation if kept short. These current
bond pads can also be connected to the ground plane of the PCB via a capacitor to reduce
noise in the currents experienced by the microchip.

The RF signal is delivered to the microchip using a PCB track, which is impedance
matched to the 50 2 homebuilt SMA-SMP cable connecting it to the vacuum feedthrough

25Mill Max 0926-0-15-20-76-14-11-0
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(also 50Q). This SMA-SMP cable is comprised of a right angle SMA connector?® and
a right-angle SMP connector®’, both crimped onto a coaxial RG316 cable’®. The right-
angled connectors were chosen for compactness within the vacuum system, and the outer
jacket was removed from the coaxial cable and the silicone gasket from the SMA connector
to ensure they were both UHV compatible (the assembly was tested in the test chamber
described at the beginning this chapter).

The cable is connected to the front PCB using a surface mount SMP connector?’ soldered
to the RF signal track — this connector is inexpensive and so can be discarded with the
front PCB at the end of an experiment with any particular microchip. There are also
pads and a hole for alternative connection methods for RF delivery used in other vacuum
systems. The SMP connection on the PCB is in very close proximity (less than 50 mm)
from the SMA connector of the vacuum feedthrough, allowing for an extremely short cable,
which is important in forming a high-@Q resonant circuit (as detailed in chapter 4).

The PCB has cutaways at its sides to allow for better optical access to the trapped
ions for horizontal laser beams, which is particularly useful during the initial laser beam
alignment stage of the experiment. It also has four holes for the PCB guide rails of the
chip mount, which keeps the two PCBs strictly aligned, and four more holes for M2 bolts
that connect with threaded inserts in the back PCB, allowing the PCBs to be pulled
together against the outward force of the spring-loaded pogo pins with fine control, to
make electrical connections between the boards.

This modular PCB-based interface also features extra functionality for future microchip
ion traps currently being fabricated by the laboratory for upcoming experiments. This
includes unfiltered DC connections for on-chip sensors, including an RF probe for monitor-
ing the RF voltage on the microchip and a temperature sensor. There are four additional
impedance-matched tracks for connection of 12.6 GHz microwave signals directly to the
ion trap for microchips that feature on-chip waveguides or resonators for application of
microwaves to the trapped ions.

The chip interface is assembled as follows. First, the mounting structure is fitted to the
vacuum system by fixing the groove grabbers in place, ensuring the mount is horizontal.
Next the cooling system is connected and sealed using VCR connectors, before the liquid
feedthroughs are attached to the chamber. The back PCB is connected to the DC cables
with D-sub connectors, and is placed on the guide rails of the mounting structure.

Outside the vacuum system, the microchip is epoxied to its copper block, and the front
PCB is mounted to it using countersunk M2 bolts. In the case of this experiment, the per-
manent magnet assembly for the generation of magnetic field gradients was incorporated
into this copper block, described in chapter 3. The SMP connector is attached to the front
PCB for the RF voltages, and checked for electrical shorting to the ground plane.

At this stage, the microchip can be wirebonded to the front PCB. It is useful to wirebond

26TE Connectivity 1056456-1
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Figure 5.9 — (Left) The back PCB mounted on the internal structure of the vacuum
system, where it remains between experiments. (Right) A test microchip and front
PCB mounted in the vacuum system.

each DC electrode to two separate tracks, as this allows for verification from outside the
vacuum system that the wirebonds are still functional after the bakeout process. This is
achieved by either applying a voltage to one feedthrough and detecting it on another, or
measuring the resistance between the two feedthroughs as 2k, or 10k if measured at
the filter box. The RF electrode is connected with around ten wirebonds to prevent the
bonds from melting, and the ground planes of the microchip and front PCB are connected
in as many locations as possible.

Finally, the wirebonded front PCB-microchip assembly is attached to the mounting
structure with two more countersunk bolts, and the back PCB is pulled forwards until
good electrical connections are made for all the DC channels, by tightening the M2 bolts in
each corner. At this stage, the DC connections can be checked at the 100 pin feedthrough.
The SMP cable from the RF feedthrough is attached to the PCB connector, and the
connection checked by detecting the change in capacitance with a vector network analyser
(VNA). Once the microchip is mounted, the imaging viewport can be placed onto the
vacuum system to verify that the microchip to window distance is correct (around 10 mm).
After this is completed, the last addition to the vacuum system before it is sealed and

evacuated is the atomic ovens.

5.5 Atomic ovens

Atomic ovens that are currently used in ion trapping experiments fall into two categories:
commercial products and homebuilt solutions, and the suitability of each solution depends
on the specific experiment taking place. Commercially available ovens have the advan-
tage of being fully calibrated for isotope partial pressures as a function of oven current,
and loaded with a specific mass of the atomic material, and having a sealed protective
atmosphere to prevent oxidisation of reactive elements (eg barium). Some groups have

successfully used these sources to trap ions [166, 167], however a number of groups continue
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to build their own atomic ovens, in order to customise them to their particular application.

5.5.1 Requirements for microchip experiments

The requirements for the atomic ovens to be used in our experiment include:
e Loading with either natural ytterbium, enriched ytterbium-171 or barium
e Low dissipation and good thermal isolation of atomic sample from the vacuum system
e Limited atomic flux incident on the ion trap surface
e Reliable operation for long experiment durations

The most important of these considerations is limiting the fraction of the atomic beam
incident on the ion trap electrodes, which is key for microchip experiments in order to
prevent deposition onto the trap electrodes from causing increased ion heating and short
ion lifetimes. With this in mind, two designs were built and tested: the first was a
small aperture PCB-mounted ceramic oven, the second was a clamped stainless steel tube.
While these ovens were designed to be compatible with barium, during the testing stage it
proved challenging to mount either design of oven with barium quickly enough to prevent
oxidisation of the barium metal, so these designs are used chiefly for ytterbium ovens. An

30

alternative commercial atomic oven®’ was included as a source of barium atoms. These

ovens are compatible with the mounting structure used for the steel tube ovens.

5.5.2 PCB-mounted ceramic atomic oven

The PCB-mounted oven is designed to take advantage of the new chip interface discussed
above, which has a well-defined height difference between the front PCB and microchip
surface. This allows for precise control of the height relationship between the aperture
of the oven (and therefore atomic beam) and the trapping position above the surface
of the microchip. The design of this new oven is then constrained by two parameters:
the thermal conductivity of the path between the atomic material and the PCB, and the
electrical resistance of the heating element. The thermal conductivity of a path determines

the temperature difference between a power source and sink, which are related as follows:

l

AT = —
AA

(5.1)

where AT is the temperature difference, [ is the length of the conductor, A is the thermal
conductivity of the material, A is the cross-sectional area of the conductor and @ is the
power dissipated. To achieve the highest possible temperature within an atomic oven for a
set power dissipation, the separation between the atomic material and the PCB should be

maximised, while thermal conductivity and footprint area of the oven should be minimised.

30 Alvasources by Alvatec
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For a specified material and design, the required power dissipation is therefore set as the
minimum required power to heat an atomic material above its sublimation temperature.

The current required for this set power dissipation is then determined by the resistance
R of the heating element of the oven, given by R = pl/A, where p is the resistivity and
[ and A are the length and cross-sectional area of the element. This current should be
minimised to prevent heating and outgassing of other elements of the circuit connecting
the oven to the feedthroughs, favouring a high-resistance oven heating element — achieved
by choosing a high-resistivity material and a long, narrow geometry.

13! as its

The PCB-mounted oven uses a high-resistivity 25 pm-thick nickel-chrome foi
heating element, clamped inside a two part glass ceramic (Macor®?) insulating body. The
Macor has two 1 mm diameter holes drilled through it to allow for mounting the oven to
the front PCB of the chip mounting structure with two M1 bolts. By tightening these
bolts, pressure can be applied to the oven to allow for the atomic material®* and two wires

to be clamped in place for electrical connection to the vacuum feedthrough.
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Figure 5.10 — The components of the PCB-mounted oven design

A U-shaped foil heating element sits in a matching slot in the lower half of the oven, on
top of which is placed a length of the atomic material, shaped using an aluminium former.
Wires are placed on the two arms of the foil and the oven is closed with a lid, which has
an identically shaped protrusion — when the entire assembly is bolted to the PCB, this
protrusion presses down onto the foil, atomic material and wires to clamp them in place.
The oven rests on four 1mm? feet to reduce its surface area in contact with the PCB,
and therefore its thermal grounding. There is a narrow aperture at the front of the oven
from which the atomic beam can emerge. Finally, to further reduce the thermal grounding
of the oven, the metallisation of the PCB was removed in the area that the ovens were
mounted (as can be seen on the right of figure 5.9).

The testing of these ovens was performed in a bell jar, evacuated to ~ 10~%mbar by

31Goodfellow 155-105-63
32Macor MPLATE 2/50/50
33Ytterbium isotopes from Oak Ridge National Laboratory
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the TMP station. To detect the emission of a neutral ytterbium beam, around 300 pW
of laser light at 398.9nm (from the home-built laser described in chapter 4) is aligned
to the aperture of the oven, and the current passed through the oven is increased until
fluorescence is seen. Barium is not suitable for an oven of this design due to its rapid
oxidation in air and the difficulty in assembling this oven quickly. The fluorescence can
be detected by the naked eye, but more sensitive detection is possible using inexpensive
digital cameras. This is desirable, because when testing ovens it is important to identify
the current threshold at which the oven produces a neutral ytterbium beam, in order to
have low atomic flux during the experiment, minimising coating of the trap electrodes.

34 is shown in figure 5.11,

One example of a fluorescence test for the PCB-mounted ovens
but note that in this test the oven is hanging in free space, and for the current calibration

described below the oven is mounted on a PCB.

|

Oven aperture Fluorescence

Figure 5.11 — (Left) Photograph of a disassembled PCB-mounted oven, showing the
foil heating element and ytterbium metal. (Centre) An oven connected to wires for
testing in the bell jar, and (right) fluorescence from the same oven.

For the vapour pressure of ytterbium to reach a sufficient level to form an atomic beam
(around 10~2 mbar) [168], it must reach a temperature of around 700 K [169], representing
an increase of around 400 K from the laboratory temperature. Using the relation above,
we can estimate the current at which we expect to see fluorescence as follows. This change
in temperature (in the absence of cooling) for a Macor oven with thermal conductivity
A =146 Wm™ K, four feet of length 1 mm and area 1 mm? each requires a minimum
power dissipation of around 2.3 W. For the measured oven resistance of around 1.2 2, this
requires a current of above 1.4 A.

Fluorescence was first observed at 1.5 A after 80s, at 1.6 A after 70s, and at 1.7 A
after 30s. To use these ovens, we would therefore use a current of 1.4 A for a duration of
around two minutes, which is slightly below the fluorescence threshold. Due to the relative
insensitivity of our cameras to low light levels, it is expected that to detect fluorescence
the atomic flux must be much higher than is desired for the ion trapping itself, so the
current is reduced for experiments accordingly.

During the testing process however, it was found that the performance of these ovens was

unreliable — the resistance and therefore threshold fluorescence currents varied, meaning

34This tested oven is an earlier design with one bolt instead of two, but otherwise identical

121



that calibration of the ovens from the tests is inaccurate. It was concluded that this
was because the inherent resistance of the foil element was insufficient for the required
dissipation, and in fact the majority of the resistance and therefore power dissipation
was occurring at the contact points between the wires and the foil element, which had
highly variable resistance each time the ovens were assembled. The ovens were also prone
to disconnection with excess current, due to the delicate foil elements. It was therefore

decided to discard this design and focus on the stainless steel tube design described below.

5.5.3 Stainless steel tube design and skimming setup

Another method of achieving a narrow atomic beam is to mount long, small diameter
tube ovens at a larger distance away from the oven, and align the ovens to the microchip
surface. The increased distance allows for larger tolerances in the position and angle of
the ovens without coating the trap electrodes. This oven design consists of a 16 mm long,
1.5 mm outer and 1.2 mm inner diameter stainless steel tube, connected to a wire (via spot
welds to a piece of constantan foil) at one closed end, and the open end is clamped to an
oven rail, which mounts the oven within the vacuum system.

These ovens function by passing a current through the wire and oven, which is grounded
via the vacuum system, causing resistive heating at the relatively resistive spot welds at
the base of the stainless steel tube. The atomic material is located inside the base of the
stainless steel tube, in close proximity to the heating source, therefore is heated and forms
an atomic beam, which exits through the open end of of the steel tube.

Similar oven designs have been used before in our laboratory for both macroscopic ion
traps and microchips [82, 162], but without efforts to align the ovens such that the trap
electrodes are shielded from the atomic flux. However, for this experiment the ovens
were mounted vertically below the microchip surface with a viewport on the opposite
flange, making it is possible to align the oven apertures to the microchip surface by direct

observation through the viewport at the top of the spherical octagon.
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Figure 5.12 - Diagram (not to scale) showing an atomic oven aligned such that the
top of its aperture is below the microchip surface, demonstrating the atomic beam
coverage of the ion trapping position without coating of the microchip electrodes.

If the top of the oven aperture is aligned with the surface of the ion trap, the atomic
beam will glance the electrodes. However, if the oven aperture is moved a small distance

below the microchip surface, as shown in figure 5.12, there is, in theory, zero atomic flux
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incident on the electrodes but atoms still pass through the trapping position at the ion
height — the remaining portion of the atomic flux is ‘skimmed’, and is harmlessly deposited
on the substrate of the leading edge of the microchip.

For the ion height of 165 pm used in this experiment, using the dimensions from fig-
ure 5.12 we can calculate that the oven aperture can be hidden behind the microchip
surface by up to (41 —5) /5 x 165pm = 1.19 mm, which is easily achievable manually
by observing the oven through a viewport from above the microchip. In practice, the
safest strategy is to align the oven to be less than 0.5 mm below the chip, to maximise the
tolerance in each direction — at this alignment, the beam of neutral atoms will span ion
heights starting at 78 pum. This technique therefore allows for extremely precise control of
the atomic flux position using relatively coarse control of the oven location, by making use
of the relatively large oven-ion distance compared to the microchip size. The alignment is
also insensitive to angular displacement of the oven, by virtue of the oven being clamped at
its front end, which means the height difference between the oven aperture and microchip

surface is retained.
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Figure 5.13 — (Left) The oven rail mounted to the vacuum system and aligned such
that the five ovens (three natural ytterbium, one enriched ytterbium-171 and one
commercial barium oven) are ‘skimmed’. (Right) The underside of the oven rail with
one mounted oven, showing the wire, constantan foil and steel tube clamped to the
rail.

The mount for these ovens is shown in figure 5.13, and is designed to be flexible enough
to allow for the oven positions to be optimised after the rail has been attached to the
vacuum chamber. Assembly of these ovens is then as follows. First, the tubing®® is wire
eroded into 20 mm pieces, then a 4 mm length of each is crimped closed to form a metal
tab. The same in-vacuum wire as the PCB-mounted ovens®® is then spot welded to a small
piece of constantan foil, which is in turn spot welded to the tab of the stainless steel tube.

Constantan foil has relatively high resistivity (4.9 x 10° Qm) and very low variation with

35Stainless Tube & Needle Co. 17G Thin Wall 304/316
30LewVac KAPW1X061
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temperature (8 x 1079 K~ at 20 °C), which leads to spot welds with sufficiently high and
stable resistances for reliable oven operation.

The oven can then be filled with atomic material and attached to an oven clamp, which
is designed to have minimal surface area in contact with the ovens to reduce thermal losses
to the vacuum system. Finally, this oven clamp is bolted to a rail, along which it can be
translated to align the ovens to the microchip, and this rail is fixed to the DN100CF
flange of the vacuum system using a groove grabber3”. All these parts are constructed
from stainless steel for low thermal conductivity.

We can perform the same calculation using equation 5.1 as for the PCB-mounted ovens
to calculate the approximate current required for sufficient heating in this oven design.
The thermal grounding of the oven is dominated by its contact with the clamp at its top,
which is a distance of 17 mm from the oven-foil spot weld. The stainless steel tubes have
outer and inner diameters of 1.5 mm and 1.2 mm respectively, giving a tube cross-sectional
area of ~ 0.64 mm?. The stainless steel has a thermal conductivity A = 16.3 Wm™!1 K1,
so for the required temperature increase of 400 K, a power dissipation of roughly 0.24 W
is required — an order of magnitude reduction compared with the PCB-based oven design
above.

In this case, the geometry of the heating element is less well defined, as it is formed by a
spot-weld of indeterminate size between multiple sheets of metal. Measuring the resistance
between the vacuum feedthrough and the vacuum system provides an upper limit of the
resistance of the heating element, but in reality is an overestimation due to all the other
resistances of the electrical path adding in series.

Measuring this resistance yields values of around 0.3 €2, which would imply a required
current in the range of 0.9 A. The assumption that this total resistance is entirely located
at the spot welds represents a lower bound to the required current to achieve a beam of
ytterbium from this oven design, in reality the current is likely to be much higher.

These ovens were fluorescence tested in a similar manner to the PCB-mounted ovens,
but mounted in the vacuum system aligned to the surface of a dummy microchip, in order
to replicate the experimental thermal environment for more accurate calibration, and to
test the skimming setup by detecting fluorescence close to the ion trap surface. First,
the 398.9nm laser light was aligned vertically into the aperture of the oven to detect the
current threshold, then the beam was aligned to the surface of the microchip to determine
the extent of the atomic flux. The results of this testing can be seen in figure 5.14.

In this case, the fluorescence was first faintly observed at a current of 4.5 A after a period
of around three minutes, which decreases to around one minute if the current is increased
to 5.2 A. For trapping experiments, it was therefore decided that the ovens should be
supplied with a current of 4.3 A for periods of three minutes, in order to produce a weak
atomic beam. Comparing this current to the calculations above, this implies a spot-
weld resistance of 13 m$2, which is significantly lower, probably due to contributions from

the other electrical connections between the vacuum feedthrough pin and the grounding
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Figure 5.14 — Images from the tube ovens fluorescence testing. (Left) Fluorescence
from the ionisation laser aligned into the aperture of the heated oven. (Centre and
right) Front and side view of fluorescence at a small distance above the surface of a
test chip for an oven aperture aligned below the microchip surface.

connection at the top of the oven.

It is relevant to mention one final oven testing consideration, which is whether to cali-
brate ovens for a threshold power dissipation or current. While it is tempting to consider
the power dissipated in the system as measured by the power supply as a measure of the
heating power, and therefore proxy for oven temperature when other parameters are fixed,
this is incorrect. An atomic oven is connected to the power supply by a large number of
electrical connections in series, all of which contribute resistance and therefore dissipated
power to the total power as measured by the supply, and the majority of these resistances
will be poorly thermally connected to the oven, therefore contributing negligibly to its
heating. For example, crocodile clips used to connect a power supply to the vacuum
feedthrough pins have a resistance that will cause local heating which does not contribute
to the oven operation. However, the resistance at the oven that heats the atomic mate-
rial is relatively constant, due to the constantan spot weld, so will have a set resistance.
Therefore a given current will result in a well-defined power dissipation at the oven and
a repeatable temperature rise, independent of varying resistances elsewhere in the circuit.
When calibrating ovens for an experiment, it is therefore crucial that the calibration is

performed for current, and not dissipated power.

5.6 Grounding of the imaging viewport

During ion trapping experiments, any exposed dielectrics in the vacuum system can charge
up to large potential differences, due to electrons liberated by the photoelectric effect from
the top layer of the electrodes of the microchip by scattered laser light. The proximity
of the main imaging window makes this effect problematic — a substantial fraction of
electrons liberated from the trap will reach the window surface resulting in a high static
charge buildup, and due to the close proximity of this high voltage to the trapped ions, the
resulting electric field contribution is large enough to distort the ion trapping potential.

Shielding trapped ions from the static charge buildup on the imaging viewport is of
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Figure 5.15 — Side-on view comparing the angular exposure (shaded grey) of a
trapped ion (dark blue) to a charged imaging window (light blue) by trap electrodes
(gold), for (left) a macroscopic blade trap [115], (centre) a multi-layer symmetric ion
trap [170] and (right) a surface microchip ion trap (labelled ion trap dimensions to
scale, distance to and size of window not to scale).

paramount importance when using planar surface traps, as the resulting stray fields have
a much larger effect than in other ion trap geometries, despite the similar ion-window
distances. The different levels of shielding provided by different ion trap designs are
illustrated in figure 5.15. Ions in a macroscopic (for example linear blade) trap are shielded
from a significant fraction of the window surface by the electrodes surrounding it. This is
also true of typical symmetric microchip ion trap designs, with the electrodes surrounding
the ions with a small (less than 1 mm) separation providing a significant shielding effect.
A surface ion trap provides zero shielding from the static charge buildup of the imaging
window (as seen in figure 5.15), so its effect is much more pronounced.

For this reason, ion trapping experiments using planar microchips usually attempt to
shield their trapping region from the window surface by other means. A popular method to
shield the ion from the window is to place a grounded wire mesh between the ion trap and
the window, however for experiments that involve coherent manipulation of the internal
states of ions, such a mesh interferes with two important processes: state detection of the
ions and application of microwave radiation from outside the vacuum system.

As described in chapter 2, the internal state of ytterbium ions are determined by apply-
ing resonant laser light and counting the 369.5 nm fluorescence photons collected from the
ion in a set time period — whether the number of photons is above or below a predeter-
mined threshold denotes the internal state of the ion to be either of the qubit states. The
efficiency of state detection is highly dependent on the collection efficiency of photons from
the ions [140]. A wire mesh between the ion and the collection optics reduces the efficiency
of this process because it blocks and scatters some of the photons, reducing experimental
detection fidelities.

The second problem with a grounded mesh shielding the ion is that it also greatly
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attenuates the intensity of microwave and RF fields that we apply to the trapped ions from
outside the vacuum system. As discussed in chapter 2, for reasonably fast ion operations
we require large Rabi frequencies, which in turn rely on high intensities of microwave and
RF fields at the position of the trapped ions. A grounded mesh acts as an extension of the

natural Faraday cage of the stainless steel vacuum system, preventing fields from entering.

5.6.1 Microwave and RF delivery through a grounded imaging window

The solution used to shield the ions from the charged imaging window is a grounded mesh
with a central aperture, as detailed below. The alternative choice of a complete grounding
mesh requires consideration of alternative plans for microwave and RF delivery, including
a re-entrant viewport mounted on one of the DN40CF chamber flanges, in order to bring
the emitters in close proximity to the ions, or placing emitters within the vacuum system.
However, the mesh with a central aperture was found to be the simplest solution to the
problem, and the method has already been used successfully (albeit with symmetric traps)
with both holes in solid metal blocks and gaps in suspended wire meshes employed [171].
Additionally, this method has the advantage of improving photon collection from the ion,
as it removes the obstructive mesh in the on-axis imaging region.

The extent to which an RF or microwave field penetrates through a fine mesh is depen-
dent on the ratio between the size of the apertures in the mesh and the wavelength of the
field [172]. EM radiation with magnetic field strength Hy and wavelength X incident on a
conductive surface with a circular hole of radius a results in magnetic field strength H at

a distance of r after the conductor that varies as

3
H(r) = Ho, for r < A (5.2)
T

and identical behaviour for electric field strength. This condition holds for our experiment,
as the wavelengths of the microwaves (12.6 GHz) and RF (on the order of ~ 10 MHz) are
~ 24mm and ~ 30 m respectively, both much larger than the ion-mesh distance of 10 mm.
Therefore, to maximise the fraction of the radiation incident on the imaging window that
reaches the ions, it is desirable to have as large an aperture radius as possible.

However, the solid angle of charged window that the ion is exposed to increases with
mesh aperture radius, so a balance must be struck between the two competing require-
ments. It was decided to choose an aperture size by solving for the same solid angle
exposure to the imaging window as in a previous experiment in our laboratory that uses
a macroscopic linear blade trap [115]. In this experiment, the imaging window has no
mesh and shielding of the ion is provided only by the trap electrodes, as in both cases the
ion-window distance is fixed at 10 mm. Starting with a solid angle dQ2 = dS cos8/r and

solving in Cartesian co-ordinates for a point at a distance h above a positive-quadrant
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rectangle spanning (0, 0) to (p, q) and multiplying by 4 we find that

q p h q hp
Q:4/ dy/ dx—3:4/ dy .

o Joo (aP+yP+h?): 0 (P Hp R+ 0
pq

1

(q2 + h2)7 (p? + h2)3

(5.3)

= 4 arcsin

Using the dimensions from the macroscopic blade trap: 2p = 1008 pm (length of the blade
electrodes), 2¢ = 343 pm (gap between the blade electrodes), h = 277 um (distance be-
tween the ion and the electrode gap), we find that the solid angle subtended by unshielded
imaging window at the position of trapped ions is 2 = 0.617 sr. To find the equivalent hole
size, we can use the standard result for solid angle subtended by a disk Q = 27(1 — cos6),
where 6 is the angle subtended by the disk (from the axis to the circumference) and set it
equal to 0.61msr. For an ion-mesh distance of 10 mm this results in an aperture diameter
of 16.7 mm, this size represents the largest possible aperture while staying within the solid

angle exposure to the window of the blade trap experiment.

Figure 5.16 — Photograph showing the recessed main imaging window of the vacuum
system, and mounted on it is the grounded mesh with a central aperture.

An aperture of diameter 16.7 mm was cut into a piece of stainless steel mesh (consisting
of 25pm diameter wires spaced by 500 pm), which was then mounted to the imaging
window using a steel cable tie, as shown in figure 5.16. At this aperture diameter, the
expected attenuation of the field strength at a the location of the ions (~ 10 mm behind
the mesh) from equation 5.2 is roughly 42% for both frequencies.

Simulations of the propagation of the microwave and RF fields through this mesh with a
central aperture are presented at the end of chapter 4 to confirm the approximations above,
and verify that the fields have sufficient components in all three ion trap principal axes,
in order to drive all of the required qubit transitions effectively. During the experiment,

trapping ions for the first time confirmed that the mesh was effective in shielding the ions
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from charging of the imaging window, and the measurement of secular frequencies and
trapping of ytterbium-171 ions, described in chapter 7, confirmed that RF and microwave

radiation could reach the trapping position.

5.7 Assembly, pumping and baking process to achieve

ultra-high vacuum

Trapped ion experiments require an ultra-high vacuum environment, as any interactions
with background gas molecules can interfere with the states of the ions, or if the pressure is
too high, prevent the trapping of any ions at all. Achieving this level of vacuum is a com-
plex process, outlined in this section. First, the assembly of the vacuum system chambers

and components is discussed, before the multi-stage pumping process is described.

5.7.1 Vacuum system cleaning and assembly

Before assembly, all components of the vacuum system must be cleaned to remove contam-
inants from their surfaces. A small grease patch on the inside of a chamber, for example
a fingerprint, can outgas at a rate that would prevent the achievement of ultra-high vac-
uum continuously without ever being totally removed. The cleaning process is as follows.
First, the parts are cleaned in acetone, and if the parts are not delicate then they are
submerged in acetone and placed in an ultrasonic bath, which agitates the solvent using
ultrasound frequencies to induce cavitation bubbles. This enhances the cleaning effect of
the solvent by producing large forces on the surfaces of the object, and these forces also
ensure that the solvent reaches all parts of the object to be cleaned. After the acetone
clean, the process is repeated with isopropyl alcohol, which removes any remaining traces
of the acetone from the object without leaving a residue.

After these initial solvent cleans, any parts with a large surface area are wrapped in
several layers of aluminium foil and ‘baked’ in an oven at 200°C. This is to form an
oxide layer on the surfaces of the stainless steel components, which reduces the ability of
gases to diffuse through the bulk of the metal chamber. This is important as at ultra-high
vacuum pressures, the limiting factor for a clean and well-assembled vacuum system is the
diffusion of hydrogen and other gases through the chamber walls. The foil is used to keep
the vacuum components clean while inside the oven and to ensure a uniform temperature
across the components. After this ‘pre-baking’ process, the parts are recleaned in acetone
and isopropyl alcohol, and are then ready for assembly.

These vacuum system components attach to one another using industry standard Con-
flat (CF) flanges. The two parts to be joined have matching protruding knife edges that
cut into a copper gasket placed between them. The flanges have bolt holes that allow for
the required force to compress the knife edges into the copper gaskets by tightening bolts
around the flange. Each flange diameter has a required bolt torque to achieve the correct

mating force (achieved by using a torque wrench), and the bolts must be tightened in a
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specific pattern to achieve a uniform compression — if assembled correctly, CF flanges can
maintain pressures down to 10713 mbar [173]. It is important to inspect both knife edges
and surfaces of the copper gasket for imperfections before assembly that could prevent
a seal from being formed — if defects are found the part is discarded and replaced. For
tapped holes in vacuum chambers, silver-plated bolts are used to lubricate the threads
and prevent the bolts from seizing — this is especially important during a bakeout as the

high temperatures increase the likelihood of a bolt becoming stuck in a thread.

5.7.2 Pumping and bakeout procedure

The pumping and baking process is as follows. Once the vacuum system is sealed it is
attached to a pumping station comprising a ‘roughing’” pump and a TMP in series, and
pressure gauges. A residual gas analyser (RGA) attached to this station (via a valve)
uses mass spectrometry to measure partial pressures of molecular masses in the vacuum
system. The roughing pump is turned on while the all-metal valve remains closed, which
allows detection of any large leaks in the pumping station assembly or bellows (typically
due to under-tightened flanges). Also, slowly opening the all-metal valve after evacuating
the bellows ensures a one-way flow of gases out of the vacuum system, reducing the chance
of contaminant entry into the system. After this valve has been opened the pressure of
the vacuum system is typically on the order of 10~ mbar.

At this stage the TMP is started, which gradually increases to a rotational speed of
1200Hz. The pressure (in the absence of leaks) will reduce to around 10~° mbar to
107 mbar, depending on the level of outgassing within the system. Any pressure within
this range is sufficiently low to permit activation of the RGA. By setting the RGA to
detect changes in a partial pressure of a particular molecular mass with time, the entire
vacuum system can be inspected for leaks by applying an appropriate gas at a high flow
rate to the outside of the system. If there is a leak at the inspected location, the partial
pressure increase of the gas within the system will be detected by the RGA. Using a fine
needle allows the location of the leak to be identified with high precision. Common can-
didates for leaks are under-tightened flanges, electrical feedthroughs, glass-metal seals on
viewports, and positions of high mechanical stress such as the custom elbow piece.

Any identified leaks can be repaired by either resealing the flange with a new gasket, or
replacement or repair of the part with the leaking seal. Depending on the affected part,
this can be a time-consuming process so identifying leaks at this stage is highly desirable,
rather than after a long bakeout process. Once there are no detectable leaks, all com-
ponents inside the vacuum system with electrical feedthroughs are heated with electrical
currents, to outgas potential contaminants before the bakeout process. This includes the
atomic ovens, ion pump, ion gauge and titanium sublimation pump filaments, and the
RF electrodes of the ion trap (outgassed with a resonant RF voltage). Following this, the
entire vacuum system is wrapped in up to five layers of aluminium foil to ensure uniform

heating of the vacuum system during the bake, which prevents temperature gradients from
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forming across the vacuum system components. Temperature gradients can lead to new
leaks being opened due to non-uniform expansion of vacuum system components, both at
gasket seals and the seals within components like viewports and electrical feedthroughs.

Figure 5.17 shows the vacuum system wrapped in many layers of aluminium foil, pumped

and placed in the oven ready for the bakeout process.

Figure 5.17 — Photographs showing the vacuum system in the bakeout oven, before
and after wrapping with aluminium foil to prevent temperature gradients.

The bakeout oven was designed and constructed by previous group member Dr. James
Siverns and consists of two layers of aluminium with an insulating layer in between for
the walls and ceiling, eight ceramic heating elements (two mounted on a post in each
corner of the oven), and a large fan mounted to the inside of the top of the oven [84]. The
motor of this fan is mounted on a cage surrounding the oven to mechanically decouple the
vacuum system from any induced vibrations. For this bakeout process, the control of the
ceramic heaters was automated (previously a duty cycle was manually set and adjusted).
This allows for both a smoother ramping profile — instead of increasing the duty cycle of
the heaters by around 3% roughly every 20 minutes, the automated control program can
adjust the oven power as often as required, and allows for ramping profiles to continue
unattended throughout nights and weekends. Finally, a number of extra safeguards and
fine tuning of the oven temperature can be built into the control program — all these
features serve to provide smoother adjustments and more stable oven temperatures.

The oven automation was performed in collaboration with Nikolaus Lorenz and Ryan
Timms. The control program is written in Python and executed on a Raspberry Pi
microcomputer, and uses the current and previous temperatures of three thermocouples
and the current ramp setting (ramping up, constant, or ramping down) to calculate the
required oven power. Control of the oven power is achieved by varying the duty cycle of the
power supplied to eight ceramic heaters, with a period of ten seconds. The temperature
control program aims to increase the oven temperature by around 10 °C per hour until it
reaches a maximum temperature of 190 °C, where the program will maintain this maximum
temperature until instructed to decrease it at the same rate.

While at the maximum temperature, the pressure within the vacuum system gradually
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drops due to various evaporating contaminants becoming exhausted. After roughly 7-10
days at maximum temperature, the pressure will stabilise again at around 10~7 mbar, at
which point the ion pump can be activated. The ion pump initially increases the system
pressure as it outgasses its electrode surfaces, but stabilises and begins to reduce the
pressure further after roughly one hour of operation. At this point the ion gauge is also
activated, and is further outgassed by passing a large current through its filaments, to
prevent an ongoing pressure load during the experiment.

Once the pressure stabilises again (typically one day after the ion pump and gauge have
been activated) the valve separating the vacuum system and the pumping station and
bellows is closed. At this stage the low pressure within the vacuum system is maintained
solely by the ion pump, but the pumping station remains active in order to maintain the
evacuation of the bellows. This reduces potential leaks through the all-metal valve until it
can be closed to its full torque, once the system reaches room temperature. Finally, once
the pressure stabilises again, the oven temperature is reduced to room temperature. At
this stage, the vacuum system should have reached a pressure of below 10~° mbar if the
bakeout has been successful — a pressure above this level indicates either a leak caused
by the bakeout process or a source of outgassing within the vacuum system. If this is the
case, the fault must be identified and remedied, and the process must begin again.

If the bakeout is successful, the all-metal valve is sealed with its rated torque of 11 Nm,
then the pumping station can be turned off and removed from the vacuum system. The
vacuum system can at this stage be transported to the optical table for the experiment,
before the TSP is used for the final reduction in pressure. After outgassing one of the
TSP filaments, the filament is heated for around 100 seconds with a current of 48 A to
release titanium into the vacuum system roughly every two hours for one day, then every
six hours for a few additional days, until the pressure stabilises at its final value.

A graph of the vacuum system pressure during the pumping and bakeout process is
shown in figure 5.18. The drop in pressure when the ion gauge is turned on is due to
switching pressure measurement method, from the pirani gauge of the TMP to the ion

gauge itself. The final pressure achieved for the experiment was 7.6 x 10~ 2 mbar.

5.8 Conclusion

This chapter began by detailing the requirements of a vacuum system for an ion trapping
experiment with long-wavelength radiation in the static magnetic field gradient scheme.
After describing the selection and testing process for UHV-compatible components, the
design and construction of a compact vacuum system capable of maintaining pressures
below 10~ mbar and including all of the necessary electrical feedthroughs and viewports
was summarised. This included a new chip interface system that used multiple PCBs
designed to provide support for the features of advanced microchip ion traps, while allowing
for minimal disruption between experiments.

A new approach to skimming atomic oven beams to prevent coating of the microchip
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Figure 5.18 — Logarithmic plot of pressure of the vacuum system against days elapsed
after the maximum bakeout temperature has been reached. The temperature phases
of the bakeout are shown at the top, and the active pumps shown along the bottom,
and other key points annotated.

electrodes was designed and tested, followed by an approach to grounding the imaging
viewport without preventing the application of RF radiation to the ions from outside the
vacuum system. Finally, the process to reach the final UHV pressure for the experiment
was summarised, and the resulting pressures during the bakeout were presented.

While this experiment inherited certain vacuum system components (including the
octagon-cluster chamber, the imaging window and pumps), substantial innovations and
upgrades have resulted in a huge improvement in the suitability of the system for ex-
periments using advanced microchip ion traps, and for long-wavelength entanglement of
trapped ions. The improved vacuum system presented is versatile enough to support ex-
periments using any of the current generation of microchip ion traps in the laboratory
(from the microfabrication process detailed in chapter 6), as well as future generations of
microchips currently under fabrication.

Small modifications to the PCB-based modular chip interface have allowed it to be
installed in other vacuum systems in our laboratory (such as the cryogenic system de-
scribed by De Motte [164]) to allow other experiments to benefit from the improvements
described in this chapter. The atomic oven mounting system and skimming method has
been adopted by subsequent microchip experiments currently being prepared in the labo-
ratory, as has the imaging window grounding method. Therefore the research and devel-
opment performed in preparation of this experiment will have substantial benefits for all

future experiments in the laboratory.
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6 Testing and preparation of microchip

ion traps

6.1 Introduction

One proposed method to extend trapped-ion quantum computing techniques to a fully-
functional device uses large numbers of ions confined by an array of microchip ion traps [56],
as described in chapter 1. Chapters 2 and 3 of this thesis presented the theoretical back-
ground to the use of ytterbium ions as qubits, followed by an overview of multi-qubit
operations with long-wavelength radiation in combination with a static magnetic field
gradient. This was followed by simulations that identified the optical microchip trap-
ping parameters for two-qubit gates, for two different magnetic field gradient generation
techniques.

Following this, chapters 4 and 5 described the preparation of an experimental setup and
ultra-high vacuum environment capable of performing these gates with ions trapped on
microchips. The final ingredient for an experiment as described in the preceding chapters
is therefore a microchip ion trap, optimised for high-fidelity quantum operations.

This chapter summarises the production of a range of designs of microchip ion traps in a
recent fabrication process, and some initial samples for testing of the current-carrying wire
concept. A subset of these microchips are linear traps, suitable for use with the permanent
magnet gradient scheme described in chapter 3 for performing multi-qubit operations.

The description begins with the design and simulation of the microchip geometries to
create a trapping potential with the correct properties, as well as the extra considerations
required for complex, multi-layer microchips. Following a description of the design of the
‘masks’ used to transfer the geometries for each microchip layer onto photosensitive resist
structures, the microfabrication process for both the trapping electrode structures and the
current-carrying wire layer of the microchips is summarised.

Next, the process of characterising the microfabrication results in the laboratory is
described, including applying large currents to the CCW test samples, inspecting the mi-
crochips with a scanning electron microscope, and testing the electrical integrity of the
trapping electrodes, followed by a description of the various chemical treatments used to
prepare the ion traps for use in ion trapping experiments. Finally, an electrical break-
down test is performed to determine the upper limit for applied voltages for these treated

microchips.
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6.2 The design and simulation of microchips

Microchip ion traps consist of metal electrode structures deposited onto dielectric surfaces.
In the example of an RF trap, the electrode structure includes two or more parallel RF
electrodes for radial confinement, a varying number of DC electrodes, and a surrounding
ground plane. Significant simulation work is required for each microchip design to ensure
the correct trapping parameters, which are highly dependent on the electrode configura-
tion of the chip. Without fully optimising the design, the trapped ions could suffer from
excessive micromotion, low secular frequencies and trap depths, or a principal axis align-
ment that does not allow for effective Doppler cooling of the ions. In addition to this,
there are many fundamental requirements of the design of a microchip that if overlooked

will prevent ion trapping at all or limit the usable lifetime of the chip.

6.2.1 Microchip electrode design considerations

The first electrodes of a microchip RF ion trap to be designed and simulated are the RF
electrodes and the resulting pseudopotential. In the case that symmetric width rails are
used, the RF electrode geometry is uniquely defined by the desired ion height, as described
in section 2.3. The RF geometry with these dimensions can then be simulated to verify
the secular frequencies and trap depth of the pseudopotential for a given RF drive voltage
and frequency, as described below.

To route the RF voltage to the ion trapping position, the two RF rails are joined
into a single electrode, which is extended to one corner of the chip for wirebonding. The
specific RF electrode geometry (including the width of its single rail section) has important
implications for the fraction of the incident RF power that reaches the trapping region due
to the resulting impedance jumps, which can be simulated and optimised. Two examples
of typical RF electrode structures can be seen in the electrode layouts shown in figure 6.1.

The DC electrodes on a microchip ion trap have many purposes, including providing
the axial trapping potential, shuttling ions with time-varying voltages, and rotating the
principal axes of the trapping potential. Microchip DC electrode layouts can therefore have
a wide range of complexity, depending on the capabilities required for an experiment. For
example, a simple trap with a single linear confinement region can function with as few
as six DC electrodes on either side of the RF rails, or in the case of complex junction
structures with the ability to shuttle ions between multiple trapping zones, up to 100 DC
electrodes may be required for very fine control of the positions and dynamics of the ions.

DC electrodes located directly beneath a linear ion trapping region can be desirable for
fine control of axial potential shapes, which allows for higher axial secular frequencies (for
the same DC voltages) and fast ion shuttling. The location of these electrodes between
the RF rails means it is necessary to connect them to their bond pads on the edge of
the microchip using multiple layers of metallisation, or ‘buried wires’. This method uses
vertical interconnects (VIAs) to connect bond pads and isolated electrodes vertically to

the buried wires beneath the surface, linking the two.
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This allows DC electrodes to be placed anywhere on the chip, permitting very complex
microchip designs, and also has the advantage of a continuous, undisturbed ground plane
around the RF electrodes, for more uniform pseudopotentials. The cross-section of the
connection between a bond pad and an isolated electrode using a buried wire and two
VIAs can be seen in the final step (12) of figure 6.2.

The choice of metals and dielectrics for the trap structure is also extremely important.
Imperfections in the top electrode layer can increase ion heating rates [153], so it is im-
portant that the top layer of the trap electrodes is uniform and free from corrosion. For
these reasons, popular choices of electrode surface metal are gold and aluminium, and for
superconducting cryogenic ion traps, niobium and niobium nitride. The choice and thick-
ness of dielectric layer material can influence the maximum voltage that can be applied to
the microchip electrodes [122]. Common choices include silicon dioxide and silicon nitride,
and combinations of the two.

Finally, the choice of substrate is important, with three main considerations. First,
its electrical properties will affect the RF impedance and loss tangent of the microchip.
Secondly, its thickness is important for chips to be used with under-chip permanent mag-
nets, as thicker substrates result in lower magnetic field gradients. Finally, the thermal
properties of the substrate (including thermal conductivity and expansion coefficient) are
important for any microchip used with a cooling system, but especially for current-carrying
wire substrates, where Ohmic heating from the applied currents results in the need for
dissipation of highly concentrated heat loads.

For these reasons, fused silica substrates were used for the microchips to be used in
permanent magnet experiments due to the availability of thin (down to 500 pm) substrates,
and diamond substrates were used for copper-carrying wire substrates, due to its very high

thermal conductivity.

6.2.2 Simulation of microchips

To optimise the design of any microchip, it is necessary to simulate the potentials gener-
ated when voltages are applied to its geometry. There are two methods for performing
these simulations: analytical and numerical. The analytical simulations use the equa-
tions described in chapter 2, and make certain approximations about the trap geometry
to derive the pseudopotential generated by the RF electrodes. For example these can
include that the RF electrodes are infinitely long, or the electrodes form a gapless plane.
However, numerical simulations can allow for more accurate results, due to the use of
less approximations, and are necessary to find the potentials for more complex electrode
structures.

The numerical simulations are performed using the Essential Numerical Tools (ENT)
software developed by Singer et al. [174], which provides a package capable of reading a
microchip design from an AutoCAD design file, assigning voltages to individual electrodes,

and then solving the resulting electrostatic potential from each electrode. The potentials
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are found by solving the Laplace equation using the boundary element method (BEM)
[175] (accelerated by use of the fast multipole method [176]), which divides the electrodes
into small surface elements and sums the potential contribution from each element when
held at a voltage.

To perform these simulations, the top layer electrode structure is drawn in AutoCAD,
with each electrode being composed of a series of four-sided polygons. The individual
electrodes are then labelled separately, in order that ENT can distinguish between them.
The electrode structure is then simulated by the BEM solver of ENT, which outputs ‘basis
functions’, which are the potentials arising from applying 1V to each electrode while all
others are gounded.

These basis files can then be interpreted using a plotting program (such as Wolfram
Mathematica) to derive and plot the resulting RF pseudopotential and static potentials
from DC electrodes, and calculate trap parameters such as trap depth and secular fre-
quencies. A plot of a simulated RF pseudopotential for an example electrode geometry is
shown in figure 2.6.

The microchip electrode designs can therefore be designed and optimised iteratively,
with simulations performed after each iteration of the design. In this way, complex struc-
tures such as X-junctions or ring traps can be optimised for ideal trap parameters. Once
the top layer electrode structure has been finalised, the VIA and buried wire layers can be
drawn, to connect the DC electrodes to bond pads at the edge of the microchip. Finally,
after the full multi-layer microchip has been designed, the final electrical properties of the

microchip (such as capacitance) can be resimulated, and if necessary reoptimised.

6.2.3 Final linear trap mask designs

Using the process above, a wide range of microchips were designed by Dr. Bjoern Lek-
itsch [86], including linear traps, two-dimensional arrays and X-junctions. Current-carrying
wire structures were also designed for a number of these microchips to generate large static
magnetic field gradients in the correct locations.

Linear traps are the natural choice for experiments implementing high-fidelity two-qubit
gates on a microchip, because there is no requirement to shuttle the ions. Also, due to the
large, always-present magnetic field gradient created by the permanent magnets discussed
in chapter 3, there are only small regions of low magnetic field in the ion trapping region.
Since it is challenging to Doppler cool ions in locations of high magnetic fields, the linear
traps must be carefully aligned with respect to the magnets to ensure ions are trapped at
a low-field location.

The microchip designs included on the mask are summarised in table 6.1 — there are
three geometries: linear traps, X-junctions and 2D arrays, of which only the linear traps
are of interest for the experiment described in this thesis. Each microchip design was given
a unique ‘barcode’, which was fabricated as a label on the ground plane of the chips to allow

for their unambiguous identification after the completion of their microfabrication (due to
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Geometry  Barcode Microchip features Siil}ggg\lfes fon h?;%ﬁ; ;;)ct?:o]él)ecs
PWG1 Yes 60 66
PWG2 Coplanar waveguide Yes 60 18
LIN1 Detection slot 100 36
LIN2 Separated RF rails 100 72
Linear PWG3 Yes 120 34
WG4 Single layer Yes 120 30
LIN4 Loading slot 165 34
pWGH Detection slot Yes 170 34
PWG6 Yes 170 34
LIN3 250 56
JUN1 Yes 100 72
X-junction JUNZ2 Yes 100 88
JUN3 200 88
SIM1 5xb trapping zones 30 55
2D array SIM2 3x3 trapping zones 50 54
SIM3 3x3 trapping zones 100 54

Table 6.1 — Complete list of the microchip designs included on the mask for micro-
fabrication (four copies of each design for a total of 64 microchips per wafer).

the similarity of some designs making identification difficult even using a microscope).

The 2D array traps consist of one large RF electrode plane, with circular apertures
replaced with DC electrodes at regular intervals in a square pattern, which allows for
single ions to be trapped in individual potential wells on a lattice structure. These traps
are designed to be used in experiments that build on previous work by Sterling et al. [71],
where individual ions were trapped in a hexagonal array with a uniform ion-ion spacing
of &~ 270nm. The design of these arrays follows the optimised geometry for quantum
simulations described by Siverns et al. [177] at different ion heights and ion separations.
The X-junction traps are designed for adiabatic shuttling of the trapped ions, with a large
number of DC electrodes and complex RF geometry optimised for minimal heating of the
ions (due to an RF barrier) as they are shuttled through the junction.

The linear traps range in ion height from 60 pm to 250 pm, and have a wide range of
complexities. The simplest geometry is a design with barcode ‘PWG4’, which consists
of a single layer of electrodes (RF, ground plane and 15 DC electrodes either side of the
RF rails). At the other end of the spectrum is the microchip with barcode ‘LIN3’, which
consists of a top electrode layer, with the RF electrode, ground plane, 14 DC electrodes
either side of the RF rails, 26 inner segmented DC electrodes between the RF rails, and
four principal axis rotation electrodes, all connected to bond pads via a buried wire layer.
The top layers of these two designs are shown side-by-side in figure 6.1.

In theory, any of these trapping electrode designs can be fabricated on top of a substrate
that incorporates current-carrying wires. In this fabrication run, a subset of the traps were
optimised for use with CCWs by including gaps in their ground plane for bonding to the

copper tracks (as can be seen for the microchip on the left of figure 6.1), and altering RF

138



Figure 6.1 — Two example top electrode layer mask designs from the microfabrication
process [86], with visible barcodes and ion heights of (left) 120 pm and (right) 250 pm.
RF electrodes are shown in green, DC electrodes in yellow, principal axis rotation
electrodes in red, and ground plane in blue. The gaps in the ground plane of the
‘MWG4’ microchip allow wirebonding to a CCW layer, and the bond pads of the
‘LIN3’ chip are connected to the electrodes using buried wires and VIAs (not shown).
Both microchip designs fit within squares of side 10 mm.

electrode geometries to reduce the additional capacitance from the copper layer. These
microchips include the X-junctions, and linear traps with barcodes beginning ‘nWG’. The
CCW structures were then optimised for the ion heights of each of these microchip designs.

Additionally, some microchips contain structures that can be used to demonstrate
progress towards more advanced microchip features. This includes chips with extra elec-
trodes, such as coplanar waveguides for microwave radiation (n1WG2), and two electrically
separated RF electrodes to demonstrate shuttling between linear regions with independent
pseudopotentials (LIN2). This also includes microchips with gaps in the electrode layer
for backside mounted features, such as atomic ovens (LIN4) and photodetectors (W£WGH).

Ultimately however, for an experiment with a permanent magnet generated magnetic
field gradient, we are interested only in a linear trap of the correct ion height. As chapter 3
concluded, the optimum ion height for a room temperature experiment with permanent
magnets is around 200 pm. Three of the designs from table 6.1 fit this description, with
barcodes ‘LIN4’, ‘pyWG5’ and‘pWG6’, so the products of the microfabrication process of
these designs and functionality of the resulting microchips is the specific concern of the re-
mainder of this chapter. It is also worth noting that although two of these chips incorporate
gaps in their electrode structures for backside mounted on-chip features, the placement
of the permanent magnets beneath the microchips precludes the further development of

those features during this experiment.
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6.3 Microfabrication process and results

The microfabrication of the wafer containing the microchips listed above was performed
in the Southampton Nanofabrication Centre by Dr. Bjoern Lekitsch, and the descriptions
that follow are summaries of his work [86]. First, the microfabrication process for the
microchips to be used with permanent magnets is summarised, followed by a description

of the current-carrying wire layer for initial test samples.

6.3.1 Microfabrication process for trapping electrode structures

The electrodes for the microchips fabricated for permanent magnet experiments are formed
of three layers of aluminium: the electrodes, buried wires, and a vertical interconnect access
(VIA) layer connecting the two. The top electrode surface is coated with gold for corrosion
resistance. These layers are electrically separated from each other with a layer of silicon
dioxide, and from the substrate by a silicon nitride layer, which can significantly increase
the breakdown voltage of microchips [122]. Finally, layers of titanium are used to improve

adhesion between the metals.
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Figure 6.2 — Schematic cross-section diagrams of the microchip structure at each
stage of the fabrication process, not to scale. Silicon nitride and aluminium are
deposited onto a cleaned fused silica substrate (1-3), then a photoresist mask is used
to etch the aluminium into the pattern of the buried wire layer (4-5). Silicon dioxide
is deposited (6), and an etch with another photoresist mask removes the VIA pattern
from this layer (8). The aluminium and gold layers that form the VIAs and the
electrode layer are deposited onto the silicon dioxide (9), before an etch with a final
photoresist mask is used to separate individual electrodes (10-11). Finally, a wet etch
forms undercuts into the dielectric layer (12).

Figure 6.2 shows schematic cross-sections of the microchip structure during each stage

of the fabrication process for the trap electrodes, which is summarised below.
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First, the fused silica substrate is cleaned with fuming nitric acid and a microwave
oxygen plasma to remove any organic materials (step 1). A 200nm layer of silicon nitride
is then sputter deposited after the substrate has been cleaned in-situ with an argon plasma
(2). Onto this dielectric layer, a 450 nm layer of aluminium is sputter deposited (3), from
which the buried wire layer will be formed. This layer is sandwiched between two 20 nm
titanium layers for adhesion, and to prevent the formation of ‘hillocks’ (growths and
depressions in the surface that range up to microns in size [178]), which can occur if the
aluminium is heated above 150 °C [179]. The titanium layer also acts as a diffusion barrier
for the other metals, and helps to expansion match the substrate to the electrode layers.

On top of this aluminium layer, the photoresist mask for the first (buried wire) layer is
deposited in a multi-stage process (4). First a positive photoresist is applied while spinning
the substrate to achieve a 1pum thick layer. The photolithography mask for the buried
wires layer is aligned to the wafer and UV exposed. The resist is then developed, and the
metal beneath the exposed areas of resist are removed using a wet etch, leaving behind
the buried wire structures (5). A 3 pm insulating layer of silicon dioxide is deposited over
the buried wires (6) using plasma-enhanced chemical vapour deposition (PECVD).

A 5pm layer of negative photoresist is applied to this layer, and is UV exposed using the
mask for the VIA structures, carefully aligned to ensure accurate placement of the VIAs
onto the buried wire layer (7). The exposed mask layer then allows for the formation of
the VIA holes in the silicon dioxide layer using a dry etch, and an oxygen plasma asher is
used to remove the resist mask afterwards (8). Then in a single sputter deposition step of
1 pm of aluminium, the VIAs and the metal for the top electrode layers is deposited (9).
Again, an adhesion layer of 50 nm of titanium is used before and after the aluminium, and
for the electrode top surface a 250 nm layer of gold is also sputter deposited.

To form the top electrode layers, first a 5 pm layer of positive resist is deposited, and UV
exposed with the electrode layer mask aligned to the wafer (10). An inductively-coupled
plasma (ICP) etch is used to remove the exposed pattern of metal layers to form the trap
electrodes, and another separate ICP etch is used to remove the silicon dioxide in the
same pattern (11). The photoresist is removed using fuming nitric and an oxygen plasma.
The final step (12) is a wet etch using hydrofluoric acid, to form undercuts into the silicon

dioxide layer.

6.3.2 Current-carrying wire microfabrication process

The above process can also be performed using a substrate containing current-carrying
wires instead of the fused silica, without modification to the ion trap structure. The
substrate used for the current-carrying wires is diamond, chosen for its extremely high
thermal conductivity to allow for efficient removal of the heat generated by high currents.
The copper wires are deposited into channels etched into the diamond as described below,
before the structure is polished down to form a flat surface. Finally, silicon nitride forms a

dielectric layer onto which trapping electrodes can be deposited (as in the process above).
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Figure 6.3 shows schematic cross-sections of the microfabrication process for the current-
carrying wire substrates, which is summarised below.
I I S S S
1 2 3
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Diamond Silicon dioxide . Photoresist . Copper . Silicon nitride

Figure 6.3 — Schematic cross-section diagrams of the current-carrying wire structures
at each stage of the fabrication process, not to scale. A layer of silicon dioxide is
deposited onto a cleaned diamond substrate, and an etch with a photoresist mask is
used to remove the CCW pattern from this layer (1-3). Next, trenches are etched
into the diamond substrate in the same pattern (4), before the silicon dioxide layer is
removed (5) and a seed layer of copper is deposited onto the substrate (6). A thick
copper layer is electroplated onto this seed layer (7), before a polishing step forms a
flat surface (8), onto which a layer of silicon nitride is deposited (9).

First the diamond substrate is cleaned (step 1) with fuming nitric acid and a microwave
oxygen plasma (identically to the fused silica substrate process above), before 5pm of
silicon dioxide is deposited. A negative photoresist is then applied while spinning the
substrate, to achieve a uniform 5 pm thick layer, which is aligned with the mask for the
current-carrying wire designs and then UV exposed and developed (2). An ICP dry etch
is used to remove the CCW pattern of the silicon dioxide layer, exposing the diamond
beneath (3).

An ICP etch (with an oxygen plasma) then forms ~ 25 pm deep trenches in the diamond,
which also removes the photoresist (4). The silicon dioxide layer is then removed in a lift-
off process, using a hydrofluoric acid wet etch, and the diamond is treated with an oxygen
plasma for better metal adhesion (5). A 100 nm titanium adhesion layer and a seed layer
of 1m of copper are then both sputter deposited (6).

A thick layer of copper is then electroplated onto the seed layer, depositing tall copper
structures on the substrate surface and filling the trenches (7). A chemical-mechanical
polish step then removes the surface copper, and the surface titanium layer is removed
with a wet etch (8). Finally 200 nm of silicon nitride is deposited onto the diamond and
copper layer (9), forming the dielectric surface onto which the trapping electrode structure

can be fabricated.
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6.4 Microchip characterisation process

Before microchips from a particular fabrication run can be used for experiments, it is
necessary to inspect and characterise the deposited electrode structures in order to assess
the success of the microfabrication process, and estimate the range of operating parameters
that the microchips are compatible with. For single-layer ion traps this testing comprises
a capacitance measurement between the RF electrode and ground plane (and with all
DC electrodes grounded), which informs the design of the resonant RF delivery circuit,
followed by a breakdown voltage measurement to estimate the maximum voltage that can
be applied to the microchip.

For the advanced microchip designs described above, it is necessary to perform a more
extensive characterisation process. For current-carrying wire substrates, this characteri-
sation process involves applying large currents to the copper channels of the samples to
assess the viability of their use in future experiments. This process also involves tests of
the thermal mounting of the microchip and wirebonded connections for the application of
large currents.

For the electrode structures of the ion trap, the characterisation process comprises
inspection of the electrodes at high magnification and measurement of electrical resistances
between various locations on the microchip surface and of the buried wire connections.
After these tests are successful, the usual measurements of capacitance and breakdown

voltage can be performed.

6.4.1 Current carrying wires sample operation

Diamond substrates with current-carrying wires were produced using the fabrication pro-
cess described above for initial proof-of-principle testing in the laboratory. Similar to the
trapping electrodes, the copper tracks have bond pads at the edge of the chip for connec-
tion to a carrier. In the case of large currents, it is vitally important that the length of
these wirebonds is kept to a minimum for two reasons. First, the electrical resistance of
the wirebonds should be kept low to minimise the heat generated by power dissipation
in the wire itself. Secondly, the thermal path from the midpoint of the wirebond should
be of the lowest possible resistance, to prevent the wirebond from fusing. The two ends
of the wirebond are thermally grounded via the microchip and PCB, so by keeping the
wirebond short it is possible to conduct large currents while remaining below the melting
point of the metal of the wirebond.

To quantify this effect, we can calculate the maximum current per wirebond from its
geometry, material properties and melting point. This calculation can be used to compare
maximum currents for three choices of wire for bonding between the microchip and a PCB
carrier: gold or aluminium wires of 25 pm diameter, or gold ribbon with a rectangular

100 pm by 25pm cross-section'.

L All Coining products from AMETEK Inc.
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The heat generated by the resistance of the wirebond is gneas = I°R = I*pl/A for a
given current I, electrical resistivity p, length [ and cross-sectional area A. If we assume
that the two ends of the wirebond are held at the temperature of the microchip and PCB
(either 300 K for an uncooled system or ~ 100 K for a liquid nitrogen cooled system), then
the temperature difference between the midpoint of the wire and the ends is given by

1/2
AT = — 6.1
2A/\Qheat ( )
where A is the thermal conductivity of the wire material and [ and A are the same as
above, except here the relevant length is from the midpoint to the edge, and the cross-
sectional area is doubled because the heat is being transported away in both directions.

Substituting the expression for the ohmic heating above and rearranging for the current
yields

kA
Irnax: -7 Tme _Tam 6.2
\ﬂ i~ Lo 62)

where Tierr is the melting point of the wire material (1337K for gold and 933K for

aluminium) and Ty, is the ambient temperature of the microchip and PCB.
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Figure 6.4 — Plots of maximum current per wirebond against wirebond length for
various wires. The scaling laws are shown for gold (yellow) and aluminium wire
(grey), with diameters of 30 pm, and a 100 pm by 25pum cross-section gold ribbon
(blue). The plots are shown as solid lines for room temperature (300 K) and dashed
lines for a liquid nitrogen cooled temperature (100 K). The plots show only moderate
changes due to different temperatures and resistivities. but strong dependence of the
maximum current on cross-sectional area.

The expression for the maximum current through a wirebond is plotted for three different
wire designs at room (300 K) and liquid nitrogen cooled (100 K) temperatures in figure 6.4.

It can be seen that there are only moderate improvements in the maximum current when
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the microchip and PCB are cooled to 100 K, and that using aluminium rather than gold
results in a lower maximum currents due to its higher electrical resistivity and lower
thermal conductivity and melting point. However, the most dramatic improvement is
when increasing the cross-sectional area of the wirebonds. For this reason gold ribbon
bonds were selected for use with these current-carrying wire sample substrates.

Figure 6.4 also shows the dramatic decrease in maximum current with increasing wire-
bond length. This informed the design of the front PCB of the chip mount described in
section 5.4. Keeping the central aperture for the microchip small allows the bond pads of
the microchip and PCB to be in close proximity (the gap between the two was reduced to
1.5mm). Finally, for reliable operation, the current per wirebond was limited to less than
20% of the theoretical maximum value (at which it would fuse).

For a current of 12.5 A being conducted through both channels of a CCW substrate,
the power dissipation is estimated to be around 5 W at a temperature of 100 K [86]. This
represents a significant, concentrated heat load that requires efficient removal from the
chip substrate to prevent heating and damage of the electrode structure. For this reason,
diamond was used as the substrate for these chips due to its extremely high thermal
conductivity (in excess of 2000 Wm ™! K~1).

CCW substrate
wirebonded to PCB

Figure 6.5 — (Left) SEM image of a current-carrying wire test sample, consisting of a
diamond substrate with integrated CCW structures, onto which a typical single-layer
trapping electrode structure has been deposited. The CCW channels are visible as
patterns on the surface of the microchip. (Right) The same sample conducting a
current of ~ 10 A via one if its CCW channels, connected to the power supply via
ribbon wirebonds and a PCB.

Figure 6.5 shows an SEM image of a current-carrying wire test sample, consisting of a
diamond substrate with integrated CCW structures, as described in the microfabrication
section above, onto which a typical single-layer trapping electrode structure has been
deposited. The sample microchip was attached to a copper mounting block using a gold-
tin solder preform?, to form a low thermal resistance connection, and the copper block is
bolted to a high surface area passive heat exchanger, to dissipate the generated heat.

The sample was wirebonded to PCB tracks, which were connected with wires to the

?Indium Corporation preforms: 80% gold, 20% tin, 10.2 mm square, 25.4 pm thick
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power supply as shown in figure 6.5. Because gold wirebonds require surfaces to be heated
to around 130 °C to form a good connection, it was necessary to clean the copper surface
with dilute hydrochloric acid immediately before wirebonding (and at intervals of roughly
ten minutes thereafter) in order to remove the oxide layer that forms on the exposed
copper bond pad. Six ribbon wirebonds of length 5 mm were used for each connection, so
using the conservative upper bound of 20% of the I, from equation 6.2, this corresponds
to a maximum total current of 11.7 A.

Using this setup, currents of approximately 10 A were successfully applied to the sample,
limited by the power supply. The design current of 12.5 A (assumed for the gate fidelity
simulations in chapter 3) does not therefore seem overly ambitious, especially with active
liquid nitrogen cooling of the microchip. This test also verified that the ribbon wirebonds
can withstand conduction of relatively high currents, and that heating of the microchip

did not result in visible damage to the substrate or the trapping electrode structure.

6.4.2 Trapping electrode layer characterisation process

A total of 103 microchips on fused silica substrates were fabricated by Dr. Bjoern Lekitsch
in Southampton using the process described earlier, of which 66 were linear traps of various
ion heights. The characterisation and processing effort focused on these linear traps, for
use in permanent magnet experiments.

A characterisation process was developed for the products from this fabrication, due to
the complexity of the electrode structures and in order to select the optimum microchips
for use in experiments. The chips were first inspected using an optical microscope to
search for visible problems. This includes misalignment of the multiple layers, corrosion
of or faults in the metal of the electrodes, or physical damage to the substrate of the chip
(resulting in missing electrodes or bond pads). This damage can occur during the dicing
process, when the wafer from the fabrication process is cut into its individual microchips.
Ton traps exhibiting any of these serious faults were discarded as not suitable for use in
experiments. Of the 66 linear traps from the fabrication process, 47 were deemed suitable
for further testing after a visual inspection.

The next characterisation step involved testing the electrical properties of the microchip.
The two symptoms of a non-functional microchip are the presence of electrical connections
between different electrodes, and the lack of electrical connections between electrodes and
their bond pads. Testing for these issues requires making direct electrical contact with the
electrodes, without damaging the surface of the electrodes.

To achieve this, a custom electrical testing station was developed in order to measure
resistances across the microchip surface directly, while minimising abrasion to the elec-
trodes. This station used two gold-coated needles with 10 pm tips® mounted at 45° angles

in separate micropositioners® with fine XYZ position control, which were attached to an

3Signatone SE-TG
4Signatone S-725CRM
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optical breadboard®, shown in figure 6.6.

Figure 6.6 — (Left) The needle contact stage used to measure resistances between two
points on the microchip, consisting of needles mounted in micropositioners connected
to a multimeter. (Right) A microscope image of the needles making contact with two
adjacent DC electrodes.

Microchips can be temporarily mounted to this stage using vacuum-compatible carbon
conductive tabs®, the residue of which can be removed from the chips using isopropyl
alcohol. Using this stage in combination with an optical microscope allows for delicate
contact to be made with both bond pads and the surfaces of the electrodes, with minimal
abrasion to the top metal layer. By connecting the needles to a multimeter, it is possible
to directly observe the resistance between any two points on the surface of the microchip.
To adjust for the contact resistance of the needles, the resistance of the path when both
are placed on the ground plane of the microchip can be recorded at the beginning of the
process (typically less than 0.5 for distances of less than 50 um) and subtracted from
subsequent measurements. The same setup can be used to test adjacent electrodes for
unwanted electrical connections, either by making contact with the electrodes themselves,
or with the bond pads once the bond pad to electrode connection has been tested.

The most convenient electrode combination to test using this method is the RF electrode
to ground plane resistance, because contact with both can be made at the edge of the
microchip. Any detectable electrical connection between the two is sufficient to require
some form of treatment, therefore no further testing is necessary until the RF electrode
is electrically disconnected from the ground plane. Using this testing setup, it was found
that the majority of the microchips suffered from unwanted electrical connections between
electrodes (including the RF, ground plane and DC electrodes) to varying extents. An
electrical fault of this form renders a microchip inoperable, so further investigation was
required to find the source of and possible solution to this issue.

To find the underlying issue causing the symptoms described, the next diagnostic tech-

nique is to use a scanning electron microscope (SEM) to study the surface of the mi-

5Thorlabs MB3030/M
SPELCO Tabs 16084-3
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Figure 6.7 — An example SEM image of an X junction microchip ion trap, with the
RF, DC, ground (GND) and principal axis rotation (ROT) electrodes labelled. This
image was taken at a magnification of 188, using an accelerating voltage of 5kV.

crochip and look for faults. By scanning a highly focused electron beam over the surface
of a conductive sample and detecting the resulting secondary electrons, an SEM can pro-
duce images of objects with extremely high magnification (over 30,000x) and resolution
(sub-micron). This allows for observation of features of the microfabricated traps that
are beyond the limit of optical microscopes. An example SEM image of an X-junction
microchip is shown in figure 6.7, with its electrodes labelled by their functions.

To image a microchip, it is cleaned with acetone and isopropyl alcohol before being
placed on a sample holder using the same carbon conductive tabs as for the needle stage,
and secured to the imaging stage of the SEM. The SEM is then evacuated to around
10~%mbar before the electron beam is activated. The probe current and accelerating
voltage of the electron beam can then be adjusted until suitable for a well-resolved image
at the required magnification — typically around 50 pA and 5kV for the magnifications used
to view the microchip features. Lower probe currents allow for higher magnifications, but
at the cost of a noisier image. Similarly, increasing the accelerating voltage can result in
higher resolution, but can lead to ‘charging’ of the sample, producing distorted images.

Figure 6.8 shows SEM images of two linear microchips at the conclusion of the mi-
crofabrication process in the cleanroom. Both images show protrusions from electrode
edges that to various extents bridge the gaps between neighbouring electrodes. These
protrusions were present in the majority of ion traps studied with the SEM, and the prob-
lem was uniform across the microchips where it presented. If the unknown material that

formed these structures were found to be conductive, it would be a plausible explanation
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Figure 6.8 — SEM images showing the protrusions between adjacent microchip elec-
trodes. (Left) An surface image of a gap between two electrodes on an affected chip,
showing the dielectric (black) at the bottom of the trench between them, and the
protrusions spanning the distance between them at the top. (Right) An image show-
ing the cross-section of a similar electrode gap, showing the electrode structure. This
image was achieved by breaking a microchip and imaging its edge at a 45° angle. All
labelled dimensions are the design thicknesses, not measured quantities.

for the electrically connected electrodes of the affected microchips, but regardless of their
relevance to the electrical properties of the microchips, it was necessary to remove the
structures before proceeding with other tests.

By studying the microfabrication process of the trapping electrodes from the earlier
section, it can be seen that the unknown structures must have been deposited after the
electrode metals (due their placement on top of the electrodes), but were not removed by
the successive ICP and wet etches used to separate the trap electrodes and form undercuts
in the silicon dioxide layer. This leads to the tentative conclusion that the structures are
formed of residual photoresist, which should have been removed with fuming nitric acid
and an oxygen plasma before the final undercut wet etch.

A possible explanation is that the photoresist became heavily chemically modified to
the extent that the fuming nitric acid and oxygen plasma were no longer capable of re-
moving it. Often it is desirable to ‘hard bake’ a photoresist after its UV exposure — the
high temperature causes the developed photoresist structures to have higher chemical and
physical stability, making them more resilient to the chemical processes in the subsequent
microfabrication steps [180]. However, this means that positive photoresists that are ex-
posed to high temperatures (greater than 140 °C) and become more chemically stable (or
‘cross-linked’) are ultimately more resistant to removal at the end of a process. In this
case, the ICP etch of the silicon dioxide layer (process step 11 of figure 6.2) is a candidate
for exposure of the photoresist to high temperatures due to localised heating of the plasma,

preventing its ultimate removal.
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6.5 Post-microfabrication microchip chemical treatments

6.5.1 Removal of the heavily cross-linked photoresist structures

A commercially-available photoresist stripper” designed for the removal of heavily cross-
linked positive photoresists was identified as suitable for use in the laboratory setting
to attempt to remove the structures seen in figure 6.8. Importantly, the stripper has

extremely low etch rates for the metals of the electrode structures (no effect on gold,

< 3 A per minute for titanium and < 100 A per minute for aluminium).

Figure 6.9 - SEM images showing microchip electrodes after a ten minute treatment
with the photoresist stripper, (left and middle) without and (right) with the ten second
ultrasonic agitation step. The removal of the protrusions by the stripper can be seen
in all cases, but the ultrasonic step removes any residual material on the electrode
surfaces. The microchip in the right hand picture has been subject to further chemical
treatments, detailed in the main text.

The stripper was heated in a small beaker to 80 °C using a hotplate, and the microchip
to be treated was suspended upside-down with a pair of tweezers in the liquid for a period
of time, before being rinsed with acetone and isopropyl alcohol and reexamined with the
SEM. In this way, it was found that the photoresist stripper was successful in removing
the electrode protrusions when using a treatment period was of ten minutes (with gentle,
periodic agitation of the beaker) followed by agitation of the beaker for ten seconds using
an ultrasonic bath. Figure 6.9 shows the microchips at various stages of the chemical
treatment, and the corresponding improvements in the protrusions from the electrode
structures.

Of the 47 linear microchips that passed the visual inspection, 29 were subjected to
treatment with the photoresist stripper, all of which were successful. The remainder of

the microchips remain ready to be treated for other experiments.

"MicroChemicals TechniStrip P1316
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6.5.2 Removal of electrical connections between microchip electrodes

After the treatment of a microchip for removal of the cross-linked photoresist structures,
as verified by SEM imaging, it could then be electrically re-tested. However, despite the
successful removal of these structures, the photoresist stripper had been unsuccessful in
electrically disconnecting the electrodes of affected microchips. Diagnosis of the underlying
issue causing these connections was challenging — it was possible to check that there was
no breach of the gap between (for example) the RF electrode and ground plane using
the SEM, for chips where the two were electrically connected. The resistances of these
connections were commonly in the range of 10 to 500 (2.

At this stage, the conclusion could be drawn that if the electrical connection was present
but not visible using the SEM, one candidate could be an extremely shallow conductive
deposit, spanning the gaps between electrodes. It can be seen from the fabrication process
detailed earlier that no metal layers are deposited after the gaps between the electrodes
are etched away — in fact the only processes that occur are the ICP etch and undercut wet
etch of the silicon dioxide layer.

A theory was developed that the photoresist layer during this final process was attacked
by the ICP etch, causing the gold electrode surface beneath the photoresist layer to become
exposed in some places. The ICP etch then attacked the gold surface, causing a small
fraction of the gold metal to become suspended in the plasma. During the ICP etch, this
gold was evenly redeposited across the trap structures in a very thin layer (for example
a monolayer), undetectable by the SEM. The thin gold layer coating along the long,
narrow tracks was then sufficient to provide a low resistance electrical connection between
electrodes.

To test this theory, and attempt to electrically disconnect the electrodes, it was therefore
necessary to perform a chemical treatment to selectively remove only very thin layers
of gold metal, while leaving the rest of the microchip structure untouched. To achieve
this, a commercially available gold etching solution® was used, which is an iodine-based,
room temperature etchant, with additives to improve etch rate stability and metal etching
capacity. However, its etch rate of 40nm per minute for gold was far too quick for this
application, which requires removal of an extremely thin layer of gold while leaving the
top 250 nm layer relatively untouched. To slow this etch rate, the etchant was diluted in
a 1:5 ratio with deionised water. By treating test microchips for different periods of time
and afterwards observing the surface metal of the microchip under a microscope, it was
found that the etch period of this diluted etchant should be kept well below three minutes,
at which the gold top layer began to show signs that it had been attacked.

The recipe was therefore to measure the RF electrode to ground plane resistance of a
microchip, then submerge it in the diluted gold etchant for ten seconds, then immediately
rinse the chip in deionised water to stop the etch process. The resistance of the microchip

was then remeasured, and if the problem persisted then the process was repeated in further

8MicroChemicals TechniEtch ACI2
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intervals of ten seconds each.

This method was found to be successful in removing the unwanted electrical connections
between microchip electrodes for the majority of the ion traps that were treated. The
development of this treatment protocol meant that previously non-functional microchips
could be reliably converted into functional microchips, instead of having to return to a
cleanroom and perform a new microfabrication process, which is both time consuming and
costly. The total gold etchant treatment times typically ranged from 45 to 120 seconds to
remove all electrical connections. To verify that the treatment had been successful, the
needle stage was used to measure the resistances between all nearest-neighbour pairs of
electrodes. Multiplying the etch rate of the diluted solution (around 6.7 nm per minute)
by these treatment times implies that the unwanted electrical connections were caused
by gold layers of approximately 5nm to 13 nm, which is compatible with being below the
resolution of the SEM (approximately 10 nm).

All of the 29 linear microchips that were treated with the photoresist stripper were
etched in this step — for 17 of these microchips the treatment was successful in removing
the unwanted electrical connections, and for 12 it was unsuccessful, even after the entire
gold layer appeared to have been removed. The reason for the removal of gold being
unsuccessful in removing the electrical connections in some cases remains unknown, but
points to the connections being formed by metals other than gold, such as the titanium or
aluminium layers of the electrodes. Further options remain for these remaining microchips,
including the use of a titanium etch (for example the SC-1 step of an RCA clean [181]),
but were not investigated in my research.

The success of this method verified the theory developed about the cause of the electrical
connections, namely the attack of the gold surface by the ICP etch, caused by an unplanned
removal of the photoresist structures during this process. To prevent this issue from
reoccurring for other microchips, future microfabrication processes were altered such that
the ICP etch of the metal layers is replaced with a wet etch, which is more compatible
with the photoresist structures and can not result in the redeposition of metals in the

trenches between electrodes.

6.5.3 Reconnection of the DC electrodes to buried wires

As mentioned earlier, the second component of electrical testing of the microchips is to
measure resistances between the DC electrodes and their bond pads. This is vital for
microchips where these connections are made using VIAs and buried wires, where it is not
possible to verify the integrity of the connection visually. After the treatments described
above, the measurement of these resistances yielded unexpectedly high values (in some
cases greater than 1 MQ). Electrically isolated electrodes can charge up to large potential
differences in a similar way to dielectrics during experiments, leading to distorted ion
trapping potentials, which is highly undesirable.

From the microfabrication process, it can be seen that the electrical connection between
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the electrodes and the VIAs are formed by aluminium and gold sidewall coatings between
the two layers. From the observation that the gold etch process has increased resistances
between the buried wires and electrodes, it can be concluded that the sputter deposition
of the metal layers was not successful in forming reliable electrical connections. This is
especially the case for the aluminium deposition, because even partial removal of the gold
by the etch process had resulted in increased resistances between the electrodes and their
bondpads.

At the bond pad, the VIA is sufficiently large (400 pm by 65 pm) to permit wirebonding
from the PCB chip carrier directly to the top of the VIA structure, removing the need to
reconnect the top surface of the bond pad to the VIA. However, at the electrodes the VIA
structure is prohibitively small (16 pm square) and in very close proximity to the trapping
region, preventing some common electrical connection techniques (for example conductive
epoxy, wirebonds or solder). A further treatment step was therefore required to reduce
these resistances.

Using the needles of the electrical testing station used to measure resistances on the
microchip surface, it was possible to physically abrade points on the electrode structure
where the electrical connections needed to be improved. Due to the top gold layer of the
electrode structure being relatively soft and malleable, only a small force needed to be
applied with the needle tips of the testing stage to manually reconnect isolated structures.
The majority of reconnections made with this technique were between the VIAs and top
metal surfaces of DC electrodes, where a few small bridges could be made between the
two to electrically connect them. By placing one needle on the VIA of an electrode’s bond
pad, and using the other to abrade the electrode surface, the resistance of the path could

be concurrently monitored using a multimeter.
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Figure 6.10 — Diagram showing the resistances (in ) between the DC electrodes
and their bond pads of an example microchip (barcode: LIN4, ion height: 165 pm).
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The resistances from the surfaces of DC electrodes to the VIAs of their corresponding
bond pads for a typical microchip are shown in figure 6.10. This chip had undergone the
full treatment process described in this chapter, so had initially exhibited the photoresist
protrusion symptoms as well as undesired electrical connections between electrodes, and
so before abrasion with the needle structures was fully functional apart from unacceptably
high bond pad to electrode resistances. In the case of this chip, the DC resistances ranged
from around 200 2 to around 2 M. As can be seen from the figure, half of the electrode
connections had resistances of less than 100 §2 at the end of the process, and all were below
1k

From the pool of 17 linear microchips that were successfully gold etched, physical abra-
sion of the electrodes was necessary for all but one microchip (which already had sufficiently
low resistances between its bond pads and electrodes), and was successful in reconnect-
ing the electrodes in 15 cases. This resulted in a total of 16 fully functional microchips,
suitable for use in experiments.

To prevent similar issues from recurring in future fabrication processes, the metal depo-
sition process for the electrode structures (step nine of figure 6.2) has been altered. First,
a =~ 1um thick seed layer of gold will be sputter deposited onto the silicon dioxide layer,
then this layer will be electroplated to a height of around 3 pm to form the electrodes and
VIAs. The facilities for gold electroplation are not available in the cleanroom used for this
fabrication process, so has been installed in our laboratory for future processes.

In the case of electroplation, the VIA holes visible from step nine onwards of figure 6.2
will be filled-in, resulting in a much more uniform top metal layer, similar to the geometry
in step seven of figure 6.3. Because the electrical connections between the buried wires and
electrodes are in this case formed by solid gold, rather than thin sidewall coatings, there
is little chance of disconnection. As an extra precaution, multiple VIAs will be used to
make electrical connections between an electrode and a buried wire, reducing the chance

further of an electrical disconnection.

6.5.4 Selection of best candidate for experiments

The various microchip treatments described above resulted in a total of 16 working linear
microchips, with ion heights ranging from 60 pm to 250 pm, and a remaining 18 microchips
that have been visually inspected and suitable for the same treatment processes. Of
the 16 working microchips, five were designs with ion heights of 165 pm (barcode LIN4)
or 170pum (barcode pWGbH), suitable for use with the permanent magnets method of
generating a magnetic field gradient, described in chapter 3. This number of chips is
sufficient for preparing an experiment, with the best candidate (with highest resistances
between electrodes and lowest resistances between bond pads and electrodes) being used

first and the others being kept in reserve as backups.
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6.6 Post-treatment breakdown testing and operation

Before applying voltages to a microchip, it is necessary to have knowledge of the approx-
imate maximum voltage that can be applied to the chip before breakdown occurs. By
applying increasing voltages to a microchip and observing the point at which breakdown
occurs, an estimate can be gained for chips of a similar geometry. Due to the limited
number of traps of the correct geometry being available for experiments, breakdown was
performed using a different microchip (barcode: tWG4, ion height: 120 um) from the same

microfabrication run and having been subject to the same treatments in the laboratory.

Helical

resonator

Electrical
feedthrough

Pumping station
Cable to probe

Bell jar containing
microchip ion trap

Figure 6.11 — (Left) The breakdown voltage measurement equipment, showing the
microchip inside a bell jar, evacuated by a turbo-molecular pumping station. A res-
onant circuit is formed using the helical resonator, and the voltage at the chip is
monitored by a capacitive probe. (Right) SEM image of the damage to the bound-
ary of the RF electrode and ground plane of the microchip resulting from electrical
breakdown.

To perform the RF breakdown, a resonant circuit similar to the one described in chap-
ter 4 was created, with the test microchip placed in a bell jar evacuated to 10~%mbar
(shown in figure 6.11). Every DC electrode of the microchip was temporarily grounded
using wirebonds between their bond pads and the ground plane. This circuit used an
earlier iteration of the helical resonator from chapter 4 and a primitive capacitive probe,
formed of two capacitively coupled wires to estimate the applied voltage. The capaci-
tance of the wirebonded microchip and associated cabling was approximately 27 pF at the
resonant frequency of 4.81 MHz, the achieved @ of the resonant circuit was 69(5).

The DC breakdown was found by grounding the RF electrode with wirebonds, and
disconnecting one DC electrode from ground, by removing its wirebonds to the ground
plane of the chip and bonding it to a chip carrier bond pad, connected to a DC voltage
supply via a vacuum feedthrough.

Breakdown between the RF electrode and ground plane occurred at an RF amplitude
of 289(5) V, and the DC breakdown voltage was found to be 235(5) V. It was therefore
decided that a safe voltage for the experiment was up to 200 V. An SEM image of the
resulting damage to the boundary between the RF electrode and ground plane of the

microchip is shown in figure 6.11.
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6.7 Conclusion

This section described the design and simulation of ion trapping microchips, followed
by the microfabrication process to achieve both the ion trapping electrode structures,
and the current-carrying wire structures for magnetic field generation. The testing and
characterisation process for these microchips was then described, including the successful
initial testing of a current-carrying wire substrate, and the diagnosis of microfabrication
issues from the trapping electrode processes.

The post-microfabrication treatment of these chips in order to achieve functional ion
traps was then presented, and the numbers of successfully treated microchips was re-
ported, including the number of chips suitable for use in the permanent magnets scheme
described in this thesis. Finally, the breakdown voltages for this chip were approximated
by performing breakdown of a similar microchip from the same microfabrication batch
and wafer, and was subject to the same treatments in the laboratory.

The development of the microchip treatments described in this chapter presented a
significant challenge, due to the unknown underlying causes of the symptoms exhibited
by the microchips. However, developing a standard testing process for all microchips that
arrive in the laboratory has allowed for the diagnosis and treatment of these issues in a
systematic way. All future microchips arriving for experiments will be subject to the same
characterisation process.

More importantly, the successful treatments of the microchip allowed us to identify
the issues with the microfabrication process. By making the changes to microfabrication
process described in this chapter, future microchips should be prevented from suffering
the same issues.

By inspecting the five microchips of the correct ion height (165 pm or 170 pm) with the
SEM and measuring their electrical properties at the end of the treatment process, the
best candidate for use in an ion trapping experiment was identified. This microchip has
the barcode ‘LIN4’ and the resistances between its electrodes and bondpads are shown in
figure 6.10. Chapter 7 describes the integration of permanent magnets underneath this

microchip, and the subsequent ion trapping experiment.
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7 Operation of microchips with

extremely high magnetic field gradients

The previous chapters of this thesis have described the theoretical framework and exper-
imental setup necessary to manipulate the quantum states of trapped ions using long-
wavelength radiation. This chapter describes the operation of the initial stages of such an
experiment, using a microchip ion trap prepared as described in chapter 6.

First, the alignment of the microchip to a permanent magnet assembly and the resulting
form of the magnetic fields in the vicinity of the trapping region are described. Next, the
laser beams and voltages used to trap ytterbium ions are outlined, as well as in-situ testing
of the atomic ovens, then the process of trapping ions in a new experiment is described.

Finally, the characterisation of the microchip ion trap using ytterbium-174 and ytterbium-
171 ions is detailed, before an outlook on the future of this experiment and future microchip

experiments building upon this work is given.

7.1 Permanent magnets for high magnetic field gradients

The inclusion of a magnetic field gradient permits the use of long-wavelength radiation for
multi-qubit operations, and this can be achieved by placing a pair of permanent magnets
beneath a microchip ion trap as described in chapter 3. The small separation distance
of the magnets, as well as the small distance between the magnets and the trapping
region, allows for high magnetic field gradients, which are desirable for fast gates with
high fidelities. However, the use of such structures requires accurate alignment of the
microchip to the permanent magnets, in order to avoid large offset magnetic fields, which
are undesirable for ion trapping. The next section describes the design and alignment of
such permanent magnet structures, performed by PhD student Eamon Standing.

The structure used to generate high magnetic field gradients consists of two permanent
magnets separated by a machined spacer, on to which the microchip can be attached. A
diagram of the assembled spacer and magnets structure is shown in figure 7.1. The copper
spacer allows for the magnets to be separated by a precise distance, prevents them from
moving once assembled — this is also helped by the attractive force between the magnets
once they are in place. The bottom section of the spacer is a separate piece of copper
which is attached to the main body using M1 screws. The removable base, as well as
various holes in the structure (not shown), allows for the observation and adjustment of

the magnet positions with the use of an inexpensive microscope. A photograph of a spacer

157



| . |
| 12.0 mme |

0.9 mm

“
£
it

= .

=
12.0 mm

10.0 mm N Sjee N S
Si IN Si 7.1 mm

lh‘.-"; mm

= [+ 1.5 mm

|<-:i.-"1 mim =>| 3.5 mm'PI

Figure 7.1 — Diagram of the magnetic field gradient assembly viewed from the top
(left) and in section from the side (right), adapted from Standing [85]. The structure
comprises two permanent magnets and a copper spacer block. The magnets are shown
in grey and their north (N) and south (S) poles are labelled, the copper spacer is shown
in orange, the location of the microchip is denoted by the dashed areas, and a string
of two ions is shown as blue dots. All labelled dimensions are approximate, with more
accurate measurements made during the alignment process.

and magnets assembly can be seen in figure 3.6.

The microchip (10 x 10 mm) is accurately mounted onto the permanent magnet assembly
(12 x 12mm), as described below, which can be attached to the front copper block of the
chip interface system described in section 5.4. Both of these interfaces are secured with
vacuum-compatible silver epoxy!. The central aperture (13 x 13mm) of the front PCB
means that it can be mounted directly onto the copper block for wirebonding. The use
of oxygen-free, high-conductivity copper for the spacer means that the microchip can still

be cooled even when mounted to the permanent magnets.

7.1.1 Measurement and alignment process

The magnet dimensions and separation was optimised specifically for the microchip pre-
pared in chapter 6 (with an ion height of 165 pm), as determined by simulations (performed
by Eamon Standing). The objective of this design process was to achieve the largest pos-
sible magnetic field gradient in the axial (z) direction of the microchip, while minimising
the offset magnetic field at the trapping position, at the correct height above the magnets
for the microchip in question. The simulations determined that with an ideal alignment
process, an axial gradient of approximately 140 T m~! was possible at this ion height, with
the absolute magnetic field nilled to below 1mT. There is an additional magnetic field
gradient of a similar magnitude in the vertical radial (y) direction, and a negligible gradi-
ent along the transverse radial (z) direction. These gradients and fields were optimised at
a distance of 855 pm above the top of the magnets, comprising a 680 pm thick microchip,

165 pm ion height and an estimated 10 pm thick epoxy layer.

'Epoxy Technology EPO-TEK H21D
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Due to manufacturing tolerances in excess of what is required for the high gradients
and low fields for the experiment, a large number of permanent magnets of the design
dimensions were ordered, and the magnets with dimensions measured to be closest to the
design were selected. After manufacture of the spacer, the dimensions of the combined
assembly were measured and resimulated to inform the microchip alignment process.

The presence of these extremely high magnetic field gradients requires extremely precise
alignment of the microchip onto the permanent magnets. For example, in the case of the
140 T m~! axial gradient described above, a chip misalignment in the axial direction results

in an offset magnetic field of 0.14 mT pm~!

, resulting in a substantial frequency shift of
~ 2MHzpm ™! for the magnetic-field-sensitive |£1) states of ytterbium-171 ions.

Any offset magnetic field therefore requires nilling experimentally before ytterbium-171
ions can be used in experiments. The ability to compensate these offset fields varies in
each of the three trap axes as well — the two radial directions have compensation coils that
can nil fields of up to around 6 mT in each direction, and the fields in the axial direction
can be compensated up to around 14 mT using a permanent magnet stage. Both of these
techniques are described in section 4.7.

These limits of compensation fields provide the required precision of the alignment
process, which is approximately 40 pm axially and 100 pm vertically, although it is desirable
to achieve misalignments much smaller than these values to reduce the need for high

compensation magnetic fields during the experiment.

XYZ stage

Microscope Chip holder

Copper spacer

Rotation stage
Heating element

Figure 7.2 — Photographs showing the alignment stage used to accurately position
microchip ion traps onto permanent magnet assemblies, labelled to show its compo-
nents (adapted from Standing [85]).

The alignment process is achieved using a custom alignment stage, comprising an in-
expensive optical microscope, micrometer-controlled XYZ and rotation translation stages
and a custom vacuum-backed microchip holder, designed by Eamon Standing. By imaging
the objects to be aligned with the microscope, alignment of the microchip and permanent

magnets accurate to a few microns is possible. By suspending the microchip with the
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vacuum holder and raising the magnet spacer until the two are in contact, this alignment
can be fixed by applying small amounts of the silver epoxy and heating the stage to cure
it, forming a solid physical connection.

During the measurement stage of this alignment process, it was found that the distance
between the magnets had decreased since the original characterisation of the spacer, by
approximately 18 pm. This is assumed to be due to the attractive force between the
magnets compressing the copper that separates them. Resimulation of the magnetic fields
taking into account the reduced magnet separation found that the distance of the nilled
magnetic field from the top of the magnets had been reduced by ~ 38 pm, resulting in an
offset field of approximately 5.3 mT. To reduce this offset field, it was decided to mount
the microchip directly onto the top of the permanent magnets, which protrude above the
top of the copper spacer. By applying the epoxy from the microchip to the spacer instead
of to the magnets, the 10 pm height for epoxy thickness can be reduced to zero. This
results in a reduced offset magnetic field of 3.8 mT, as shown in figure 7.3, aligned along

the axial direction.
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Figure 7.3 — Data from simulations performed by Eamon Standing, showing the
simulated magnetic field strengths (top) and gradients (bottom) in the proximity of
the ion trapping region. The left plots show the field and gradient as a function of
axial (z) displacement (along the trapping region at the ion height), with a peak
gradient of 140.8 Tm~!.The right plots show the large radial gradient, with gridlines
at the distance between the trapping region and the top of the magnets (845 pm), at
z = 0, showing the offset magnetic field of 3.8 mT.

The remeasurement of the microchip alignment after the epoxy had been cured verified
there had been no measurable movement of the microchip vertically away from the magnets

(in the y direction) or in the transverse radial direction (x), but that there had been a
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113 pm displacement of the chip axially (in the positive z direction). The axial movement
can be compensated for by adjusting trap voltages to displace the axial trap potential such
that it is located above the new magnetic field minimum position, so does not contribute
an offset field. This means that the overall result of the alignment process was the fields

and gradients from the simulations already performed, shown in figure 7.3.

7.2 Experimental parameters for initial ion trapping

7.2.1 Laser beams and imaging the microchip

Laser beams are steered to the vicinity of the microchip surface by the optical components
described in section 4.3. Adjusting the beam shaping stage and the position of the final
lenses before the vacuum system allows the size of the laser beam waists at the trapping
position to be optimised. Small beam waists are desirable to ensure a large optical intensity
at the trapping position, and to minimise scattering of the laser beam on the microchip
surface, which can cause charging and obscure the fluorescence photons collected from
trapped ions. However, if the laser beam waists are too small, then any offset of the beam
alignment from the minimum of the ion trapping potential will have a more severe effect
than for a bigger beam.

Achieving a Gaussian 369.5nm laser beam profile with a 1/e? diameter significantly
smaller than the ion height of the microchip ensures that the majority of the laser beam
avoids the microchip electrodes. The same strategy can be used for the 398.9 nm ionisation
laser, although the condition can be relaxed slightly due to the light being filtered out
from the imaging system, and the laser beam only being used to initially trap ions, and
subsequently being blocked. The size of the 638.6 nm and 935.2 nm laser beam waists can
be significantly larger because visible /infrared wavelengths have insufficient photon energy
to charge the trap electrodes. It should be noted that the 638.6 nm laser light is not used

for the initial trapping experiments.

Figure 7.4 — CCD images of the microchip surface illuminated with (left) 369.5 nm
and (right) 398.9 nm laser beams at reduced power, aligned parallel to the microchip.
The trapping position on each image is shown as a red cross.
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The left image of figure 7.4 shows the 369.5 nm laser beam in the vicinity of the ion trap.
The beam profile and size is similar to the one shown in figure 4.5, a Gaussian beam with
~ 100 pm diameter, and 100 nW optical power. The image shows the beam with reduced
power aligned to the microchip surface, illuminating the inner DC electrodes of the trap,
with the imaging system focused on the microchip surface. The desired trapping position
is labelled with a cross. The right image shows scattering of the 398.9 nm laser beam (with
a diameter of &~ 120 pm) under the same conditions, showing the beam alignment parallel
to the axial direction of the ion trap. The 638.6 nm and 935.2 nm laser beams are colinear
with the 398.9 nm laser beam, both with waist diameters of ~ 500 pm.

The image of a single inner DC electrode (of length 145 pm) was measured to span
approximately 161 pixels of the CCD camera, so each pixel represents approximately
0.9 pm of the ion trap. With this imaging setup, we can therefore expect a crystal of two
ions with the axial secular frequency described above to be separated by approximately

16 pixels, therefore easily resolvable.
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Figure 7.5 — Diagrams (not to scale) showing the process for aligning a laser beam
to the ion trapping position, as viewed from above the vacuum system. The laser
beam is aligned above and parallel to the microchip (1) then angled onto the chip
surface (2) such that scattered laser light is detected with the imaging system. The
beam is angled away from the microchip (3) and translated towards the microchip
until it is scattered again (4). Steps 3 and 4 are repeated until the beam is parallel
with the microchip surface (5). Finally, the beam is raised to the ion height, and the
final lens is installed (6).

To align a laser beam to the microchip surface, the process shown in figure 7.5 is used.
First, the angle of the laser beam as it approaches the final translation stage-mounted
mirror before the vacuum system is adjusted until it is parallel to the optical table and
normal to the microchip surface. This is to ensure that the beam passing parallel to the
microchip surface can be translated accurately in the ion height direction (by moving the
translation stage). Next, the laser beam is passed through the vacuum system, above

and parallel to the microchip surface, such that it is entering and exiting centrally on the
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opposite viewports. This ensures the beam is in the vicinity of the microchip. Next, the
power of the laser beam is reduced (to around 5uW) and the beam is angled towards
the microchip surface until the laser light visible after the exit viewport is reflected. This
distance between the unreflected and reflected laser light can be used to judge the angle
of the laser beam to the microchip.

At this stage, the microchip is imaged on the CCD camera, and the laser beam can be
scanned across the microchip surface until the desired region of the microchip is illumi-
nated. Next, the beam is angled away from the chip until it is passing above the microchip
again, then translated closer such that it is reflected again, repeated until the distance be-
tween the reflected and unreflected beams at the exit viewport approaches zero. At this
stage the beam should be illuminating the microchip across the extent of its surface with
uniform power (as shown on the left of figure 7.4), which can be checked by translating
the imaging. Finally the zero-point of the translation stage is set by finding the value at
which the microchip is most intensely illuminated, then the laser beam is raised to the ion
height. This process is repeated for each set of colinear beams used.

Once ions were first trapped, this method was found to have aligned the laser beams to

within &~ 10 um of the correct trapping position.

7.2.2 In situ atomic oven testing

After deciding on the applied voltages to create an electric potential with suitable param-
eters for trapping, and achieving laser light of the correct wavelengths, powers and beam
waists, the final ingredient for ion trapping is a beam of neutral atoms. The presence of
an atomic beam from an ytterbium oven can be checked using the same method as the
fluorescence test described in section 5.5, but using the sensitive CCD camera allows for
the detection of fluorescence with a lower atomic flux. The 398.9 nm beam is raised around
1mm above the chip to remove any traces of scattered light, and the imaging is focused to
the same height. While a current is applied to the oven, the laser wavelength is modulated
to aid detection of fluorescence by finding wavelength dependence. Once a fluorescence
signal is detected and the threshold current for the atomic oven from previous testing is
confirmed, the ion trapping experiment can proceed.

A CCD image of atomic fluorescence above the microchip at the beginning of the ex-
periment is shown in figure 7.6. This was detected at the same threshold current (4.5 A)

as the tests described in section 5.5.

7.2.3 Voltages applied to the ion trap

For the initial ion trapping experiments, the RF and DC voltages to be applied to the
microchip are determined by simulation, as described in section 6.2. The RF simulation
determines the required voltage and drive frequency to be used to achieve a trap depth of
greater than 0.05eV with an acceptable inhomogeneity factor. The DC voltages are then

simulated to achieve a suitable ratio of axial to radial secular frequencies, and to position
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Figure 7.6 — CCD image of the fluorescence signal at the intersection of a 398.9 nm
laser beam (horizontal) and thermal beam of ytterbium atoms (vertical). This image
was taken with the imaging optics focused on the laser beam position 1 mm above
the microchip.

the axial potential minimum at the magnetic field nil.

The simulations determined that an RF voltage of 187V (amplitude) at the 23.69 MHz
resonant frequency of the RF delivery circuit applied to the geometry of this microchip
would achieve a trap depth of 0.063 eV, with radial secular frequencies of approximately
900 kHz and an inhomogeneity factor ¢ of approximately 0.2.

The axial position of the magnetic field nil is shown on the right of figure 7.7. To
achieve trapping at this position with the outer DC electrodes, asymmetric voltages are
applied to the electrodes (shown in the same figure), as determined by simulation. The
simulated axial secular frequency for these applied voltages is 120 kHz, corresponding to
an ion separation of approximately 14 pm [54].

Principal axis rotation is initially achieved using a voltage of 1.5V applied to one outer
rotation electrode, which the same simulations determined to have a negligible effect on
position of the potential minimum, and achieves a rotation of =~ 10°. After ions have been
trapped, all of these DC values can be optimised for long ion lifetimes and minimised

micromotion.

7.2.4 Trapping parameters and uncertainties

Trapping ions on a new experiment for the first time requires knowledge of the level of
uncertainty in various experimental parameters. The following is a list of ion trapping
parameters, listed from most to least uncertain at the outset of the experiment.

The process of trapping for the first time is therefore an exercise in exhausting parameter-
space, by varying the parameters until ions are trapped. This exercise can be shortened
significantly by focusing on the least certain parameters and reducing the effect of that
uncertainty. For example, the wavelength of the ionisation laser is an important param-
eter with a range of uncertainty that can be spanned by modulating the laser for the
initial trapping process. The consequences of this modulation (possible trapping of other

ytterbium isotopes as dark ions and a reduction in loading rate) are tolerable in order to
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Parameter Central value(s) Sources of uncertainty

Laser beam 165 pm above Imperfectly overlapped beams, movement of

positions trap surface beams as raised to ion height position

Laser 369.525 00 nm Wavemeter calibration drift, most important
398.911 28 nm for 369.5nm and 398.9 nm wavelengths (the

wavelengths

935.179 76 nm

935.2nm transition is power-broadened)

DC voltages

See figure 7.7

Inaccurate simulations of minimum position

RF voltage

187V at trap

Inaccurate simulations of RF voltage for

368 mV on probe
4.3 A, 3 minutes

sufficient trap depth, error in probe calibration
Delay before emission, unknown atom intensity

Oven current

Table 7.1 — Experimental parameters for initial trapping of ytterbium-174 ions, in
decreasing order of uncertainty, with central value(s) and sources of uncertainty in
each.

mitigate the risk of a constant offset in the ionisation wavelength preventing ion trapping
altogether. Other less easily controllable parameters must be systematically exhausted,

for example the DC voltages or Doppler cooling beam position.

7.3 Characterisation of the ion trap with ytterbium-174
ions

Initial trapping experiments are performed with ytterbium-174 ions, which are easier to
trap due a simpler atomic structure than the odd isotopes, and relative insensitivity to
magnetic fields. An image of the first ion trapped in this experiment is shown in figure 7.7.
It can be seen that the ion is located at the edge of the 369.5nm laser beam, which is

visible as defocussed scatter from the microchip surface.

+7.02 'V -4.20 V -3.04V +10.00 V

+1.50 V 187% V RF
X

187% V RF

+7.02V -4.20 V =304V +10.00 V

Figure 7.7 — (Left) First ytterbium-174 trapped during the experiment, (right) the
voltages applied to the trap electrodes. The trapping position is shown with a cross,
unlabelled electrodes are grounded. The grounded DC electrodes of the right-hand
portion of the trap are not shown (the full electrode layout is shown in figure 6.10).
* This RF voltage was later corrected using secular frequency measurements to be
~ 217V.
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7.3.1 Secular frequency measurements

The secular frequencies of a trapped ion are the characteristic frequencies of its motion
within its three-dimensional harmonic confining potential. These can be measured exper-
imentally by resonantly exciting the motion of the ion with EM fields tuned to the secular
frequencies. This can be achieved by applying RF voltages to a DC electrode of the ion
trap, but the amplitude of these voltages will be attenuated by the multi-stage filters en
route to the electrode.

Another method is to use an RF emitter in proximity to the ion to apply RF radiation
directly, rather than via trap electrodes. In this experiment, it is convenient to use the
existing RF delivery method (described in section 4.8) for measuring secular frequencies,
rather than attempting to apply RF voltages through the filtering of the DC electrodes.
This also provides an opportunity to verify that RF radiation can pass through the aper-
ture of the grounded mesh mounted on the imaging viewport (described in section 5.6).

By sweeping the frequency of RF radiation applied to a trapped ion, the secular fre-
quencies can be found as the frequencies at which the fluorescence of an ion reduces and
the ion crystal becomes elongated along one of the principal axes of the trap. From simu-
lations of the voltages applied to the microchip geometry (performed in the same way as
in section 6.2), the trap frequencies are expected to be 120 kHz axially and approximately
900 kHz radially.

Figure 7.8 — Image of the motion of a trapped ion when addressed with RF radiation
resonant with (left) its axial and (right) one of its radial secular frequencies.

The secular frequencies were measured to be 190(2) kHz axially and 1.038(2) MHz and
1.053(2) MHz radially. Images of the resonant oscillations of a trapped ion in the axial
and radial direction are shown in figure 7.8, achieved by applying an RF power of 2W to
the RF coil. These measured radial secular frequencies correspond to an RF voltage of
217V, which is significantly different from 187 V predicted above. This implies a corrected
sampling ratio for the RF probe (of section 4.6) of 603, and a trap depth of 0.085¢V.
This discrepancy in the probe ratio can be attributed to power dissipation heating the

capacitors, resulting in the ratio varying with applied trapping voltage.
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7.3.2 Reduction of the applied RF voltage

After a few weeks of operation at the original RF voltage (calculated to be 217V from the
secular frequency measurements), electron discharge from the microchip (or ‘glow’) was
observed using the CCD from certain points of the boundary between the RF electrode
and the neighbouring trap structures. Usually glow is observed on first operation of a
surface trap, as contaminants on the surface of the microchip are heated and removed
when RF voltages are first applied. Because glowing points on the microchip surface are
associated with localised heating and therefore outgassing, it is undesirable to have glow
present on the microchip during ion trapping experiments. In another experiment, the
CCD count rate for glowing electrodes was found to scale quadratically with applied RF
voltage, and resulted in a linear increase in electric field noise (and therefore ion heating
rate) with trap voltage [182].

Reducing the RF voltage to around 190mV on the probe successfully prevented the
trap electrodes from glowing, and still achieved a sufficient trap depth for reasonable ion
lifetimes, as described below. At the corrected probe ratio from above, this probe voltage
corresponds to an RF amplitude of 115V at the microchip.

Subsequently, this glow was observed to return periodically during operation of the ion
trap, even at this reduced RF voltage. Observation of glowing trap structures was usually
preceded by a reduction in ion loading rates and lifetimes, and a gradual increase in the
applied RF power for a given voltage (as measured on the capacitive probe). It was found
that by temporarily increasing the RF voltage (to roughly the original trapping voltage
of 217V) for a period of ten minutes would cause the glow to dramatically increase in
intensity, but disappear on return to the reduced RF voltage of 115 V.

The breakdown process between electrodes in vacuum can be understood as emitted
electrons from the electrode-dielectric boundary ionising desorbed gases from the dielectric
surface, which carry a current across the electrode gap [183, 184]. The resulting electrons
stimulate desorption of additional gas molecules, causing an increase in this current and
localised heating, visible as a plasma discharge.

In contrast to DC breakdown which typically destroys entire electrode structures, the
application of excess RF voltages has previously been observed to be non-destructive to
microfabricated electrodes [122]. This can be understood by considering the resonant
RF delivery circuit — as breakdown occurs between the RF and ground electrodes of
the microchip, the resulting series resistance dramatically reduces the quality factor of the
resonant circuit, protecting the electrodes by reducing the voltage applied to the microchip.
In this context, it is possible to understand the ability to remove glow by applying excess
RF voltage, which causes local damage to the points at which glow is observed, preventing
breakdown at the lower operating voltage.

It is less straightforward to understand the periodic return of the glow to the same
locations of the microchip. A possibility is that deposited ytterbium from the atomic

oven is decreasing the gaps between electrodes, causing breakdown to become more likely
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with time. However, that explanation is rejected for three reasons. Firstly, the glow
was observed to increase in intensity when only applying an RF voltage to the ion trap,
without heating the atomic ovens. Secondly, the ovens are mounted such that there is no
direct line of sight between the oven aperture and the trap electrodes to prevent ytterbium
deposition (as described in section 5.5), and finally, the recurrence of the glow in the same
positions on the microchip seems unlikely to be due to ytterbium deposition from a diffuse
atomic beam.

One possible explanation lies in the use of aluminium for the bulk of the electrode
structures (cross-sections of the microfabricated trap structures can be seen in figure 6.2).
The emergence of ‘hillocks’ (growths of a few microns) on aluminium surfaces under vac-
uum is a commonly observed phenomenon [178, 179], and can be encouraged by heating
the aluminium to above 150°C. Although the experiment is conducted at room tem-
perature, localised heating of the microchip can occur due to the dissipated RF power
at the microchip, and chip temperatures of 100 °C have been previously observed in our
laboratory [162].

The formation of aluminium whiskers has been observed on surface trap electrodes
during bakeouts at 200 °C by Georgia Tech Research Institute [185]. The formation of such
structures is compatible with both the periodic increases in glow from trap electrodes, and
the solution of the problem with excess RF voltage. This possible issue with the microchip
structures further motivates the switch to electroplated gold electrodes, as described in

section 6.5.

7.3.3 Optimising trap parameters

The inclusion of a magnetic field gradient in this experiment requires that the ion trapping
position is precisely located near the magnetic field nil position. The ion position using
the initial trapping voltages (described above) was offset from the expected magnetic field
nil position by roughly 70 pym due to unaccounted for static charges.

Additionally, stray fields in the vicinity of the trapping potential can displace the minima
of the radial pseudopotential and axial potential, causing excess micromotion of the type
described in section 2.2.3. This excess micromotion can be detected for any particular set
of trapping voltages by decreasing the strength of the pseudopotential (by reducing the
RF voltage) and detecting changes in the average position of the trapped ion [113].

Finally, the lifetime of the trapped ions varies with different trapping voltages, so this
must be maximised for any trapping position.

By altering the DC voltages to first position the trapped ions at the expected magnetic
field nil position, then reducing excess micromotion as described, a set of optimised DC
voltages was found. It was also found that even at the reduced RF voltage of 114.5V, the
lifetime of the trapped ions could be extended significantly, from around 10 minutes to 50
minutes. The optimised trapping voltages are shown in figure 7.9.

The secular frequencies were remeasured at the reduced RF voltage and optimised DC
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Figure 7.9 — (Left) Image of two trapped ions after optimising the trapping parame-
ters, showing an ion separation of &~ 12 um. (Right) The set of voltages applied to the
microchip after optimising for ion position, micromotion compensation and lifetime.

voltages from figure 7.9, and found to be 184(2) kHz axially, and 637(2) kHz and 643(2) kHz
radially.

Large offset magnetic fields (from the under-chip permanent magnets) at the trapping
position can prevent the trapping of ytterbium-171 ions, as the Zeeman sensitive atomic
levels can be shifted in energy to such an extent that they are no longer coupled by the
laser light, causing population trapping. It is possible to detect extreme magnetic fields
using ytterbium-174, allowing for coarse field compensation before attempting to trap
ytterbium-171, as follows.

By using mostly linearly-polarised Doppler cooling light aligned with the direction of the
offset magnetic field to address the ions, it is possible to couple the Sy /o [my = 1/2) «
2P1/2 |my =1/2) and 281/2 lmy = —1/2) < 2P1/2 |my = —1/2) transitions only. If the
polarisation of the linear component of the laser beam is rotated such that it has no com-
ponent along the magnetic field direction, only the smaller circularly-polarised component
of the beam can drive transitions to Doppler cool the ions. These transitions are shown
in figure 7.10.

The Zeeman shift (in frequency units) of each level in the presence of a magnetic field B
is given by Afz = mjgsupB/h, where for both states g; = 2, so the frequency splitting
between the two transitions driven by circularly-polarised light is Af, = 4upB/h, or
~ 89MHzmT L.

By rotating the polarisation of the beam and detecting changes in the fluorescence of
the ion, the presence of a magnetic field causing a frequency splitting between these m
sub-levels can be confirmed. By applying currents to the compensation coils to increase
the fluorescence of the ion again, the offset magnetic field can be approximately nilled.

In the case of this experiment, it was possible to detect decrease ion fluorescence as the
polarisation of the Doppler cooling laser light was rotated, but it was not possible to find
a current that when applied to either pair of compensation coils increased the fluorescence

again. This was expected — as described in section 7.1 we expect the offset field to be
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Figure 7.10 — Diagram showing the polarisation dependence of Doppler cooling
transitions between mj sub-levels in the case of offset magnetic fields.

along the axial direction of the trap, which is the direction without compensation coils,
therefore requiring compensation with external permanent magnets. The observation of
reduced fluorescence with linearly polarised laser light, which can not be compensated for,

supports this expected offset field direction.

7.4 Initial ytterbium-171 experiments

The trapping of ytterbium-174 ions was used to optimise the experimental parameters as
described above, and the end result of that process was a trapping potential without de-
tectable micromotion, and an ion lifetime of around 50 minutes. At this stage experiments
with ytterbium-171 can be initiated.

Because of its non-zero nuclear spin, the atomic states of ytterbium-171 ions are split into
hyperfine energy levels, leading to a more complex Doppler cooling cycle as described in
section 2.4. Experimentally, this corresponds to adjusting the laser wavelengths to account
for the different resonant transition wavelengths (listed in table 2.1), and coupling the
hyperfine levels of the 2S; /2 ground state with microwave radiation. Additionally, because
the non-zero mp states of the hyperfine levels are magnetic field sensitive, Doppler cooling
of these ions becomes less effective in high magnetic fields as the splitting of these levels
becomes comparable to the linewidth of the laser light addressing them. For this reason,
the top priority when trapping ytterbium-171 is to nil the magnetic field.

Another effect of the presence of hyperfine structure is that the polarisation of the
369.5 nm laser light must be precisely controlled when trapping ytterbium-171, to ensure
there are sufficient components to couple all three mp states of the 2S; /2| F' = 1) hyperfine
level. This can be achieved with waveplates, oriented such that a constant, substantial
fraction of the light of each orthogonal circular and linear polarisation are present in the
trapping region.

Finally, to prevent population trapping in the 2S; /2 |F'=0) ground state, microwave
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radiation is directed to the trapped region via a horn antenna as described in section 4.8
during the Doppler cooling process. This radiation is set to the resonant frequency of the
‘clock” |0) «» |0") ground state hyperfine transition at zero field, which is 12.642 812 GHz [186].

7.4.1 Trapping ytterbium-171 ions

The technique used to initially trap a ytterbium-171 ion was to sympathetically cool it
with a ytterbium-174 ion, as follows. First, an ytterbium-174 is trapped as described in
the previous section. While it is being Doppler cooled, the wavelength of the 398.9 nm
ionisation laser light is tuned to the resonance for the 171 isotope, and the atomic oven
is heated for a second time. The natural abundance of the 171 isotope is ~ 14%, so the
well-characterised natural ytterbium oven can be used initially.

The ytterbium-171 isotope will not fluoresce as it is not being addressed with Doppler
cooling laser light of the correct wavelength, but can be detected as a dark ion, causing
the position of the bright 174 ion to jump axially. Once this signal is detected, it is a good
indication that the ionisation wavelength set at the beginning of the oven run is correct.

Trapping of ytterbium-171 is then achieved by performing oven runs with the two cooling
cycle lasers also tuned to the correct wavelengths, and the inclusion of the microwave
radiation. A trapped ytterbium-171 ion is shown in figure 7.11, alongside the optimised
trapping voltages.

+3.50 V -1.50 V -1.10V +4.40 V
: . +0.80 V R
& 0.90 V 1 0.20 V 115 V RF
: X
F0.60 V -0.20V I 115 V RF
+0.80 V
+3.50 V -1.50 V -1.10 ¥V +4.40 V

Figure 7.11 — (Left) Image of a trapped ytterbium-171 ion and (right) the set of
voltages applied to the microchip.

7.4.2 Estimating the offset magnetic field

By scanning the microwave frequency and observing changes in the fluorescence of the
ion, it is possible to estimate the magnetic field strength at the position of the ion. In
theory, by scanning the microwaves it should be possible to resolve transitions between
the ground state |0) and each of the three excited states [—1), |0/) and |+1) by finding the
microwave frequencies of maximum fluorescence. For the simulated offset magnetic field

of 3.8 mT, the frequency splitting of these states is expected to be ~ 53 MHz.
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Experimentally, it proved challenging to find the frequencies of the magnetic field sen-
sitive transitions due to this large separation, because for the duration of the search, the
Doppler cooling of the ions is ineffective, causing them to heat and escape the ion trap.

However, it is possible to make measurements of the resonant frequency of the |0) <> [0")
clock transition, which is sensitive to magnetic field strength due to the second-order
Zeeman effect. The shift (dw) in the resonant frequency of the clock transition (wp) in the

presence of a magnetic field (B) is [118]

1 gikB 2 2
ow = B 7.1
v R2wy (2[+ 1> (7.1)

which equates to 15.5kHzmT~2. The resonant frequency of the clock transition was
measured experimentally to be 12.6438(6) GHz, which corresponds to an offset field of
7.9(2) mT, implying much higher offset fields than expected. This magnetic field would
cause the frequency shift of the |£1) states to be around £111(3) MHz.

This offset magnetic field is well within the range that can be compensated for, even in
the case that the entire offset field is in the axial direction. Compensation of such a field
would require approximately two of the possible four layers of permanent magnets to be
loaded onto the compensation stage described in section 4.7.

Experimental efforts are ongoing, with the aim of compensating this offset magnetic
field, before measuring the magnetic field gradient resulting from the permanent mag-
nets. After this, coherent experiments with the states of trapped ytterbium-171 ions can

comimence.

7.5 Conclusion

This chapter described the operation of a microchip ion trap using the experimental setup
described in previous chapters. First the installation of under-chip permanent magnets
was described, as well as the resulting magnetic fields and gradients from simulations.
Next, the initial trapping procedure was described, including testing of the atomic ovens
and estimations of the degrees of uncertainty in the experimental parameters. Finally, the
successful trapping of ytterbium-174 and -171 ions, and subsequent optimisation of the
trapping parameters was discussed, resulting in ion lifetimes that reached 50 minutes. The
use of these ions to make a coarse estimation of the offset magnetic field at the trapping
position was then described.

The experiment is still ongoing, with the next objective being to nil the magnetic field
at the trapping position using the external compensation coils and magnets described in
section 4.7. Once this has been performed, the magnetic field gradient can be measured,
and experiments involving the coherent manipulation of the ion states can be initiated.
It is hoped that these experiments can culminate in the demonstration of a high-fidelity
two-qubit gate, which would be the first such demonstration using the static gradient

scheme on a microchip ion trap.
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8 Conclusions and further work

8.1 Summary of work presented and conclusions

The motivation for the work described in this thesis was the demonstration of results
towards scalable quantum information processing with trapped ions. In the introduction,
the requirements of such a device were listed, before a specific implementation of this device
using microchip ion traps and long-wavelength radiation was described. The incorporation
of local magnetic fields and magnetic field gradients into microchips is central to the
design, and the demonstration of such technology provided a motivation for the design of
the experiment described in the remainder of the thesis.

The theoretical background of ion traps and the use of ions as qubits were used to
describe the operation of a Mglmer-Sgrensen gate using long-wavelength radiation and a
static magnetic field gradient. This allowed for a detailed investigation of the relationship
between two-qubit gate fidelity and the experimental parameters of a microchip ion trap
experiment. This work concluded by finding the optimum experimental parameters for
two different magnetic field gradient generation methods, informing both future microchip
designs and the choice of microchip for the experiment described in subsequent chapters.

The construction of an experiment capable of demonstrating this gate using trapped
ions was then reported. This included the laser systems, optical components and imaging
system used to achieve laser beams and an imaging system with correct properties for
microchip ion trap experiments. The development of new, high-attenuation and low cut-off
frequency filters for analog trap voltages was reported, as well as a resonant circuit for RF
delivery with a substantially improved @ factor compared to previous experiments. A new
system for the compensation of high magnetic fields (important for microchip experiments
with permanent magnets) was developed, as well as a microwave and RF delivery system.
The design of an experiment that effectively uses the available resources is important
when working a laboratory in which many experiments are running simultaneously, and
the work of this chapter will be used to plan and construct future microchip experiments
in the laboratory.

Following this, the development of a vacuum system designed for versatile microchip
ion trap experiments was described in detail. A key component of this vacuum system
was a new method of mounting microchips within the vacuum system, compatible with
impedance-matched RF delivery and in-vacuum filtering for DC voltages, as well as liquid
nitrogen cooling of the microchip. Following this, a new method of mounting atomic ovens

that protects the microchip surface from incident atomic flux was described, as well as
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a method of the shielding of trapped ions from the imaging viewport that is compatible
with the delivery of long-wavelength radiation to the ions from outside the vacuum system.
This work provides a versatile blueprint for vacuum system designs for future microchip
ion trap experiments.

Next, the testing and preparation of microchip ion traps, an important process before
their use in experiments, was described. This process began with the design and simulation
of microchips, and details were provided of a recent microfabrication process that had
resulted in a large number of microchips arriving in the laboratory. The microfabrication
process was then described, followed by testing of the microchips. This testing required
the use of a scanning electron microscope, and the development of a new electrical testing
station that allowed for resistance measurements to be performed between any pair of
locations on the surface of the microchips. This testing led to the development of theories
regarding the source of the impaired electrical performance of the microchips, and the
development of a series of chemical treatments to ensure they were suitable for experiments.
This involved the removal of chemically-modified photoresist, the etch of an unwanted thin
gold layer, and the reconnection of electrodes to the buried wire layer. This process then
allowed for the adjustments to be made for future microfabrication processes, to prevent
the same issues from occurring. In addition, currents of ~ 10 A were successfully applied
to microfabricated current-carrying wire samples. This demonstrated the viability of the
current-carrying wire structures for the generation of local magnetic fields and gradients,
which is a key component of the the trapped-ion quantum computer design described in
the introduction.

The final chapter described the operation of the experiment that resulted from the work
described in previous chapters. The process to accurately align microchips with under-
chip permanent magnets in order to generate large magnetic field gradients with low offset
fields was described, as well as the process of trapping ions for the first time in a new
experiment. The successful trapping of ytterbium-174 and -171 ions using this microchip
was reported, as well as their use to measure and optimise the parameters of the ion
trap. A coarse estimate of the offset magnetic field was made using a measurement of the
second-order Zeeman shift of the clock qubit transition, followed by a description of the
currently-ongoing experimental work.

The trapping of ions in the vicinity of structures for creating large magnetic field gra-
dients was an important step in the demonstration of experimental results towards the
trapped-ion quantum computer design described in the introduction. In addition, the suc-
cessful operation of this microchip ion trap opens the door for the experimental demon-
stration of coherent ion manipulation using this large gradient, which is expected to be

~ 140 Tm™!, far in excess of what has been previously demonstrate experimentally.
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8.2 Further work and outlook

The experiment described in this thesis is ongoing, and has a high potential for the demon-
stration of further results towards a trapped-ion quantum computer. The next step is to
measure and compensate for the offset magnetic field in the vicinity of the ions, which an
initial measurement has estimated to be around 7.9 mT. Once this field is compensated,
the magnetic field gradient resulting from the under-chip permanent magnet assembly can
be measured using ytterbium-171 ions, and used to perform multi-qubit operations. The
ultimate goal of this experiment is a fast, high-fidelity two-qubit gate of the type described
in chapter 3, using dressed-state qubits.

An additional legacy of the work described in this thesis can be found in the design and
construction of additional microchip experiments in the laboratory. The magnetic field
gradient generating structures from chapter 3, now tested and characterised, have been
adopted by experiments currently under construction, as have the new filter designs and
RF resonant circuit and probe design from chapter 4. The microchip mount and atomic
oven skimming method from chapter 5 have become the standard operating protocol for
future microchip experiments, and the work on a liquid nitrogen cooling system has been
built upon to design a laboratory-wide cooling system for future experiments.

Finally, the characterisation and treatment processes of chapter 6 have been used to
improve future microfabrication processes, as well as the microchip testing processes in
the cleanroom to ensure successful microfabrication. Together, these developments will
hopefully contribute towards a great deal of success in microchip ion trap experiments

performed in this laboratory in the coming years.
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