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Abstract

Quantum information technology has the potential to revolutionise a wide range of research

�elds and to have a profound impact on society. Today, work towards a universal quantum

computer is bene�ting from recent breakthroughs in quantum hardware engineering.

One of the most promising approaches is based on quantum computing modules that

are networked via ion shuttling. The modules make use of microfabricated electrodes

that create electric �elds to con�ne ensembles of ion qubits. Combining this modular ap-

proach with strong magnetic �eld gradients and long-wavelength radiation quantum gate

technology can signi�cantly improve system scalability. Nevertheless, the realisation and

simultaneous integration of all the core characteristics of such modules remains an intrin-

sically challenging task.

This doctoral thesis investigates novel techniques and components critical to the en-

gineering of this architecture. A prototype ion trapping system is constructed for the

operation of two microfabricated ion-trap modules, which will enable the execution of key

operations for networked quantum logic, i.e. high-�delity one- and two-qubit gates, and

shuttling of ion qubits between both modules to realise a matter-based quantum link.

In this scheme, high-�delity quantum gates require a large magnetic �eld gradient to

be generated at the ion position. To achieve this, novel current-carrying wire structures

directly embedded within the ion-trap module were developed. These o�er a scalable

solution to this challenge. The operation of ion traps at cryogenic temperatures is also

desirable to further enhance quantum gate �delities. A thermal model of the ion trap

is presented and a cryogenic cooling system capable of meeting the requirements of a

large-scale ion-trap architecture is demonstrated. Finally, the constructed two-module

ion-trap apparatus is presented. This provides a viable set-up for the execution of these

key operations, paving the way towards the realisation of a universal quantum computer.
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Chapter 1

Introduction

The archaeological remains of the Antikythera mechanism are witnesses to humanity's �rst

attempt at engineering computational systems. Using sets of gears and levers to perform

analogue computation, the mechanism was used during antiquity (100 B.C.) to predict

solar eclipses and the position of astronomical bodies [1]. Over the course of the following

centuries, several mechanisms were designed to assist with arithmetic operations. How-

ever, being mechanical systems, these machines were inherently slow and scaled di�culty

to more complex applications. By the turn of the 20th century, the concepts of classical

mechanics and electrical engineering were well-enough established such that computation

was possible using mechanical and electrical parts. This allowed removing some impor-

tant hurdles leading to electro-mechanical analogue computers reaching their apogee in the

1940s. Sophisticated devices were made, and these found great success for encryption, de-

cryption and ballistic studies [2,3]. With the existential necessity for faster code-breaking

capabilities imposed by the second world war, the engineering of all-electronic comput-

ing solutions using vacuum tubes was explored. This led, in 1943, to the construction of

Colossus, the world's �rst electronic digital programmable computer [4]. Yet, the Colossus

computer was not a general-purpose machine as cryptoanalysis was the sole purpose of its

design. The concept of modern computers, as we think of them today, relates intimately

to the idea of a universal computing machine [5]. In 1945, the world's �rst general-purpose

computer was created: the ENIAC [6]. At its core, 15000 vacuum tubes together with

1500 relays were used for computation. Altogether, the behemoth weighed more than 30

tons, �lling an entire room.

In parallel to this technological progress was the emergence of a more profound and

fundamental theory in physics: quantum mechanics. The development of the quantum
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theory at the beginning of the 20th century arose out of necessity to account for experi-

mental observations that de�ed explanations using classical models*. By the end of the

1920s, the quantum theory had substantially matured and provided a powerful tool to

describe the counter-intuitive properties exhibited by nature at the atomic and subatomic

scales. This broader and more complete description of the principles with which nature

operates had signi�cant practical rami�cations. One such application was to provide an

appropriate description of the behaviour of electrons in materials. This became instru-

mental to the development and re�nement of semiconductor technology such as transistors

which are robust solid-state devices [7]. Remarkably, these can be used in place of vacuum

tubes in an electronic computer to perform fundamental logic operations. Such an upgrade

of the substrate on which computation is executed ushered an era of ever more powerful

computational capabilities. Advancements in microfabrication techniques over the second

half of the century enabled the miniaturisation and large-scale integration of thousands,

millions and then billions of transistors within a single monolithic device no bigger than

a �ngernail�. This also brought about low-cost manufacturing capabilities such that com-

puters became ubiquitous and delivered performance far surpassing its predecessors every

few years [8]. Over the past decades, the omnipresence of information technologies in our

daily lives has had a profound, far-reaching impact on society in ways that cannot be ex-

aggerated.

In hindsight, this crucial contribution of quantum physics to this unprecedented in-

crease in technological progress is now widely referred to as the �rst quantum revolution [9].

More than a century has now passed since the advent of the quantum theory. Over this

period, physicists haven't stopped exploring beyond the mere understanding of physical

properties granted by quantum mechanical e�ects. Through incremental steps, techniques

were developed to isolate, create, manipulate and measure fragile quantum systems with

the aim of harnessing the full potential of quantum mechanics. Today's physicists and

quantum engineers can synthesise quantum systems of their own. We are hence at the

brink of a second quantum revolution with practical implementations for quantum com-

puting, quantum simulation and quantum sensing being within reach [10]. Testimony to

the remarkable level of maturity reached by this �eld is the increasing rate at which uni-

*Early challenges centred around the explanation of the ultraviolet catastrophe where much less en-
ergy was found to be radiated at high frequency than expected, along with experimental results on the
photoelectric e�ect which were inconsistent with the classical theory of electromagnetism.

�At the time of writing, the most powerful processor designed for mobile phones is the Apple A14
Bionic processing unit which hosts 11.8 billion transistors in a tiny 88mm2 package.
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versity spin-outs and industry giants are joining academic research groups in developing

quantum technologies. Central to this industry-university e�ort is the construction of a

universal quantum computer whose operation relies on the interference of quantum states

generated from the collection of correlated quantum systems. Revered as a `holy grail'

of science, quantum computing holds the promise of solving certain problems otherwise

intractable to even the most powerful conventional supercomputers.

1.1 Quantum computing

As mentioned, the incremental increase in computing power provided by classical comput-

ers throughout their development has largely been a consequence of the miniaturisation

of the components used for computer logic. By contrast, the promise of computational

speed-ups to be provided by quantum computers does not stem from yet another iteration

of the substrate onto which computation is executed. Instead, it is the very concept of

computation that is modi�ed. Quantum mechanics allows for computation to be performed

in a vastly di�erent way by harnessing the unique properties of quantum superposition,

entanglement and interference. The conceptual foundation for quantum computation was

�rst laid in 1980 [11] and proposals were then made to use a quantum computer to sim-

ulate other quantum systems. Remarkably, when used as a universal digital simulator, a

quantum computer requires exponentially less resources than its classical counterpart [12].

The initial development of quantum algorithms originated with David Deutsch, who, in

1985, proposed a quantum algorithm which solves a classi�cation problem in exponentially

fewer steps than any possible classical algorithm [13,14]. Today a plethora of quantum al-

gorithms that provide various speed-ups have been proposed�. Contingent on the practical

realisation of a quantum computer, the execution of these algorithms would then open up

new capabilities for drug discovery, the development of energy e�cient systems along with

material science and chemistry to name a few.

From a conceptual perspective, the fundamental unit of information within a quantum

computer is the quantum bit, or `qubit'. Quantum computation is then performed by a

succession of quantum logic operations known as `quantum gates' on an ensemble of qubits.

Two possible states of a two-level system which represent a qubit may be denoted |0〉 and

|1〉. These correspond to the states 0 and 1 for a classical bit. The superposition of these

�A regularly updated collection of existing quantum algorithms can be found here [15].
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Figure 1.1: Bloch sphere representation of a two-level system. The eigenstates |0〉 or |1〉 of the
two-level system are located at the poles of the Bloch sphere. An arbitrary quantum state |ψ〉 is
located on the sphere by the spherical coordinates θ and φ.

states can then be written as

α |0〉+ β |1〉 , (1.1)

where α and β are complex numbers. A measurement of the qubit collapses this superpo-

sition such that either |0〉 or |1〉 are measured with probabilities |α2| or |β2| respectively

with |α2| + |β2| = 1. When isolated, a quantum system with initial state |ψ〉 follows a

time-dependent evolution described by the Schröedinger equation given by

i~
d

dt
|ψ(t)〉 = H |ψ(t)〉 , (1.2)

where ~ is the reduced Planck constant and H is the Hamiltonian of the quantum system.

The general solution to this equation, provided a time-independent Hamiltonian H, is

|ψ(t)〉 = e−
iHt
~ |ψ(0)〉 . (1.3)

This evolution can be decomposed by projecting the state of |ψ(t)〉 onto the eigenstates |0〉

or |1〉 of the two-level system, such that in the Bloch sphere representation, it is written as

|ψ〉 = cos
θ

2
|0〉+ eiφ sin

θ

2
|1〉 . (1.4)

Here, θ and φ are spherical coordinates such that the state |ψ〉 can be drawn on the
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unit Bloch sphere as illustrated in Fig. 1.1. Any operations on this single qubit thus

corresponds to a rotation of the state location on the Bloch sphere about a speci�c axis.

Such operations form the basis for single-qubit gates. Importantly, if the single qubit

state can be rotated to any arbitrary location on the Bloch sphere, only one universal

two-qubit gate operation is needed to generate any arbitrary entangled state between two

qubits. Consider now a system of N qubits such that the basis state space possesses 2N

dimensions. It is written as the tensor products between each of the individual qubits as

|ψ〉 = |ψ1〉 ⊗ |ψ2〉 ⊗ |ψ3〉 ⊗ ...⊗ |ψN 〉. If, for instance, an ensemble of N = 2 uncorrelated

qubits, with |ψ1〉 = α1 |0〉+ β1 |1〉 and |ψ2〉 = α2 |0〉+ β2 |1〉, are used then there is

|ψ〉 = |ψ1〉 ⊗ |ψ2〉 = α1α2 |00〉+ α1β2 |01〉+ β1α2 |10〉+ β1β2 |11〉 . (1.5)

In the above equation, the lack of correlation is clear as the overall quantum state can be

factored as a product of the states of its constituents. In a quantum computer, quantum

logic between two qubits can be performed using a controlled-NOT (CNOT) gate operation.

A CNOT gate is a universal two-qubit gate and operates by inverting the state of a `target'

qubit depending on the state of a `control' qubit. This allows the generation of entangled

quantum states, i.e. quantum states that cannot be written as a product of states of each

individual qubit. An example of such states are the Bell states:

∣∣Φ+
〉
≡ |00〉+ |11〉√

2
,

∣∣Φ−〉 ≡ |00〉 − |11〉√
2

,

∣∣Ψ+
〉
≡ |01〉+ |10〉√

2
,

∣∣Ψ−〉 ≡ |01〉 − |10〉√
2

.

(1.6)

1.1.1 DiVincenzo criteria and physical platforms for quantum compu-

tation

There are a number of physical systems that exhibit attractive quantum mechanical prop-

erties. However, not all are well-suited platforms to realise a practical quantum computer.

Several fundamental requirements can then be identi�ed to assess the viability of a physical

implementation. Widely referred to as the DiVincenzo criteria for quantum computation,

these requirements are [16]:

� A scalable physical system with well characterised qubits.
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� The ability to initialise the state of the qubits to a simple �ducial state.

� Long relevant decoherence times, much longer than the qubit gate operation time.

� A �universal� set of quantum gates.

� A qubit-speci�c measurement capability.

Often forgotten, but key to the concept of a scalable quantum computing architecture are

the following two requirements:

� The ability to interconvert stationary and �ying qubits.

� The ability to faithfully transmit �ying qubits between speci�ed locations.

There are currently numerous physical platforms that are being investigated by researchers

world-wide. Each implementation ful�ls the above mentioned DiVincenzo criteria to a

di�erent degree. Notably, these include superconducting circuits [17], trapped atomic

ions [18,19], photonic circuits [20], nitrogen-vacancy centers in diamond [21], and quantum

dots [22]. In recent years, a wealth of quantum computer hardware has been released

by both academic and industrial research laboratories alike. At present, the two leading

candidates that ful�l most of the DiVincenzo criteria are superconducting circuits and

trapped atomic ions.

Superconducting circuits

Superconducting qubits consist of electronic circuits that use a Josephson junction which

exhibits a controllable quantum behaviour. There are three fundamental types of supercon-

ducting circuits that can be constructed around this Josephson junction, i.e. the Cooper

pair box (charge qubit), RF-SQUID (�ux qubit), and current-biased junction (phase qubit).

Each superconducting circuit con�guration o�ers di�erent controllable quantum mechani-

cal properties and hybridisation between di�erent types can help facilitate qubit coherence

times, state manipulation, and detection. A brief introduction and review of this technol-

ogy can be found in this Ref. [23]. From a hardware consideration, a signi�cant advan-

tage of superconducting qubits is that these can be constructed through well-developed

integrated-circuit microfabrication processes. This lends itself well to a scalable architec-

ture. In addition, coherent manipulation and read-out of superconducting circuits is done

via the application of resonant microwave pulses and measurement of voltage changes.

This means that, similarly to the control of transistors in a conventional computer, super-

conducting circuits can be integrated in an entirely electronic architecture.
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Recently, a number of impressive superconducting quantum computing devices have

been released. Perhaps the most signi�cant amongst these being the IBM 20-qubit and

50-qubit quantum processors [24] as well as Google Inc.'s 53-qubit (`Sycamore') and 72-

qubit (`Bristlecone') processors. However, these networks of qubits typically exhibit noisy

two-qubit interactions. Therefore, while the number of qubits is substantial, the overall

computational capability of the device is deteriorated by the error rate associated to coher-

ent operations. This poses a challenge from a universal quantum computation perspective

as these systems are too noisy to be error-corrected, thereby only allowing to execute quan-

tum algorithms with limited circuit depth and output precision. Remarkably, the 53-qubit

Sycamore superconducting processor was used to demonstrate quantum advantage over

classical computation when applied to a carefully selected computational problem [25].

Today, these platforms o�er unprecedented access to research the application area of noisy

near-term quantum computing devices. Since excessively high error rates can rapidly be-

come the primary computational performance bottleneck regardless of qubit numbers, a

considerable research e�ort has been devoted to developing techniques leading to improved

gate �delities. The �rst controlled superconducting two-qubit interaction with a �delity

exceeding 99% was �rst demonstrated in 2014 [26]. Since then, a multitude of other super-

conducting quantum processing systems have been built achieving equal and higher gate

�delities [27,28]. These o�er a promising pathway for the realisation of an error-corrected

superconducting quantum computer.

Furthermore, an important engineering challenge for superconducting systems is due to

the requirement of operation at millikelvin temperatures. In practice, such temperatures

are reached using 3He/4He dilution refrigerators. However, state-of-the-art dilution refrig-

erators o�er only a limited cooling capacity in this temperature range, thereby making it

di�cult to cool a large-scale architecture. To alleviate this issue, e�orts are currently being

deployed in industry to develop a dilution refrigerator system with dimensions and perfor-

mance matching that required by a large-scale superconducting quantum processor [29].

Nevertheless, its engineering feasibility still remains to be demonstrated. Alternatively,

cryogenic quantum links have been proposed to connect multiple small-scale quantum cir-

cuits supported by existing dilution refrigerators to build a quantum computing network

of arbitrary scale [30]. More inherently challenging features of superconducting systems

are that they su�er from fabrication inconsistencies (leading to non-identical qubits), short

coherence times, and limited qubit connectivity. Indeed, due to the planar construction of

superconducting circuits, connection is only possible between adjacent qubits, thus mak-
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ing the interaction between physically distant qubits di�cult. Nevertheless, the concep-

tual proposal for three-dimensional circuit integration may o�er a promising route towards

greater qubit connectivity and scalability [31].

Trapped atomic ions

Trapped atomic ions con�ned within radiofrequency (RF) Paul traps have achieved broad

success in atomic physics experiments since the 1980s [32]. The growing interest in their

usage was in large part due to the development of techniques allowing for long trapping

lifetimes, while the addressability of cycling transitions between the internal electronic

states of the ion permitted laser cooling to very low temperatures. In 1995, the pioneering

concept of using trapped atomic ions as a physical platform to perform quantum compu-

tation was �rst proposed by Cirac and Zoller [33]. In their proposal, single trapped ions

were envisioned to be used as qubits where quantum information is encoded within the

ion's internal energy levels. Indeed, trapped-ion qubits have for a long time shown promise

as a pristine physical platform for quantum computation: ions of the same isotope provide

fundamentally identical qubits; they can be well isolated from the environment (imparting

exceptional coherence properties); and they have well resolved energy levels which o�er sev-

eral pathways for their coherent manipulation. When laser cooled, a trapped-ion ensemble

forms an ordered structure known as a Coulomb crystal (See Section 2.1.2), which results

from their mutual ion-ion repulsion together with their interaction with the surrounding

trapping �eld. Using laser light, a state-dependent kick can be applied to a speci�c ion to

couple its internal qubit state to its mode of motion. Being part of a Coulomb crystal, the

ions quantised motion is then collectively shared across the entire ensemble and acts as a

quantum bus that mediates the entanglement of two spatially separated qubits. In this

framework, single ion addressability within a large ensemble is possible such that one ion

acts as the controlled qubit and the second ion acts as the target. This o�ers the potential

of full connectivity between arbitrary pairs of qubits. For this scheme to work, ions are

required to be initially cooled to their motional ground state.

Cooling to the ground state of motion was demonstrated shortly after by Monroe et

al. [34] in 1995 and was followed by the �rst realisation of an entangling CNOT gate [35]

� although the two qubits consisted of a single ion's internal and motional degrees of

freedom. Entanglement over the internal state of two distinct ions was then realised in the

ensuing years [36]. In 2003, the two-qubit Cirac-Zoller CNOT gate was demonstrated [37].

However, the requirement to cool to the motional ground state signi�cantly constrained
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the two-qubit gate performance. To circumvent this complication, Mølmer and Sørensen

proposed a two-qubit entangling CNOT gate scheme that is inherently insensitive to the

trapped ions initial quantised motional mode [38]. In 2008, this gate scheme was experi-

mentally realised with a gate �delity in excess of 99% [39], while improvements over the

following decade furthered the �delity of this gate to 99.9% [40]. In addition to high-�delity

two-qubit gate operations, trapped ions have also demonstrated high-�delity single-qubit

gate [41,42], and qubit state preparation and read-out [42,43]; thereby meeting the overall

�delity requirements for fault-tolerant quantum computation using high-threshold error-

correction codes (of well below 1% error) [44]. Such low error rate levels are currently

unsurpassed by competitive physical platforms and, to date, trapped-ions also currently

hold the world's longest coherence time record of ∼1 hr for a single qubit [45].

Leveraging on a combination of these features, a linear chain with 5 fully connected and

controllable ion qubits have been realised in 2016. These were used to execute quantum al-

gorithms capable of performing small-scale calculations [46]. Taking this approach further,

a large crystal comprising 11 fully-connected single-ion qubits has also been used to realise

a small scale quantum computer (IonQ, Inc.) [47]. Recently, a compact 24-qubit quantum

computer demonstrator has also been unveiled (Alpine Quantum Technologies) [48] and fol-

lows the demonstration of entanglement on a 20 individually-controlled qubit register [49].

Additionally, there has also been e�orts in constructing a practical quantum simulator with

a large number of qubits. In 2011, a 9 trapped-ion qubit quantum simulator was demon-

strated [50] followed in 2017 by another quantum simulator with 53 qubits [51]. Today,

the construction of quantum computers, and simulators, using larger linear chains of ion

qubits are still being pursued in the near-term [52]. However, the restricted number of

physical qubits in these systems still precludes them from executing the complex quantum

algorithms necessary for universal quantum computation.

The outstanding challenge is therefore to demonstrate the ability of trapped-ion systems

to scale to thousands of qubits and beyond [53]. In this context, trapped-ion quantum

computing architectures relying on a single ion-trap qubit register are likely to fall short

of this objective [54]. Indeed, there are practical limits to the size over which the register

may be extended owing to constraints on the trapping potential, Coulomb interaction and

collisions with the surrounding background gas.
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1.2 Scaling up the trapped-ion quantum computer

Over the past two decades signi�cant work has been undertaken to identify practical

trapped-ion architectures that can be used for the realisation of a large-scale quantum

computer. To be viable, the scalable architecture must not lead to a trade-o� with the

other requirements set out by DiVincenzo for quantum computation. In addition, a viable

architecture must also not su�er from a disproportionate increase in external resources

required for its operation. These include, but may not be limited to: energy usage, foot-

print, control signals and cooling power (if applicable). As with the past development

of large-scale classical technologies, methods that could assist scaling trapped-ion quan-

tum computers take advantage of well-developed fabrication processes such as monolithic

integration and/or use of a modular construction.

1.2.1 Monolithic integration and the quantum CCD approach

In the vast majority of the previously discussed ion-trap experiments, only macroscopic ion

traps were used. These consist of centimetre-scale, mechanically machined and manually

assembled, electrode structures that prevent the �ne control of the position of individual

trapped ion qubits. However, gaining the capability to control the relative position of

a large number of trapped ions opens up avenues to scalable implementations. One key

advantage provided by this concept is the capability for the location-dependent decompo-

sition of the several fundamental processes of a trapped-ion quantum computer. Speci�c

regions of an ion trap may be used for ion loading, qubit state initialisation, quantum

logic operations (processing), ion storage (memory), and qubit state detection (read-out).

An additional advantage is that the position of individual ions, or ion crystals, can be

controlled solely through time-dependent analogue voltages applied to electrodes, much

like standard classical processing units. Such an approach was �rst pioneered by Wineland

et al. [55], with the idea being further cemented through the quantum charge-couple de-

vice (QCCD) concept presented by Kielpinsky et al. in 2002 [56]. However, the precise

control over the position of a large number of trapped ions requires a substantial reduc-

tion in the size of the ion-trap electrodes together with an increase in their number [57].

There, microfabrication techniques are well suited to realise complex micron-scale ion-trap

structures.

Monolithic ion-trap microchips, which were lithographically patterned, were �rst demon-

strated in 2006 [58,59]. This has led to a number of physical implementations, most notably

for the reordering of an ion ensemble through a junction as �rst demonstrated the same year
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by Hensinger et al. [60], followed by increasingly more complex two-dimensional and three-

dimensional microfabricated ion-trap geometries [61]. More recently, such devices have

allowed for the integration of peripheral components, such as photodetectors [62], optical

waveguides [63], and digital to analogue converters (DACs) [64], directly into a microfab-

ricated trap. This is a particularly attractive method to construct compact all-integrated

devices. Today, modern ion-trap microchip manufacturing methods borrow techniques

across di�erent microfabrication technologies, such as micro-electro-mechanical systems

(MEMS) and complementary metal-oxide-semiconductor (CMOS) technologies [65]. These

ion-trap fabrication techniques remain under continued development with the ultimate goal

of establishing reliable and reproducible processes that meet similar standards to those

currently employed in the semiconductor industry [61]. However, the integration of these

peripheral components directly within a microfabricated ion trap still poses formidable

challenges [66]. Speci�cally, the interdependences between integrated feature performance

necessitate delicate trade-o�s to be made between system capabilities, selected materials,

geometrical designs, fabrication processes, and operating conditions. A detailed review

of practical engineering considerations and advanced techniques used for the fabrication

of state-of-the-art ion-trap devices aimed at large-scale integration has been discussed by

colleagues and myself [61] as well as by Hughes et al. [67].

To date, there have been several experimental demonstrations of small, proof-of-principle

QCCD architectures on a single ion-trap microchip. These implemented either a single

qubit pair [68] or ion transport between distant qubit registers [69]. Most recently, work

carried out in industry by Pino et al. (Honywell Quantum Solutions) [70] demonstrated a

full-�edged quantum computer of up to 6 qubits based on the QCCD approach. Critically,

the quantum volume � a platform-independent metric that assesses a quantum computer's

performance by accounting for the number of usable qubits and error rates � was estimated

to be 64. Further performance improvement of this system by utilising 10 fully-connected

qubits delivered a quantum volume of 512 [71], which exceeds that reported for super-

conducting circuit platforms. A recent comparison between superconducting circuits and

trapped ion based architectures indicate that ion-trap systems surpass their counterpart

for similar qubit numbers [72]. Overall, the high achievable quantum volume is indicative

of trapped-ion QCCD devices being leading platforms for intermediate scale and universal

quantum computation [73].
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1.2.2 A modular approach

Modularity consists in dividing a large-scale trapped ion quantum computer into smaller

stand-alone quantum computing subsystems, i.e. quantum computing modules. This has

several advantages from an engineering perspective as it provides a greater degree of in-

dependence between modules, facilitates manufacturing, performance evaluation, and can

be extensible to an arbitrary size. Vital to the success of a modular quantum computing

unit is its ability to be interconnected with another to form a large-scale distributed quan-

tum network of individual qubit registers. To date, two methods have been proposed for

module-module connectivity: photonic interconnects and ion shuttling.

Photonic interconnects. Photonic interconnects [74, 75], also referred to as photonic

links, use photons collected from separate trapped-ion quantum registers to join them into

a single quantum computing network. Key to their operation is the entanglement of a

trapped ion internal state to that of an emitted photon which serves as a �ying qubit.

Two photons originating from two distinct registers may then be interfered on a 50/50

beam splitter. The output is measured by single photon detectors such that the coinci-

dence detection heralds the entanglement of the internal qubit states of the trapped ions.

Large-scale quantum computing networks using such a scheme, in conjunction with a mi-

crofabricated ion-trap architecture, have been proposed by Monroe et al. [74, 75]. This

has the advantage that quantum computing modules can be distant to one another such

that they are fully independent. However, this scheme also face technological challenges

relating to the weak e�ciency with which light is collected along with the limited e�ciency

of single photon detectors. Increasing the photon collection e�ciency is possible by placing

ions in an optical cavity which enhances the coupling. In 2011, �bre coupling to an optical

�bre with a e�ciency of 30% was achieved [76]. Strong coupling of an ion to a cavity was

then demonstrated in 2020 [77] but not yet implemented in a quantum computer module.

Using free-space high numerical aperture objective lenses, entangling rates of 4.5Hz were

achieved in 2015 with an entanglement �delity between trapped ion registers of 85% [78].

Later work by Stephenson et al. [79] (2020) reported entanglement generation with a �-

delity of 94% at an average rate of 182Hz also using a free-space optical interface. At

present, the interaction rate between modules is much slower than the rate at which other

quantum information processing operations are carried out. Developing systems capable

of enabling much larger interaction rates without compromising on entanglement �delities

is therefore the current challenge faced by this technology.
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Ion shuttling. Alternatively, quantum information may be communicated from one ion-

trap module to another by physically transporting single ion qubits. Such a matter-based

quantum link has the advantage to not be limited by the technical di�culty of strongly

coupling a trapped ion to a surrounding optical interface. Modules consisting of a planar

ion trap can be connected and tessellated with others such that inter-module ion trans-

port operations provide connectivity between one module and its nearest neighbours. This

concept was �rst proposed by Lekitsch et al. [80] and requires RF and DC trapping elec-

trodes to be fabricated all the way to the edges of the module. Within a single module

the reliable transfer of quantum information between individual qubits or qubit registers

can be achieved by a series of shuttling operations through linear trap portions. To route

and exchange qubits to and between speci�c regions, trap features such as Y- [81, 82],

T- [60, 83], and X-junctions [84] can be used. Experiments with ion shuttling have shown

that information can be transferred on a linear portion with 99.999% �delity [85]. Reliable

transport through optimised X-junction geometries has also been demonstrated [86].

In this scalable architecture, each module is a distinct unit. Therefore, a gap must

be bridged by the ion during inter-module shuttling operations. If two ion-trap modules

are su�ciently close to one another, they may connect via overlapping electric �elds and

produce a stable con�nement region through which the qubit is transported. The central

challenge is therefore the accurate placement and alignment of these modules such that

connectivity is maintained and a large pseudo-potential barrier is avoided. A feasibility

analysis relying on numerical models was also presented alongside this concept [80]. It

concluded that for misalignments below 10µm, the inter-module shuttling performance is

expected to be comparable to that resulting from shuttling through the centre of an X-

junction [86]. Fast ion shuttling methods [87,88] may also be applied for inter-module ion

transport. This opens the potential for quantum information transfer over microsecond

time-scales. Interaction rates comparable with quantum logic operations could therefore

be delivered using this technology, hence providing an attractive means [89] to interconnect

quantum computer modules without constraining its overall clock cycle.

1.2.3 A modular architecture with long-wavelength radiations

Several pathways for the construction of a large-scale modular quantum computer archi-

tecture based on a modular QCCD approach have been proposed [74,75,80,90]. Amongst

them is the vision pursued by the Ion Quantum Technology (IQT) Group and synthesized
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by Lekitsch et al. [80] which provides a clear blueprint for its realisation. As mentioned,

common to all QCCD architectures is the concept where ion qubits are transported on a

microfabricated ion-trap array through the application of voltages to trap electrodes. This

is powerful because the operation of such an architecture resembles much that of a conven-

tional processing unit. To execute quantum logic operations, ions are brought to dedicated

zones where they interact with external �elds such as laser light or long-wavelength radi-

ations.

Laser-based quantum logic necessitate laser �elds whose intensity, phase and frequen-

cies are precisely controlled. In addition, each laser beam must be aligned with micron-

accuracy to the entangling region. However, millions of qubits are likely to be required

for large-scale universal quantum computing when aiming at solving classically intractable

problems. In this context, using laser-driven quantum logic poses considerable technical

challenges as the number of laser �elds required scales adversely to the number of qubits in

the architecture. In stark contrast to this scheme, Weidt et al. [91] proposed to implement

a laser-free approach to quantum logic operations using global long-wavelength radiations

and local magnetic �eld gradients. Remarkably, the number of required radiation �elds for

this approach scale independently with the number of ion qubits. Instead, this quantity

scales with the number of gate types to be executed. Therefore, for universal quantum

computation only a handful of microwave and RF signals are needed. In addition, the

local magnetic �eld gradients necessary at the gate locations are produced by passing cur-

rents within conductive wires embedded in the ion-trap module. Thus, not only qubit

routing is performed by the application of voltages but so is quantum logic in a fashion

analogous to a classical transistor. This approach to quantum information processing was

�rst theoretically conceptualised by Mintert and Wunderlich (2001) [92] and is detailed

in the following chapter. The scheme makes use of qubit states with di�erent magnetic

moments. When placed in a magnetic �eld gradient, this imparts to the ion the required

coupling between its internal state and its motion such that quantum information transfer

through the collective motion of a pair of ions is possible. Such states can be engineered

from the magnetic sensitive sub-levels of the hyper�ne ground states of 171Yb+. Individual

ion addressability within this architecture is achieved in the frequency space by trans-

porting the ions to di�erent locations in the magnetic �eld gradient. This results in the

control of the magnetic �eld magnitude that the ion is subject to which is used to tune

the qubit transition frequency into resonance with the global �elds. Using this technique
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Figure 1.2: Sketch illustrating the scalable quantum computing concept with long-wavelength ra-
diations and local magnetic �eld gradients on a quantum CCD architecture. Two microfabricated
surface-electrode ion-trap modules each incorporating an array of X-junctions can be intercon-
nected via overlapping electric �elds. Many more modules can be tessellated into a large architec-
ture. A handful of global microwave and RF radiations in conjunction with local magnetic �eld
gradients generated by current-carrying wires embedded in the modules provide a scalable means
to execute quantum logic. Operation of the architecture is all-electronic with voltages applied to
the trap electrodes to place ions in speci�c regions of the magnetic �eld gradient that are resonant
with the global �elds. Sketch adapted from Weidt et al. [91].

both single- and two-qubit gate operations can be executed. This principle is illustrated

in Fig. 1.2. For large-scale quantum computation several of such QCCD modules must

be connected by a quantum link. Here the inter-module ion shuttling approach presented

in the previous section is implemented in place of photonic links, in an e�ort to achieve

higher module-module entanglement rates. Interconnection between modules is therefore

also realised using electric �elds and the alignment of such modules may be performed

using in-vacuum piezo actuators. Overall, such a scheme constitutes a powerful and ro-

bust solution to the scaling of trapped ion quantum computer owing to its all-electronic

and all-integrated approach to qubit routing, quantum logic and module interconnection.

Finally, such an architecture is also suited to run surface quantum error correction code

which relies on nearest-neighbour interactions [93]. This allows for an error rate threshold

as high as 10−2 for fault-tolerant quantum computation which imposes modest constraints

on the �delities to be attained by the quantum logic operations.
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1.3 Research objective: the two-module scalable demonstra-

tor experiment

In this doctoral work the objective was to engineer a two-module microfabricated ion-trap

experiment aiming at demonstrating (1) inter-module ion shuttling and (2) high-�delity

microwave-based quantum logic. These features constitute the core concepts of the scal-

able QCCD architecture envisioned by Lekitsch et al. [80]. While one may approach these

two goals independently to mitigate the engineering complexity, the joint demonstration of

such features within a single apparatus is considerably more powerful. This allows to lift

any ambiguity as to the ability to combine both scalable and quantum logic capabilities

as is necessary for practical quantum computation. However, integrating all these features

in a single device poses signi�cant challenges from a system engineering standpoint. To

date, two-qubit gates using the microwave-based and static magnetic �eld gradient tech-

nology has not yet demonstrated �delities exceeding the fault-tolerant threshold for error

correction. To address this limitation, current-carrying wires (CCWs) directly embedded

within the ion-trap substrate may be used to generate the necessary large magnetic �eld

gradient [91]. This, however, necessitates large electric currents which may adversely heat

the ion-trap module. Cryogenic technologies can then be utilised to thermally manage the

embedded wires and enhance two-qubit gate �delities.

To remain useful for universal quantum computation, each module must be networked

with the other through the transport of trapped ion qubits. Therefore, a viable small-scale

demonstrator must be capable of implementing all these features concomitantly. From a

system design perspective, the realisation and combination of all these features constitute

the core engineering challenge. First, due to the fact that these features have not yet

been demonstrated. Secondly, owing to the con�icting nature of the requirements which

underpin each objective. Overall, this drastically constrains possible design options. If

successfully constructed, the apparatus will be equivalent to an elementary quantum com-

puter demonstrator device onto which networked quantum logic can be performed. New

technologies and techniques must also be developed to meet the challenge and bridge the

gap towards a large-scale architecture. This doctoral thesis also reports progress towards

these goals. The key considerations which must be addressed during system design are

summarised as follows:

1. The ability to perform inter-module ion shuttling between a pair of ion-trap modules.

2. The ability to align both modules and their facing edges within 10µm such that both
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modules are connected via a continuous pseudo-potential minimum.

3. The ability to generate a su�ciently large magnetic �eld gradient to drive microwave-

base quantum logic with �delities exceeding the fault-tolerant threshold.

4. The e�cient thermal management of the ion-trap modules to maintain cryogenic

operation for optimal quantum logic gate operations.

1.4 Thesis summary

The structure of the thesis is as follows. Chapter 2 covers the fundamental techniques

needed for ion trapping and mechanisms for qubits preparation, detection and coherent

manipulation. The selection of ytterbium as ion species is motivated along with a pre-

sentation of its atomic structure and a con�guration that can be used to form a qubit.

The technique necessary for ion loading and Doppler cooling are then detailed along with

methods for coherent manipulations using long-wavelength radiations in conjunction with

a local magnetic �eld gradient. This discussion guides later decisions presented throughout

the thesis with regards to the engineering of the apparatus.

Chapter 3 discusses the design, optimisation, fabrication and characterisation of a pair

of ion-trap modules. To enable high-�delity two-qubit gates using the method presented

in the previous chapter, a large magnetic �eld gradient is needed at the ion location. A

review of the possible methods to realise such a �eld is given. Current-carrying wires

directly embedded within the module are chosen for the generation of this �eld. Details

of a novel scalable CCW topology that incorporates a self-compensation feature are then

presented and enables the generation of a maximally large gradient given considerations on

its thermal performance. The ion-trap design parameters for optimal two-qubit gate and

reliable inter-module ion transport �delities are then presented. A detailed description of

the microfabrication and tests performed on the produced devices are then given.

Owing to the large currents required to operate the current-carrying wires signi�cant

power dissipations are expected within the ion-trap module. Chapter 4 discusses a holistic

approach to thermal management such that the appropriate design of the ion trap and

thermal interface is selected. This allows for the generation of large magnetic �eld gradient

at the cost of modest degradation of the thermal performance. Importantly, an analytical

and numerical analysis of the thermal runaway e�ect is presented and must be considered to

prevent the degradation of the device during its operation. This requirement is exacerbated

when operating at cryogenic temperatures.
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Chapter 5 begins by discussing the engineering challenges associated with eligible cryo-

genic cooling strategies for trapped ion cryogenic experiments. The key bene�ts of cryo-

genic operation from an ion trapping perspective are then presented. A cooling system

relying on the closed-loop circulation of cryogenic helium gas that is extensible to many

modules is then detailed. To assist physicists and engineers in designing such a system, a

theoretical description and design methodology is provided. The constructed cryosystem

hardware and its associated performance are then provided. Scalability of the cryosystem

is demonstrated by simultaneously connecting this cooling architecture to four ion trapping

apparatus that are distributed across the laboratory.

Chapter 6 focuses on the engineering of the vacuum side of the two-module ion-trap

apparatus. In relation to the device's thermal performances at cryogenic temperatures, a

new ion-trap die-bonding procedure using indium is developed. A novel ultra-high vac-

uum (UHV) compatible cryogenic heat sink using pressurised cryogenic helium gas is the

discussed. The insulating structure which supports each module along with the precise

alignment capabilities of the two ion-trap module is given. This is followed by a de-

scription of the atomic source and in-vacuum microwave emitter. Details relating to the

assembly of the two-module experiment in the vacuum chamber are �nally given along

with the bake-out procedure that was used to reach UHV pressures.

By contrast with the previous chapter, Chapter 7 presents systems that are necessary

for the operation of the experiment but are located on the air-side of the apparatus. The

experimental control architecture which uses the ARTIQ system is described. The DC,

RF and microwave electronics required for the generation of trapping voltages, switchable

currents for magnetic �eld gradient generation and coherent radiation �elds are detailed.

This is followed by a presentation of the laser set-up which is used for photoionsation,

Doppler cooling and future state preparation and readout. The engineering of the optical

system used for ion imaging and qubits state detection is then discussed. Finally, this work

is concluded by presenting images of cold trapped 174Yb+ ions, thereby demonstrating that

the apparatus has reached operational status.

1.5 Chapter contributions

From the initial engineering of this apparatus to the trapping of the �rst ions, this project

has been the fruit of e�orts distributed amongst several participants. Here are compiled

the contributions made by other members of the Sussex IQT group:
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� Chapter 2. The theoretical framework that will be used in this set-up for long-

wavelength coherent manipulation of 171Yb+ hyper�ne qubits were largely developed

by S. Weidt and J. Randall.

� Chapter 3. The concept, design, optimisation, analysis and modelling of self-compens-

ated CCWs integrated within a microfabricated ion-trap module is entirely my own.

The design of ion-trap modules was done in collaboration with N. Johnson, R. Puddy,

S. Hong and M. Siegele. The �nal geometrical layout of the ion-trap surface elec-

trodes was made by S. Hong and M. Siegele. The numerical study of the e�ects of

ion-trap misalignment for inter-module ion transport was done by Z. Romaszko. The

microfabrication of the ion-trap modules with integrated CCWs was carried out by

S. Hong and M. Siegele. Tests carried out for the characterisation of the fabricated

device spanned over several years and was led by myself and assisted by N. Johnson,

F. Bonus and M. Akhtar.

� Chapter 4. The work presented in this chapter is entirely my own.

� Chapter 5. The choice of cryogenic cooling system that was pursued resulted from

work carried out jointly by N. Johnson and myself. The design and manufacture of

the system was carried out in collaboration with an industry partner (AS Scienti�c

Products, Ltd). The thermal modelling, �uid mechanics analysis, performance eval-

uation, and vibration measurement of the scalable cryogenic system is entirely my

own work.

� Chapter 6. The indium die-bonding procedure was developed and optimised by

myself and brought to completion an idea �rst initiated by A. Grounds. The design,

modelling and numerical simulations relating to the engineering of the cryogenic heat

sink, cryogenic support structure, manual alignment system, and low-temperature

instrumentation is entirely my own. The in-vacuum PCB was designed by N. Johnson

and its thermal modelling was carried out by myself. The construction of the atomic

ovens and microwave patch antenna was carried out by N. Johnson and the analysis

of their suitability for this set-up was carried out by myself. The design of the

ultra-high vacuum chamber was carried out jointly between myself and N. Johnson.

Later, its assembly and bake-out was done together with M. Akhtar and F. Bonus.

The manual positioning and alignment of the two trapped-ion quantum computing

modules was carried out by myself.

� Chapter 7. The hardware for the ARTIQ experimental control system used for this

experiment was developed jointly by F. Bonus and myself. The software development
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side for the control system results from a joint e�ort between M. Akhtar and F.

Bonus. The external DC �ltering system was constructed by S. Hile, F. Bonus and

myself. The helical resonators used for the trapping RF set-up were constructed by

N. Johnson. The high-current unit capable of delivering fast switching currents was

engineered by H. Godwin while the coherent microwave and RF set-up was developed

by N. Johnson and myself. The laser set-up and beam delivery to the ion-trap module

was developed iteratively between M. Akhtar, F. Bonus and myself. The ion imaging

and qubit-state detection system is exclusively my work.
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Chapter 2

Trapping and laser-free manipulation

of ytterbium ions

The con�nement of the �rst atomic ions dates back to the 1950s with recent decades bring-

ing signi�cant improvement for the coherent manipulation of trapped ion qubits. In this

chapter, the techniques needed for ion trapping are presented. With ion traps now being

a mature technology, only a succinct overview of their operation is provided. The selec-

tion of ytterbium as ion species is highlighted and the mechanisms for ion loading and

Doppler cooling are detailed. Techniques for qubit state initialisation, readout, and co-

herent manipulation with 171Yb+ are discussed. A method for conditional quantum logic

that is compatible with a scalable QCCD approach is discussed. Finally, these considera-

tions form the requirements the experimental apparatus must ful�l to deliver high-�delity

two-qubit gate capabilities.

2.1 Ion trapping fundamentals

The con�nement of charged particles such as atomic ions has been, and remains, instrumen-

tal to fundamental studies in atomic physics. More recently, it has opened technological

pathways for quantum sensing, quantum simulation and quantum computing. Such a

wide range of applications is primarily provided due to trapped ions being well isolated,

yet controllable, quantum systems. Indeed, ions suspended in free space interact weakly

with their environment, thereby o�ering access to unrivalled coherent properties [45]. In

addition, the manipulation of their quantum state is possible through externally applied

electromagnetic �elds. Owing to these attributes, trapped ions constitute an ideal platform

from a quantum information processing standpoint.
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2.1.1 Ion traps

Key to the understanding of ion trapping mechanics is the concept that a charged particle

cannot be con�ned in free space through the sole use of static electric �elds. Indeed, a

particle of charge e at a position (x, y, z) in an electric potential V is subject to a force

F = −e∇V (x, y, z). To provide a restoring force pointing towards a single point in space,

it is critical that the second derivative of the electric potential along each of its Cartesian

components is positive. However, from Gauss's law ∇ ·E = 0, and given that the electric

�eld E relates to the electric potential by E = −∇V , it becomes evident that all three sec-

ond derivatives cannot satisfy this condition. This is commonly referred to as Earnshaw's

theorem [94] which establishes that no stable equilibrium position is allowed using only

electrostatic �elds.

Nevertheless, it is possible to overcome this fundamental obstacle by either using a

combination of electrostatic �elds together with a homogeneous static magnetic �eld (Pen-

ning trap), or by using a combination of static and oscillating electric �elds (Paul trap).

Historically, the former approach was �rst demonstrated by Hans G. Dehmelt (1959), while

the latter concept is attributed to Wolfgang Paul (1953) [95]. For their crucial contribution

to ion trapping schemes, both H. G. Dehmelt and W. Paul were awarded* a Nobel Price

in 1989 [96].

In a Paul trap, the time-varying electric potential � oscillating in the radio-frequency

(RF) regime � produces an e�ective radial focusing e�ect towards a single point in

space [97]. On average, the potential generated is analogous to that provided by a nearly

harmonic well. It forms the so-called pseudopotential. Remarkably, the armatures of a

Paul trap may be arranged such that the oscillating RF �elds solely provides radial con-

�nement. An inhomogeneous static electric �eld then produces a harmonic potential along

the remaining axial direction such that the ion is fully con�ned. This forms a linear-style

Paul trap within which ion strings may also be stably suspended as shown in Fig. 2.1

(central panel). Adding a time-dependency on this axial potential then allows one to dis-

place ions along this direction, permitting ion transport operations [60, 87, 88] along with

ion separation [87, 88, 98] and recombination [88, 98]. Nevertheless, there exists a set of

conditions that must be satis�ed to ensure that this time-dependent quadrupole poten-

tial can indeed stably con�ne ions. Such conditions are given by the Mathieu di�erential

*also jointly awarded to Norman F. Ramsey
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Figure 2.1: Advances in ion-trap designs from the original Paul trap concept to more scalable
microfabricated surface-electrode structures. Gold elements denote conductors subject to DC static
potentials, brown elements denote conductors subject to oscillating RF voltages and purple dots
indicate trapped atomic ions. (left) Seminal RF Paul trap design using hyperbolically shaped
structures (RF ring and DC endcaps) [97]. The hyperbolic ring element has been cut for clarity.
(centre) A linear RF Paul trap design using mechanically machined rods as electrodes [101,102].
Two end caps (not shown for clarity) are used for the axial con�nement of a chain of trapped ions
or, alternatively, the DC rods may be segmented. Note that hyperbolically shaped rails or blades
may also be used to reduce anharmonicities in the quadrupole potential. (right) The electrodes of
a linear ion trap may also be projected onto a plane to form a surface-electrode ion trap [59,103].
The latter con�guration is then well suited to lithography-based microfabrication methods.

equations [99]. These give solutions to the equation of motion where the ion experiences

limited amplitudes of oscillation within the trap. For a formal derivation and analysis of

the equations of motion in various Paul or Penning trap con�gurations, the reader may

consult P. Ghosh's book entitled `Ion Traps' [100].

From the solutions to the equations of motion for a standard linear Paul trap potential

driven at an oscillating RF frequency ΩRF, two main oscillating terms arise. The �rst

one is associated with the `secular' motion of the ion. This corresponds to the motion of

the ion within both harmonic axial potential and radial pseudopotential. The harmonic

oscillation of the ion is therefore characterised by the natural frequencies of these potentials.

The radial secular frequency ωr and axial secular frequency ωz are expressed by

ωr =
eηRFVRF

mΩRFr2
0

, ωz =

√
2eηDCVDC

mz2
0

, (2.1)

where ηRF and ηDC are the geometric e�ciency factors�. VRF and VDC are, respectively,

the voltage amplitudes of the trapping RF signal and the static voltage applied to the DC

�Where 0 ≤ ηRF ≤ 1 and 0 ≤ ηDC ≤ 1 respectively depend on the shape of the trapping RF and DC
electrodes.
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electrodes. r0 and z0 are the distances from the centre of the trap to the RF and DC

electrodes respectively. m is the mass of the trapped ion. The second oscillating term is

driven at the frequency ΩRF which corresponds to fast oscillations of the ion and matches

the frequency of the time-dependent voltage applied to the RF electrodes. This is com-

monly referred to as `intrinsic micromotion'. Note that additional micromotion may occur

as a result of o�set voltages on the DC trap electrodes in which case the minimum of

the trapping potential may no longer overlap with that of the RF pseudopotential. Here,

`extrinsic' micromotion occurs as the ion is displaced from the RF nil and must be recti�ed

in a procedure known as micromotion compensation.

A signi�cant advantage of the Paul trap con�guration is that the trapped particle can

be brought nearly to rest after compensating for extrinsic micromotion and using laser

cooling methods (such as the one presented in Section 2.2.2). Conversely, atomic ions in

a Penning trap follow meta-stable orbits owing to the refocusing e�ect of the magnetic

�eld [104]. In addition, the large homogeneous magnetic �eld used in Penning traps inher-

ently leads to the splitting of magnetic sensitive sub-levels. This trapping-scheme induced

Zeeman splitting may then be detrimental to some experimental objectives where precise

control over the splitting of energy levels is required. For these reasons a Paul trap is used

in this work.

From a technological implementation perspective, much progress has occurred over the

past 70 years as is presented in Fig. 2.1. A detailed review of the evolution of RF Paul

trap structures from their advent can also be found in this Ref. [61]. Today, advances in

microfabrication technologies allow evermore complex monolithic designs to be pursued.

Therefore, Paul traps continue to assert themselves as speci�cally well-suited platforms

for quantum information processing applications. It may also be noted that a similar

miniaturisation e�ort is being carried out with planar Penning traps [105�108] and a scal-

able quantum computing architecture based on this approach has also been proposed [109].

In this thesis a surface-electrode (also called planar) con�guration is chosen to realise

the ion-trap module owing to its compatibility with a scalable QCCD architecture (see

Section 1.2.1). The full design of the trap is presented and discussed later in Section 3.2.

From a system design and experimental perspective, it is important to consider the a and

q stability parameters (derived from the Mathieu di�erential equations) for which stable
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ion con�nement is permitted. In the case of a RF Paul trap using hyperbolic conductors

(as in the left-hand side panel of Fig. 2.1), these read [97]:

a =
4eVDC

mr2
0Ω2

RF

, q =

√
2eVRF

mr0ΩRF
. (2.2)

Solely from an ion trapping perspective a small q-parameter is desired to reduce the am-

plitude of intrinsic micromotion, while from considerations on motional and internal state

decoherence high secular frequencies should be sought after. However, both such objectives

cannot be simultaneously achieved as can be seen from Eq. 2.1 and Eq. 2.3. In practice,

using q < 0.7 and |a/q2| < 0.4 provides suitable regions for stable ion trapping [110, 111]

with low q-parameter values being preferred during initial trapping runs (q ≈ 0.3). For

the surface-electrode con�guration, it is appropriate to use a revised formula for the q-

parameter that considers the planar geometry of the trap [112,113]:

q =

√
eVRF

mΩRF

8(b− a)

π
√
ab(a+ b)2

, (2.3)

where a and b are geometrical dimensions of the surface trap as shown in Fig. 2.1 (right-

hand side panel).

2.1.2 Ion Coulomb crystal

As mentioned, a single trapped ion in a Paul trap is nearly at rest when the trap parameters

are optimally chosen and when the ion possesses little kinetic energy. But more than one

ion may be con�ned in a Paul trap. Such a scenario is illustrated in the central panel

of Fig. 2.1. For instance, in a linear trap where the radial con�nement is much stronger

than in the axial direction, cold trapped ions naturally organise themselves into a string.

This results from the combination of the axial trapping potential provided by the DC

static voltages together with the Coulomb interaction between ions as they hold a similar

charge. The axial con�nement has a global focusing e�ect on the ion ensemble while

the Coulomb interaction leads to their mutual repulsion. Such linear ion strings are a

speci�c arrangement of crystal-like structures known as Coulomb crystals. A remarkable

property of ion strings is that their motion is characterised by independent radial and

axial oscillations. The total potential which combines the e�ects of the one-dimensional
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trapping harmonic potential and ion-ion Coulomb repulsion between N ions is [114]:

Vtot =

N∑
j=1

1

2
mω2

zzj(t)
2 +

N∑
j,k=1
j 6=k

e2

8πε0

1

|zj(t)− zk(t)|
, (2.4)

with zj(t) being the position along the axial direction associated to the jth ion and where

ε is the vacuum dielectric permittivity. At equilibrium, when ions have negligible kinetic

energies, the steady-state location of each ion is given by the positions for which the

gradient of the total potential experienced by each individual ion is nil. For N > 3, this

forms a system of coupled equations which must be resolved numerically. Inspection of

the numerical solutions suggests that the minimal inter-ion spacing dion−ion as a function

of any number of ions follows the rule [114]:

dion−ion =

(
e2

4πεmω2
z

)1/3 2.018

N0.559
, (2.5)

which occurs at the centre of the chain, with ions being more loosely packed towards its

extremities. The full quantum mechanical treatment of the motion of ions in a chain is

discussed in details in Ref. [114]. The strong coupling between ion qubits along the ax-

ial direction is an ideal means to transfer quantum information between them. From a

quantum computation perspective this is also attractive as this con�guration o�ers full

connectivity between any two qubits within the chain. Recently, systems implementing

20 [49] and 53 [51] ions have used this method for multipartite entanglement with neigh-

bouring qubits and to demonstrate quantum simulation capabilities respectively. However,

such an approach also su�ers from practical limitations. The number of ions held in a chain

and the length of the quantum algorithm that can be executed are limited by the rate of

collisional events between ions and the surrounding background gas and limitations from

the motional mode density. In practice, useful chains are limited to ∼100 ions [47], with

larger ion numbers only achievable through improvement of the ultra-high vacuum envi-

ronment. This currently requires cryogenic technologies [52] that may not be compatible

with a scalable approach.

In the research groups' proposed QCCD architecture these problems are eliminated.

Ions will be distributed in an array with only pairs of ions sharing their quantum informa-

tion through their motion at dedicated quantum logic zones. The study of the dynamics of

a system of two ions shows that two modes of motion are possible for the ion around their
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equilibrium position. In the �rst mode, the pair is strongly bound and may oscillate in

phase as if it were one particle oscillating around its centre of mass. This mode of motion

is the so-called centre of mass (COM) mode which oscillates at the same frequency as

the trap axial secular frequency ωz. The second case, however, imparts a relative motion

between each ion where these are π out-of-phase with one another. This mode of motion

is referred to as the `stretch' mode with a frequency ωs such that ωs =
√

3ωz [91].

2.2 The ytterbium ion

For this experiment, ytterbium, a rare earth metallic element, is used. More speci�cally,

amongst the myriad of stable ytterbium isotopes available, 171Yb and 174Yb atomic species

are selected. 174Yb is excellent for simple ion trapping experiments while 171Yb is reserved

for quantum information processing experiments. There are several factors that motivate

their use.

When ionised, ytterbium possesses only a single outer valence electron which provides

transitions between electronic energy levels that are conveniently addressed using commer-

cial diode lasers. This facilitates ionisation and Doppler cooling, which are both prerequi-

site to trapping. Of the two isotopes, 174Yb is the most abundant in nature (∼34%) with

a simple electronic structure solely addressable using optical wavelengths. Using 174Yb+

ions for initial ion trapping experiments is therefore ideal. It allows one to con�rm that the

trap is operating as desired and provides a test bench to optimise trapping and shuttling

parameters (micromotion compensation, secular frequencies, potential waveform for ion

transport etc.). It is a stepping-stone prior to trapping 171Yb+.

By contrast, 171Yb+ possesses an odd number of nucleons that gives rise to a non-zero

nuclear spin. Here, the coupling between the atom's nuclear spin and electron spin results

in a well de�ned hyper�ne electronic structure. This is useful as an atom's hyper�ne levels

provide long-lived quantum states with excellent coherence times to which may be used

as qubit states. Furthermore, the magnetic �eld sensitive splitting of the Zeeman states

enable the use of a laser-free scheme for quantum state manipulation. However, from an

experimental standpoint, 171Yb+ is more complex to implement as additional transitions

must be addressed by both microwave and optical �elds.
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Figure 2.2: Energy level diagram with states relevant to the two-stage photoionisation process
of a neutral ytterbium atom. The transition between the 1S0 ground state to the 1P1 state is
isotope dependent. Tuning the transition wavelength to be resonant with a target transition energy
(171Yb: 399.91084 nm or 398.91067 nm and 174Yb: 399.91128(3) nm [115]) allows to selectively
load a speci�c isotope within the trap. Laser light at 369.5nm then o�-resonantly promotes the
outermost electron from the 1P1 energy level to the continuum.

2.2.1 Isotope-selective photoionisation

Ytterbium ions are loaded within the trap from a neutral atom beam originating from a

thermal source (see Section 6.7). To be trapped by the electric �eld potential, a neutral

atom must be stripped of its outermost electron as it crosses the trapping potential. The

photoionisation energy of neutral ytterbium atoms is 6.25 eV [116] and corresponds to

an excitation from the ground state 1S0 to the continuum. The energy necessary for

this transition can be delivered by a photon with a wavelength of 198.3 nm as shown

in Fig. 2.2. However, laser light at this wavelength is di�cult to both generate and

deliver to the trap. Instead, an isotope-dependent two-photon absorption process that is

experimentally simpler to realise can be used. Firstly, a laser wavelength in the proximity

of 399 nm (the exact transition frequency depends on the selected isotope) excites the

electronic transition from the 1S0 ground state to the 1P1 state. Promoting the electron

to the continuum from this state is then achieved through the non-resonant absorption of

a photon with a wavelength lower than to 397.1 nm. As will be shown in the next section,

369.5 nm laser light is required during further operations such as Doppler cooling along with

state preparation and detection for 171Yb+. As a reference to the reader, the necessary

wavelength for photoionisation depending on the isotope used have been tabulated in this

Ref. [115].
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2.2.2 Doppler cooling

Laser Doppler cooling constitutes a key technique to remove the ion's initial thermal energy

following photoionisation (thermal atom sources have a typical temperature T = 700K)

such that the ion is stably con�ned by the trapping potential. Furthermore, Doppler

cooling prevents the ion from acquiring excessive kinetic energy through motional heating

which would otherwise result in the ion escaping the trapping potential, thereby reducing

the trapped ion lifetime. In essence, the Doppler cooling mechanism operates using a light

�eld that is slightly below resonance �`red-detuned'� from a target energy transition of

the trapped ion. As the ion's motion opposes the laser propagation direction, the transition

becomes resonant with the laser �eld from the ion's frame of reference due to the Doppler

e�ect. Here, the ensuing photon absorption is dependent on the magnitude and direction

of the ion velocity and direction in the trap harmonic potential. This imparts the ion with

a momentum kick which opposes its motion. This is followed by ion �uorescence as the

excited state spontaneously decays to a lower energy level. Therefore, over several repeti-

tions there is a directional momentum transfer to the ion due to photon absorption while

the net momentum transfer from spontaneous emission is zero, as �uorescence photons

are emitted in random directions. Overall, this leads to an e�ective loss of kinetic energy

which corresponds to the ion being cooled down. The full analytical treatment of Doppler

cooling mechanics is presented in detail in Ref. [117]. Remarkably, the e�ectiveness of

Doppler cooling is reduced at low kinetic energies. This establishes a �nite limit on the

trapped ion temperature TD as a result of the recoil of the ion during the spontaneous

emission of �uorescence photons. The temperature of the ion at the Doppler limit is given

by [117,118]:

TD =
~Γ

2kB
, (2.6)

where ~ is the reduced Plank constant, Γ is the linewidth of the atomic transition from

which the laser light is red-detuned (80�100MHz), and kB is the Boltzmann constant. This

is equivalent to the ion having a kinetic energy of ~Γ/2. In practice, the atomic transitions

selected for Doppler cooling should be to a short-lived energy level (small natural linewidth

Γ) such that the fast scattering rate results in minimal ion temperature. In addition, the

dependence of the Doppler cooling on the magnitude and direction of the velocity of the

trapped ion with respect to the direction of propagation of the cooling beam is also of

practical signi�cance. The cooling beam wavevector must have components along all three

principal axes of the trap which, in turn, impacts the design of the trap and surrounding

apparatus.
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Figure 2.3: Energy level diagram of the relevant atomic transitions for the Doppler cooling of
174Yb+ and 171Yb+. The 369.5 nm laser light constitutes the main cooling beam which is slightly
red-detuned from the 2S1/2 ↔ 2P1/2 resonant frequency for 174Yb+ and the 2S1/2(F = 1) ↔
2P1/2(F = 0) resonant frequency for 171Yb+. Note that no external magnetic �eld is applied.
Solid black arrows corresponds to the excited microwave transition at 12.64GHz. Dashed grey
arrows correspond to transitions from spontaneous decay. Parallel grey arrow corresponds to an
excitation from a collision with the background gas. The glow surrounding the 935.1 nm and
638.6 nm wavelengths for 171Yb+ signify that these laser lights are power broadened by several
gigahertz to cover all possible hyper�ne transitions.

174Yb+ Doppler cooling. For the Doppler cooling of 174Yb+, the main cooling beam,

from which the wavelength is slightly red-detuned, matches the energy separation of the

2S1/2 and 2P1/2 electronic states. This latter state is extremely short lived (τ ≡ 2π/Γ =

8.5 ns) and will spontaneously decay back to 2S1/2 with a probability of 99.5% by emitting

369 nm �orescence photons at a rate of 123.4MHz. However, in the remaining 0.5% of

cases, the 2P1/2 energy level will decay to the 2D3/2 state. In this event, Doppler cooling is

stopped. The 369.5 nm cooling beam can no longer excite the ion and it becomes trapped

in a `dark' state as no �uorescence photons are scattered. It is therefore important that

the cooling cycle is `closed' by addressing the relevant transitions so as to reach electronic

states which can spontaneously decay back to 2S1/2. These relevant atomic transitions are

shown in the energy level diagram for 174Yb+ in Fig. 2.3 (left-hand side panel). Here,

a second light �eld in the infra-red (IR) at 935.2nm is used to drive 2D3/2 ↔ 3[3/2]1/2.

After excitation to the 3[3/2]1/2 energy level, the state then freely decays back to 2S1/2

and the main cooling transition is repopulated. The 935.2 nm IR light e�ectively acts as

a `repump' laser. On rare occasions, the inelastic collision between the trapped ion and
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a background gas particle may cause the 2D3/2 state to be promoted to the 2F7/2 state.

A second repump laser at 638.6 nm can then be used to populate the 1[5/2]5/2 state from

2F7/2, which then eventually decays back to 2S1/2, thereby fully closing the Doppler cool-

ing cycle. In practice, however, the second repump laser might be unnecessary given that

the collisional population transfer to 2F7/2 occurs on a less-than-daily average rate.

171Yb+ Doppler cooling. In the case of 171Yb+, the 1/2 nuclear spin imposes a more

demanding set-up, requiring more �elds to address the additional hyper�ne transitions

and close the cooling cycle. The atomic transition and the hyper�ne splitting of energy

levels relevant to the Doppler cooling cycle are shown in Fig. 2.3 (right-hand side panel).

Both 2S1/2 and 2P1/2 energy levels are split into states with angular momentum F = 0

and F = 1 as a result of the interaction between the magnetic moment of the electron

and atom's nucleus. Here, the 2S1/2(F = 1) ↔ 2P1/2(F = 0) transition (with natural

linewidth Γ/2π = 19.6MHz) constitutes the main transition which is addressed during

laser cooling with a frequency of 369.5 nm (also slightly red detuned). Nevertheless, o�-

resonant excitation of the 2S1/2(F = 1) ↔ 2P1/2(F = 1) which leads to the population

of the 2P1/2(F = 1) energy levels may occur. Owing to selections rules for electronic

transitions, the latter state cannot spontaneously decay back to the initial 2S1/2(F = 1)

state. Instead, only spontaneous decay to the 2S1/2(F = 0) or one of the two hyper�ne

state of 2D3/2 is permitted. Addressing the energy separation between the F = 0 and F = 1

states of the 2S1/2 manifold requires microwave radiation at 12.64GHz. Experimentally,

this may be realised using an in-vacuum microwave antenna as discussed in Section 6.8,

although other techniques are available. Repumping out of the F = 0 and F = 1 states of

2D3/2 is then possible using power broadened 935.2 nm laser light. A similar technique on

the second repump laser at 638.6 nm can be used to return to the main cooling transition

after the hyper�ne levels of 2F7/2 have been populated via collisions with background gas.

Here, power broadening of the repumping optical wavelength is suitable to bridge over

these hyper�ne levels as their energy separation is limited to less than 3.6GHz.

2.2.3 171Yb+ as hyper�ne qubit

As previously shown, 171Yb+ possesses a hyper�ne structure with the 2S1/2 energy level

split into two sub-levels 2S1/2(F = 0) and 2S1/2(F = 1) due to the possible combinations of

nuclear and electronic 1/2 spins. In addition to this intrinsic energy splitting, the hyper�ne

levels may split further in the presence of an external static magnetic �eld owing to the
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Figure 2.4: Energy level diagram of the 2S1/2 ground state manifold of 171Yb+ with and without
an externally applied magnetic �eld. In the absence of external magnetic �eld (|B| = 0), energy
levels within the F = 1 sub-manifold are degenerate and the 2S1/2(F = 0) and 2S1/2(F = 1)
hyper�ne levels are separated by ωhf . When a magnetic �eld is applied (|B| > 0), the degeneracy
is lifted. If the �eld is weak, the clock states are separated with a transition angular frequency
ω0 ≈ ωhf while the bare states are separated from the |0′〉 clock state by ω− ≈ ω+ ≈ µBB/~ where
µB is the Bohr magneton.

Zeeman e�ect. Here, the hyper�ne level with non-zero total angular momentum F = 1

constitutes a manifold with state |−1〉 ≡ |F = 1,mF = −1〉, |0′〉 ≡ |F = 1,mF = 0〉 and

|+1〉 ≡ |F = 1,mF = +1〉. If the external magnetic �eld is nil (|B| = 0), these energy levels

are degenerate, however, once a magnetic �eld is applied (|B| > 0) this degeneracy is lifted

and the three states are separated by a �nite energy di�erence. This e�ect is illustrated in

Fig. 2.4. The orientation of the applied magnetic �eld at the ion position also de�nes the

quantization axis. This sets important polarization requirements for the interaction with

external optical and microwave �elds as discussed in the following section. All coherent

work with 171Yb+ uses states within the 2S1/2 hyper�ne ground state. For clarity the

following naming convention is used: `clock' states are de�ned as the two states with

mF = 0 and are denoted by |0〉 ≡ |F = 0,mF = 0〉 and |0′〉 ≡ |F = 1,mF = 0〉 while `bare'

states designate the two magnetic states |−1〉 and |+1〉. The angular frequency ω0 resonant

with the transition between the clock states is given by the Breit-Rabi formula [119]:

ω0 = ωhf

√
1 + χ2 , (2.7)

with χ = gjµBB/(~ωhf) where gj is the Landé g-factor and µB is the Bohr magneton�.

The transition is therefore only second-order sensitive to a variation in the magnetic �eld

magnitude. In a weak magnetic �eld, the transition angular frequency is thus ω0 ≈ ωhf =

2π× 12.6428121GHz. These states also have a long coherence time [45,120], however, the

�Note that contributions from the nuclear spin and nuclear magneton are neglected as these are much
smaller than µB
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lack of magnetic �eld dependency prevents the transition from being used in a scalable

quantum information processing architecture with long-wavelength radiations. On the

other hand, the angular frequencies ω− and ω+ separating the bare states |−1〉 and |+1〉

from the |0′〉 clock state depends on the magnetic �eld via χ as [119]

ω− = −ωhf

2
(1− χ−

√
1 + χ2) ,

ω+ =
ωhf

2
(1 + χ−

√
1 + χ2) .

(2.8)

Under the assumption of a weak magnetic �eld,
√

1 + χ2 ≈ 1 which means ω− ≈ ω+ ≈

µBB/~. Hence, the transition frequency between these states is linearly dependent on

the applied magnetic �eld. In a magnetic �eld of magnitude 10G this corresponds to

ω− ≈ ω+ ≈ 2π × 14MHz which is in the RF region of the electromagnetic spectrum.

The demonstration of Rabi oscillations between |0〉 and |+1〉 states [121] have shown that

they are short lived due to the bare state �rst-order sensitivity to magnetic �eld noise.

To overcome this challenge it is possible to engineer clock-like states that are inherently

protected from magnetic �eld noise while remaining sensitive to an externally applied static

magnetic �eld. Such clock-like states are referred to as `dressed' states and their generation

is discussed in Section 2.3.2. This allows one to address each ion qubit individually in a

scalable architecture by tuning this quantum engineered qubit transition in and out of

resonance with global radiation �elds. Full details of the dressed state approach can be

found in in these Refs. [121, 122] and their use to perform quantum logic in a scalable

manner in Ref. [91].

2.2.4 State initialisation and detection

As stated earlier by the DiVincenzo criteria in Section 1.1.1, the ability to reliably prepare

and measure qubits states is a crucial requirement for quantum computation. For exper-

iments with 171Yb+, the hyper�ne qubit is initialised in the |0〉 ≡
∣∣2S1/2, F = 0

〉
clock

state while state detection must discriminate between |0〉 and |1〉. Here, the quantum

state |1〉 is de�ned as any of the magnetic sub-levels (mF = −1, 0 or +1) belonging to

the 2S1/2(F = 1) hyper�ne manifold. This encompasses both the clock state |0′〉 and bare

states |−1〉 and |+1〉.

State preparation. State preparation consists of driving the excitation to a set of known

energy levels that eventually decay into the target stable state. The frequencies used to ex-

cite to these energy levels are chosen to not be resonant with any transition accessible from
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Figure 2.5: Energy levels used for state preparation and detection with 171Yb+. (left) Prepara-
tion of 171Yb+ in the hyper�ne state 2S1/2(F = 0). A laser �eld resonantly excites the 2S1/2(F = 1)
to 2P1/2(F = 1) transition. Spontaneous decay from this state directly populates the 2S1/2(F = 0).
Alternatively, the 2S1/2(F = 0) state is eventually populated after cycling through the hyper�ne
levels of 2D3/2 which are repumped by the power broadened (red glow) 935.2 nm. Over time, the
population of 2S1/2(F = 0) ground state increases. (right) Detection of the hyper�ne qubit in
either 2S1/2(F = 0) or 2S1/2(F = 1). 369.5 nm laser light resonant with the 2S1/2(F = 1) ↔
2P1/2(F = 0) transition is used to interrogate the 171Yb+ qubit. Any population in 2S1/2(F = 1)
is promoted to the 2P1/2(F = 0) energy level and may only decay back into the same initial state.
This results in a repeated excitation-emission cycle. Spontaneously emitted 369.5nm photons are
then collected by a detector from which one infers that the qubit was projected onto 2S1/2(F = 1).
The absence of detected 369 nm �uorescence photons suggests the hyper�ne qubit is projected on
the state 2S1/2(F = 0). Note that in both cases the microwave �eld at 12.64GHz is not applied.

the target state. In the absence of o�-resonant coupling, population transferred to this en-

ergy level remains inde�nitely trapped there. For the initialisation of the 171Yb+ hyper�ne

qubit into 2S1/2(F = 0), the same set of lasers as already arranged for Doppler cooling is

used. Here, however, the 369.5 nm laser �eld is detuned by 2.1GHz to be resonant with

the 2S1/2(F = 1)↔ 2P1/2(F = 1) transition. Experimentally, this is achieved by installing

an electro-optic modulator in the laser beam path as discussed in Section 7.6. Following a

similar cycle between atomic transitions as with Doppler cooling, spontaneous decay into

2S1/2(F = 0) is expected. With the 12.64GHz microwave �eld turned o�, however, exci-

tation within the hyper�ne levels of 2S1/2 cannot occur. Therefore any initial population

in the 2S1/2 hyper�ne manifold will necessarily be transferred to |0〉 ≡
∣∣2S1/2, F = 0

〉
over

time, and will not be able to pumped out of this state. Using this scheme, the typical error

associated with state preparation is <10−4 [121].

State readout. The mechanism that is used for state detection relies on the discrimina-
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tion between the F = 0 and F = 1 hyper�ne levels of 2S1/2 ground-state manifold. This

is is achieved by repeatedly driving a transition exclusively associated with one of the two

states and coupled to a third energy level. The presence or absence of �uorescence from

this resonant excitation then allows one to infer into which state the qubit was originally

projected onto. Here, 369.5 nm laser light is resonant with 2S1/2(F = 1) ↔ 2P1/2(F = 0).

Any projection of the hyper�ne qubit state into
∣∣2S1/2, F = 1

〉
will then be excited to

2P1/2(F = 0). This latter state will then spontaneously decay back to 2S1/2(F = 1) and

the excitation-emission cycle can be repeated. Note that 935.2 nm laser light is also applied

(not shown in Fig. 2.5) and accounts for a decay into one of the 2D3/2 hyper�ne levels.

Again, the microwave �eld at 12.64GHz remains turned o�. In practice, the laser �elds

are applied for a �xed duration and the number of collected 369.5 nm �uorescence photons

are counted during this period. The number of photons collected by the detector follows a

Poissonian distribution and a threshold method can be used to discriminate between the

two states. Here, if the number of detected photons is bellow the threshold, the qubit

state is considered to be `dark', i.e. |0〉 ≡
∣∣2S1/2, F = 0

〉
. Conversely, if it is superior to

the threshold the state is found to be `bright', i.e. |0〉 ≡
∣∣2S1/2, F = 1

〉
(with mF = −1, 0

or +1). Note that the threshold and detection time can be optimised such that state dis-

crimination can be performed with high accuracy. Equally, many aspects of the detection

set-up must be considered during its engineering. The full detection set-up and method

used in this work are presented in Section 7.7. There also exist alternative and more re�ned

methods for qubit state readout. For instance, the additional information provided by the

�uorescence photon's time-of-arrival may be used [123].

Field polarisation. Equally important from a practical standpoint, is the role of the

polarisation of the microwave and laser �elds. For Doppler cooling, state preparation, and

detection to work optimally, it is critical that an external magnetic �eld is applied to the

ion. This may be provided locally by structures embedded within the trap (as presented

in Chapter 3), or using a global system of Helmholtz coils �tted on the apparatus air-side.

This external magnetic �eld clearly imposes a quantization axis overpowering the one

set by the interaction with random laboratory magnetic �eld �uctuations. As seen in the

previous section, the hyper�ne levels with F 6= 0 are split via the Zeeman e�ect. Addressing

speci�c Zeeman sub-levels then requires consideration of the polarisation of the transition.

A linearly polarized transition, i.e. a π-transition, maps states that have the same angular

momentum, i.e. ∆mF = 0 or ∆mj = 0. Conversely, transitions between states with
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Figure 2.6: Diagram of the polarisations associated to the electric (2S1/2 ↔ 2P1/2) and magnetic
(2S1/2(F = 0) ↔ 2S1/2(F=1)) dipole transitions of 171Yb+. Further details are given in the main
text.

di�erent angular momenta such that ∆mF = ±1 or ∆mj = ±1 are called circularly

polarised transitions. They are denoted as σ±-transitions. Transitions of interest, which

are addressed by laser (369.5 nm) or microwave �elds (12.64GHz), are illustrated in Fig.

2.6. Here, the 2S1/2 ↔ 2P1/2 constitutes an electric dipole transition while the transition

within the hyper�ne level of 2S1/2 is a magnetic dipole transition [124]. For the π-transition

of the electric dipole transition to be driven, the electric component of the linearly polarised

laser �eld must be parallel to the quantization axis. If the linearly polarised laser �eld

is perpendicular to the quantization axis then both σ−- and σ+-transitions are driven.

Experimentally, this is realised by manipulating the polarisation of the laser beam using

quarter-wave and half-wave plate as discussed in Section 7.6.1 such that �eld components

are equally projected on both axes. For the magnetic dipole transition driven by the

microwave �eld, the opposite rule applies with regards to the orientation of the 12.64GHz

�eld with respect to the quantization axis. Experimental consequences are discussed further

in Section 6.8.

2.3 Laser-free quantum logic

As introduced earlier in the DiVincenzo criteria, universal control of multiple qubits via

single- and two-qubit quantum gates is a fundamental necessity for quantum computation

(see Section 1.1.1). Single-qubit gates are realised by coherently driving various individual

transitions that form the qubit. This coherent manipulation of a targeted ion qubit there-
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fore requires precise and individual ion addressability. To perform conditional quantum

logic operations, a method must be accessible to couple the internal state of two ions. How-

ever, the intrinsic spin-spin coupling between adjacent trapped-ion qubits is vanishingly

small. By contrast, ions con�ned in a common trapping potential share the same collective

motional state due to Coulomb repulsion. Therefore, it is only su�cient to possess a mean

to couple a trapped-ion internal state to its quantized mode of motion. Coupling the spin

and motion of a speci�c pair of ions in a chain then permits quantum information to be

distributed between those through to their collective mode of motion. Such a concept was

originally presented by Cirac and Zoller [33], and made use of ions in their motional ground

state. Further work by Mølmer and Sørensen [38] then expanded the concept to permit

conditional quantum logic in the presence of thermal motion such that `hot' gates may be

realised.

The historical approach that has been followed to perform single- and two-qubit gates

based on these principles makes use of laser �elds. For conditional quantum logic, tran-

sitions can be driven by a pair of counter-propagating laser pulses with slightly detuned

wavelengths. Common optical schemes uses Raman mode-locked lasers [125] where the

generated optical beat note drives microwave and RF transitions. Individual ion address-

ability is realised by combining and tightly focusing the laser beam pair to the location

of each target ion. To coherently drive the two-qubit gate, the resonant absorption of a

photon is accompanied by a momentum transfer which provides a state-dependent `kick'

to the ion. The strength of the spin-motion coupling provided by this momentum transfer

is characterised by the Lamb�Dicke parameter η. This parameter is the square root of the

ratio between the imparted change of the ion kinetic energy and harmonic oscillator energy

provided by the trapping �eld. It is de�ned by:

η ≡

√
(~k)2

2m

1

~ωz
=

2π

λ

√
~

2mωz
, (2.9)

where k and λ are the wavevector magnitude and the wavelength of light �eld respectively.

Remarkably, η follows an inverse law with the laser �eld wavelength λ such that using a

355 nm Raman laser a Lamb�Dicke parameter η > 0.1 is typically expected. This large

coupling between spin and motion has resulted in the demonstration of two-qubit gate

�delities above the threshold for fault-tolerance [40]. Single-qubit gate operations with �-

delities exceeding the required threshold have also been demonstrated with laser light [40].

However, there is a detrimental scaling between the number of required laser �elds and
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the number of ions such that quantum information processing with optical wavelengths

faces a signi�cant obstacle from a scalability standpoint [91]. A hypothetical large-scale

quantum computer using this approach would require an equally sized laser system archi-

tecture. There, each laser �eld would necessitate accurate control over its intensity, phase

and frequency together with requiring micron-precise beam alignment such that large tech-

nological hurdles must be overcome.

Conversely, a laser-free approach relying on microwave and RF radiations may be used

for quantum logic. This approach enjoys practical advantages by contrast with a laser-

based scheme: long-wavelength radiations are simpler to generate and have high phase and

frequency stability. Single-qubit gates with in�delities below 10−6 have also been demon-

strated with microwaves [42]. Nonetheless, this approach faces two key issues. First, there

currently exist no emitter capable of focusing the microwave �eld onto an individual target

ion. This makes single ion addressability di�cult. A second concern is that, recalling Eq.

2.9, it is clear that using long-wavelength radiations alone is not su�cient to drive two-

qubit gates due to the weak spin-motion coupling. Indeed, the stark increase from optical

to microwave wavelength lead to a four-order-of-magnitude reduction of the Lamb�Dicke

parameter.

Both these obstacles can be removed by adding a static magnetic �eld gradient as

originally proposed by Mintert and Wunderlich [92]. Indeed, ions in an inhomogeneous

magnetic �eld are subject to a magnetic o�set which depends on their location. Therefore,

individual ion qubits are clearly distinguishable in the frequency space owing to the Zeeman

e�ect. The issue of single ion addressability with microwaves is thereby resolved. Single-

qubit gates have also been realised with this scheme in combination with dressed states

[122,126]. Furthermore, this additional �eld introduces a spin-dependent force that scales

proportionally with its gradient. The overall e�ect is a drastically enhanced spin-motion

coupling that enables two-qubit gates operation. Conditional quantum logic with this

scheme was �rst demonstrated by Khromova et al. [127] with magnetic sensitive bare

states and further re�ned near fault tolerance by Weidt et al. [91]. In the latter, dressed-

state qubits were used as they are inherently protected against magnetic �eld �uctuations

while still maintaining a sensitivity to the static �eld gradient (see Section 2.3.2). In the

following subsections the mechanisms for spin-motion coupling and a two-qubit gate using

the long-wavelength radiations and magnetic �eld gradient scheme are presented.
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Figure 2.7: Mechanism for the magnetic gradient induced coupling of the ion spin and motion.
(left) Simple case where the harmonic axial trapping potential is not subject to an external spa-
tially varying magnetic �eld. (right) Within an inhomogeneous magnetic �eld, the ion experiences
a spin-dependent (|↑〉 or |↓〉) potential which results from the interaction with its magnetic mo-
ment. The combination of this potential together with the trapping harmonic potential leads to
a shift in the ion's equilibrium position, thereby coupling both internal and external degrees of
freedom.

2.3.1 Spin-motion coupling

As mentioned previously, in laser-driven spin-motion coupling, the momentum transfer to

the ion is supplied by the absorption of an optical photon. However, when using microwaves

this e�ect is too weak to excite the ion's external degrees of freedom. This is circumvented

by means of a magnetic gradient induced coupling. This technique relies on the combined

interaction of the trapping harmonic potential and inhomogeneous magnetic �eld with the

ion resulting in a spin-dependent displacement of its equilibrium position.

Consider �rst an ion with magnetic moment µ interacting with an externally applied

magnetic �eld B. The ion is subject to a potential U = −µ ·B which for a spin 1/2 particle

is further decomposed into U = ±1
2µBB, where B denotes the magnitude of the magnetic

�eld. Here, the positive and negative signs of the potential are associated with each of the

spin state |↑〉 or |↓〉. The magnitude of the force that is applied by the magnetic �eld on

the ion along the axial direction z of the trap is then expressed as F = ±1
2µB∂zB. Thus,

the ion is either in a low �eld seeking or high �eld seeking nature depending on its internal

state. Consider now the harmonic potential by which the ion is trapped along the axial

direction. From a classical perspective, the ion's dynamics is analogous to a mass-spring

oscillator where, from Hooke's law, k = mω2
z with k being the spring constant. If the
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gradient of the magnetic �eld magnitude ∂zB is constant and non-zero over small dis-

placements, the addition of the magnetic �eld leads to a translation of the ion equilibrium

position. This e�ect is illustrated in Fig. 2.7. This displacement from its origin (in the

absence of gradient) is then ∆z = F/k = ±µB∂zB
2mω2

z
. When the magnetic �eld gradient

is always present, a change in the internal state of the ion results in twice the previous

displacement of the equilibrium position such that ∆z = ±µB∂zB
mω2

z
. The ion therefore os-

cillates around its new equilibrium position and has gained the kinetic energy µB∂zB∆z

associated to its change in potential. Thus, intuitively, the microwave photon absorption

triggers a motional energy gain from the translation of the harmonic potential, instead of

being imparted a motional energy change due the momentum transfer of a photon.

From a quantum mechanical perspective, the Hamiltonian H describing a single atom

with internal energy level spacing ~ω con�ned in a harmonic trap coupled to the nth

vibrational mode of frequency ωn is given by

H =
1

2
~ωσz + ~ωna†nan , (2.10)

where a†n and an are the annihilation and creation operators associated to the nth vibra-

tional mode and σz is the Pauli-z matrix. In an inhomogeneous magnetic �eld of magnitude

B = B0 + z∂zB the Hamiltonian can be rewritten and expanded to �rst order such that

H =
1

2
~ωσz +

~µB(B0 + z∂zB)

2
σz + ~ωna†nan . (2.11)

One can see that there is an additional position-dependent shift of the internal energy

splitting. This is the result of the Zeeman e�ect and enables single ion addressability.

Further considerations on the spatial extent of the ion's wavefunction, equilibrium position,

and displacement away from this equilibrium allow one to deduce the coupling strength

between the ion internal and motional degrees of freedom. These derivations can be found

in Ref. [128]. In this context, the spin-motion coupling is characterised by an `e�ective'

Lamb�Dicke parameter

ηeff =
µB∂zB

2ωz
√
m~ωz

. (2.12)

This e�ective Lamb�Dicke parameter ηeff is independent of the wavelength of the radiation

�eld driving the transition, but is a function of the secular frequency ωz. Remarkably, ηeff is

also linearly proportional to the magnetic �eld gradient. Thus the spin-motion coupling is

maximised by achieving as large a magnetic �eld gradient as is possible at the ion location.
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This, in turn, allows to drive two-qubit gates faster and with a higher �delity, as discussed

in the next section. This is well exempli�ed with the following scenario: Assuming a local

static magnetic �eld gradient ∂zB = 100T/m and using a typical axial secular frequency

ωz = 2π × 200 kHz, the expected e�ective Lamb�Dicke parameter is ηeff = 0.085. This

is much larger than η ≈ 10−6 which is found using microwave radiations alone, and is of

the same order as the Lamb�Dicke parameter η characterising optically-driven spin-motion

coupling [121].

2.3.2 Two-qubit gates mechanism

As mentioned in the previous section, a scheme for performing two-qubit quantum logic

with trapped ions was �rst proposed by Cirac and Zoller [33] (1995). It was experimentally

realised in 2003 by Schmidt-Kaler et al. [37] with a �delity of 74%. An obstacle is that this

scheme requires ions to be cooled to their motional ground state. In practice, this can be

achieved via Doppler cooling followed by sideband cooling [34]. However, the remaining

motional energy following imperfect sideband cooling is a limiting factor to the maximum

�delities that can be reached. Later work by Mølmer and Sørensen [38] alleviated this ob-

stacle and provided the theoretical framework to perform quantum gates with ions having

an initial non-zero phonon number. In this scheme, the coupling of the internal states of

two ions relies on two or more radiation �elds applied to each ions with frequencies slightly

`red' or `blue' detuned from resonance. As with the Cirac and Zoller scheme, the collective

mode of motion is used as a means of communication between the internal qubit states.

This method was �rst realised using a laser-base scheme [129] and has more recently been

demonstrated by Weidt et al. [91] with dressed-states using the previously described long-

wavelength and magnetic �eld gradient scheme. A brief overview of the latter scheme is

discussed in what follows.

Firstly, consider the total Hamiltonian H0 describing this two-ion system consisting of

three terms H0 = Hs +Hm +Hs−m. Hs represents the four internal (spin) states |0〉, |−1〉,

|0′〉, and |+1〉 of each 171Yb+ ion. Hm describes the shared axial mode of the ion pair.

Here the speci�c case using the stretch mode of motion is considered. Hs−m represents the

coupling between the ion spin and motion as a result of the interaction with the magnetic
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�eld gradient. These read [91]:

Hs = ~
∑
i=1,2

(
− ω0,i |0〉i 〈0|i − ω−,i |−1〉i 〈−1|i + ω+,i |+1〉i 〈+1|i

)
,

Hm = ~νa†a ,

Hs−m = ~
∑
i=1,2

νηeff,i

(
a†a
)
σz,i ,

(2.13)

where ω0,i, ω0,i and ω0,i corresponds to the transition frequencies presented in Eq. 2.7 and

2.8 for the ith ion. These are di�erent for each ion as, in contrast to laser-based entangle-

ment schemes, the spatially-varying magnetic �eld imposes a di�erent, location-dependent

energy splitting. ν corresponds to the axial stretch mode frequency with ν =
√

3ωz as dis-

cussed in Section 2.1.2. ηeff,i is the e�ective Lamb�Dicke parameter associated to the spin-

motion coupling of the ith ion. For a pair of closely spaced ions where the magnetic �eld gra-

dient ∂zB is constant over their separation ηeff,1 = −ηeff,2 which is calculated from Eq. 2.12.

Lastly, σz,i is the Pauli spin operator for the ith ion where σz,i = |+1〉i 〈+1|i− |−1〉i 〈−1|i.

Then, microwave dressed states may be realised by coupling the magnetic �eld sensitive

(bare) states |−1〉 and |+1〉 to the magnetic �eld insensitive (clock) state |0〉 via two

resonant microwave �elds (ω0−ω− and ω0 +ω+) that must be of same intensity and phase.

The three eigenstates, i.e. dressed states, of the Hamiltonian describing this coherent

interaction are found by moving to the interaction picture and performing the rotating

wave approximation [126]. For one ion, these are given by

|D〉 =
1√
2

(
|+1〉 − |−1〉

)
,

|u〉 =
1

2

(
|+1〉+ |−1〉

)
+

1√
2
|0〉 ,

|d〉 =
1

2

(
|+1〉+ |−1〉

)
− 1√

2
|0〉 .

(2.14)

It can be seen that using the states |0′〉 and |D〉, a clock-like qubit that is inherently unaf-

fected by magnetic �eld noise to �rst order can be engineered. However, given that |D〉 is

accessible via the |−1〉 and |+1〉, the qubit transition retains a sensitivity to the magnetic

�eld which ensures single ion addressability. For two ions in the same magnetic �eld gra-

dient, the dressing of the states requires twice as many �elds and therefore a total of four

microwave frequencies (ω|0〉1↔|−1〉1 , ω|0〉1↔|+1〉1 , ω|0〉2↔|−1〉2 and ω|0〉2↔|+1〉2) are needed.

A typical Mølmer�Sørensen (M�S) gates between to qubits of internal states separated
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Figure 2.8: Mechanism for the Mølmer�Sørensen gates with dressed-states. Due to the inhomo-
geneous magnetic �eld, both ions present a di�erent splitting of their Zeeman states 2S1/2(F =
1,mF = −1) and 2S1/2(F = 1,mF = +1). Driving the transition between the state |0〉 and these
energy levels using four microwave �elds (green arrows) near 12.64GHz leads to the formation of
dressed states. A quantum-engineered qubit formed of |0′〉 and |D〉 = 1√

2
(|+1〉 − |−1〉) in one ion

can then be entangled with those of a nearby ion through their collective motion via the interaction
between the magnetic �eld gradient and a set of four red and blue detuned RF radiations.

by ωc is realised by applying two equally intense radiation �elds with Rabi frequency Ω

that are slightly detuned to the red and to the blue. These two red and blue detuned �elds

have for frequencies ωred = ωc − (ωz + δ) and ωblue = ωc + (ωz + δ) where δ is the M�S

detuning. The M�S Hamiltonian is then provided by the addition of the two sideband

Hamiltonians, yielding [91]:

HM−S =
∑
i=1,2

i~ηΩ

2
σz,i
(
a†eiδt − ae−iδt

)
. (2.15)

In the dressed state basis, a M�S gate which entangles the states |0′〉 and |D〉 is realised

by applying RF frequencies that are detuned from the transition energy between |0′〉 and

|+1〉. Given that both ions experience a di�erent magnetic �eld, the four frequencies

needed are ωRF
i,blue = ω+

i + (ν + δ) and ωRF
i,red = ω+

i − (ν + δ). An illustration of the gate

mechanism is presented in Fig. 2.8. The M�S Hamiltonian can then be written� as:

Hgate = −
i~ηeff,1Ω

2
√

2

(
|D〉1

〈
0′
∣∣− ∣∣0′〉 〈D|1 − |D〉2 〈0′∣∣2 +

∣∣0′〉
2
〈D|2

)(
aeiδt − a†e−iδt

)
.

(2.16)

An initial state |0′0′〉 then evolves into a maximally entangled state 1√
2
(|0′0′〉 − i |DD〉)

�The derivations detailing the required polaron transformation, rotating wave approximation, and
consideration on the Lamb�Dicke regime are presented in Ref. [91]
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if the Hamiltonian is applied for a gate time τ = 2π/δ where the detuning is ideally set

to δ = 2ηeff,1Ω [91]. Following the two-qubit gate, the ion qubit may be desired to be

transported to a di�erent location of a QCCD architecture. In order to preserve the out-

come of the entangling operation during shuttling, it is important that the |D〉 state is

coherently mapped to a second well-protected state. Coherently mapping |D〉 onto the

state |0〉 ensures that the qubit �now composed of the clock states |0〉 and |0′〉� is �rst

order insensitive to magnetic �eld �uctuations. In addition, this mapping removes the

necessity of a dressing �elds which would otherwise need to ful�l conditions on its intensity

and phase along the shuttling path. A conventional process that permits such transfer

is the stimulated Raman adiabatic transition passage (STIRAP) [130] and relies on the

amplitude-shaping of the dressing �eld. Note that alternative methods may also be used

such as the one developed by Randall et al. [131] using a resonant composite pulse sequence.

From a practical perspective, a total of eight long-wavelength radiation �elds (four

RF and four microwaves) are required to execute a M�S gate in the dressed-state con-

�gurations. This is important because for a large-scale QCCD architecture to perform

universal quantum computation to solve real-world problems, the coherent manipulation

of millions of physical qubits is necessary. Such an application is for instance the sim-

ulation of the FeMo-co molecule that could lead to a better understanding of nitrogen

�xation to produce ammonia in fertilisers. Here, current resource estimates for the simu-

lation of its ground state within 10 days suggest that 600 million physical qubits would be

required [132]. Using a laser-based system would then necessitate a similar number of laser

�elds as there are physical qubits while using the above described scheme only a handful of

global long-wavelength radiation �elds is required. The number of such �elds, which can

be broadcasted over the entire architecture, scale only with the number of gate types to be

simultaneously executed. The coherent manipulation of each ion qubit is then realised by

tuning their Zeeman splitting in and out of resonance with these �elds. This is achieved

by physically transporting the ion within an inhomogeneous magnetic �eld by applying

quasi-static voltages to DC electrodes of a microfabricated ion-trap module. With this

approach laser �elds are only required for ionisation, Doppler cooling, state initialisation

and detection, but are subject to much less stringent constraints than those required for

coherent qubit control.

Speci�cally, this calls only for the set of four laser wavelengths discussed earlier in

Sections 2.2.1 and 2.2.2. Using free-space optics these laser beams may then be routed to
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up to ∼100 of trapped ions before beam divergence becomes an issue. Dedicated struc-

tured laser beam systems with long-distance, low-beam divergence properties may then

be used to increase this number by up to two orders of magnitude [133]. When scaling

up to utility-scale quantum computers, the issues of free-space beam routing and beam

divergence can then be fully eliminated using advanced optical features, such as integrated

optical waveguides and grating couplers [61], that can be built within the ion trap.

Finally, the two-qubit gate �delity depends on the heating of the ion motion during the

gate operation and decoherence of the qubit. It is then possible to protect the coherent

operation from both error sources by increasing the gate speed. Currently, the restricted

ability to engineer a large enough magnetic �eld gradient limits the range of attainable

gate �delities due to the inverse dependency of the gate time on the e�ective Lamb�Dicke

parameter. A practical solution to this challenge is presented in of the following chapter

where an optimal design of current-carrying wires (CCWs) directly embedded within an

ion-trap module is used to generate the large �eld gradient. In addition, mitigation of

the e�ect of motional heating is possible by increasing the trap secular frequency while a

reduction of the electric �eld noise driving ion heating is achieved by cooling the ion trap to

mild cryogenic temperatures. The dependence on the secular frequency is expressed later

in the next chapter in Section 3.2.1, while the practical consideration for the operation of

the device at cryogenic temperatures is the subject of Chapters 4 and 5.
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Chapter 3

Alignable microchip ion-trap

modules with embedded

current-carrying wires

Central to the experimental apparatus are two linear-style microfabricated surface ion-trap

modules. Unlike any prior ion-trap design, these modules simultaneously incorporate two

key and novel features: integrated current-carrying wires (CCWs) for high-�delity quan-

tum logic and module alignment capabilities for inter-module ion transport. Together,

these pave the way towards the realisation of a fully scalable quantum computing architec-

ture following the modular QCCD approach. More speci�cally, one module is �tted with

embedded CCWs, which when subject to an electrical current are capable of generating

a large controllable magnetic �eld gradient at the trapped ion's location. This large �eld

gradient then mediates spin-motion coupling which, in combination with long-wavelength

radiation, can be used to addressably perform single-qubit gates as well as two-qubit gates

for a pair of ions coupled through their motion. The second module can then be used

for ion storage, thereby acting as a possible memory zone. To enable inter-module qubit

transport operations, both linear ion traps terminate at the chip's edges such that modules

connect via well controlled electric �elds when facing one another. Here, inter-module ion

transport capabilities not only rely on precise module alignment, but also on the accuracy

with which the module edges are fabricated.

In this chapter, the design, optimisation, fabrication and characterisation of these mod-

ules are discussed. The �rst section focusses on the development of CCW geometries

yielding the large magnetic �eld gradient. There, a technical review of the existing �eld



47

gradient generating methods already applied to ion trapping is given. This motivates the

selection of embedded CCWs as the device remains entirely focused towards scalability.

Details of a novel CCW topology that incorporates a self-compensation feature are then

presented. Through the optimisation of its geometrical characteristics, the CCW structure

yields a large magnetic �eld gradient while presenting reduced power dissipation compared

to alternative designs. Joint considerations on the expected ion motional heating, ion-trap

module temperature and trapped ion height suggest that two-qubit gate �delities exceed-

ing the fault-tolerant threshold for error-correction using surface codes are within reach.

The second section details the full microchip ion-trap module. The ion-trap layer of the

module is then presented and speci�c considerations regarding module-module connectiv-

ity are discussed. Finally, in the third section the microfabrication of the ion-trap module

with embedded CCW is presented and the fabricated device is characterised.

3.1 Integrated current-carrying wires

To date, several set-ups have employed the magnetic �eld gradient scheme with a conven-

tional linear Paul trap and have demonstrated single-ion addressability, internal to mo-

tional state coupling, as well as multi-qubit gate capability [91,126,127,134�136]. In these

experiments, the magnetic �eld gradient was provided by rare-earth permanent magnets

(neodymium or samarium cobalt) �tted in the outer region of the mechanically-machined

trap electrodes. At its largest, a magnetic �eld gradient of 24.5T/m at the trapped ion lo-

cation was reported and led to the realisation of a laser-free two-qubit gate with a �delity of

98.5(12)% [91]. Although a landmark result for the demonstration of the scalable laser-free

gates scheme, a drawback is that in their current design, permanent magnet apparatuses

are incompatible with a QCCD-based architecture. In addition, the centimetre-scale dis-

tances between ions and magnets (imposed by the macroscopic trap dimensions) limit the

maximum available �eld gradient, thereby constraining gate �delities attainable in these

systems. As is explained next, alternative design strategies based on intrinsically scalable

microfabricated ion traps have been investigated and aim at circumventing these engineer-

ing obstacles.

A possible solution involves the stacking of microfabricated ion-traps directly above an

arrangement of miniature permanent magnets [137,138]. This e�ciently increases the �eld

gradient available at the trapped ion location due to the reduced distance to the magnets,

thereby allowing for higher two-qubit gate �delities. In this con�guration, promising �eld
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gradients of 36T/m [137] and 140T/m [138] have already been demonstrated. In both

such experimental set-ups, a technical di�culty resided at the assembly step. Owing to

the separate fabrication of the ion-trap and magnet layers, micrometer-size misalignments

occur during their connection and lead to a magnetic �eld o�set at the ion. Furthermore,

from a QCCD engineering standpoint where shuttling operations between di�erent ded-

icated processing trap zones is critical, the inability to switch on/o� the magnetic �eld

limits the performance of the quantum computing architecture. This is because shuttling

operations with set-ups using existing magnet con�gurations would lead to the transport

of ion qubits through regions of very large magnetic �eld strength and gradient. From the

ion's rest frame, this results in a time-dependent evolution of the magnetic �eld it is subject

to, and modi�es the qubit phase over time. In an ideal case involving modest magnetic

�eld �uctuations, the dynamics of the ion's motion during shuttling is deterministic and

the accumulated phase is expected to be trackable. Therefore, the shuttling-induced qubit

phase change can be compensated for through an opposite phase gate sequence following

the shuttling operation. Such a method has already been successfully employed to correct

for the phase accumulation stemming from deterministic interactions [70, 139]. From a

practical perspective, however, crossing regions of high �eld strength and gradient results

in the undesired and intensi�ed sensitivity to the trap electrodes voltage noise. Small

voltage �uctuations translate to random perturbations of the ion dynamics, and, given the

large �eld gradient, leads to the ion experiencing untrackable magnetic �eld �uctuations.

In this case, the total accumulated phase originates not only from a deterministic process

but also from a stochastic one, such that it cannot be e�ciently accounted for and coun-

tered.

Conversely, a promising alternative to permanent magnet methods is to use small

electromagnets in close proximity to the trapped ions. As is presented in the following

sub-section, these are capable of meeting the magnetic �eld topology requirement while

being compatible with a scalable QCCD architecture.

3.1.1 Existing methods for magnetic �eld gradient generation using

CCWs

The concept of using electromagnets in atomic physics experiments is not recent. Electri-

cal currents in conducting wires have long been used for the con�nement of neutral atoms

in free space via the interaction between the magnetic �eld potential they produce and
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the magnetic moment of atoms [140]. Historically, this concept of magnetic trapping was

�rst realised in 1985 using currents circulating in coils [141], while magnetic con�nement

around a single free-standing wire, i.e. a CCW, was then presented 10 years later [142].

Realising a magnetic trap using current-carrying wires and external �elds was found to

have signi�cant advantages as using a variety of CCW geometries allows for a range of ver-

satile �atom-wire� experiments [143]. Further, CCWs may be mounted on surfaces to form

an �atom chip� [144], which together with miniaturisation and integration e�orts, opened

a path toward robust technological applications [145]. In much the same spirit as this

research �eld, this evolution has also been pursued with ion traps with the goal to realise

quantum information processors [58, 59] and other trapped-ion technologies [61]. There-

fore, it is attractive to exchange techniques between both research �elds. The signi�cant

advantage of using CCWs in combination with ion traps to generate a desired magnetic

�eld topology resides in that it is dynamically controllable. The �eld can be turned on and

adjusted to drive trapped-ion quantum logic or turned o� to give way to shuttling opera-

tions. The variation of the magnetic �eld as it is toggled is fully predictable, and thus its

impact on the qubit phase can be deterministically corrected. To date, two primary CCW

implementations have been experimentally investigated with ion-trap microchips:

CCWs and ion trap stack. A possible solution is to pile an ion-trap microchip atop of a

second chip, or substrate, containing CCWs [146�148]. This method is attractive because

it does not require the modi�cation of an ion-trap design. But, again, the separate nature

of the trap and �eld generating device mean that alignment inaccuracies are bound to

occur during assembly and will negatively impact the system's performance. In addition,

the thickness of the ion-trap substrate (on the order of 100µm) limits the ion-to-CCWs

proximity and therefore maximum attainable �eld gradient. A partial way around this lim-

itation is to create deep trenches on the ion-trap microchip underside within which CCWs

may be inserted [148]. However, this must be cautiously carried out to avoid mechanically

weakening or damaging the device [147].

CCWs on the ion-trap surface. An alternative solution is to fabricate CCWs as a pat-

terned wire on the ion-trap surface, either as part of the inner ground electrode [146, 149]

or as part of the DC electrode con�guration [150]. This has the dual advantage of reducing

the ion-to-CCW separation to a minimum as well as as requiring no additional microfab-

rication steps than those necessary for the realisation of the ion trap. Given that the trap
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and CCWs are fabricated together, issues relating the assembly and alignment are also

eliminated. However, the downside to this method is that the dimensions (thickness and

footprint) of the CCWs are constrained by the surrounding trap geometry. The CCWs are

resistive and the resulting voltage drops along the current paths lead to unwanted inho-

mogeneities in the trapping �eld. These must be modelled, considered during trap design,

and corrected by a voltage bias during operation [146,147].

Currently, the largest magnetic �eld gradient achieved and measured on such devices

has been of 16.3(9)T/m [148]. In all such experimental implementations, thermal man-

agement remains the chief limiting factor to further �eld gradient increases (even more so

for CCWs on the trap surface due to their thinness) [146,147,149,150].

In the following sub-section a novel CCW design that is directly embedded within

the trap substrate is proposed. Although this makes microfabrication more complex, this

gathers most of the advantages of the two previous methods, producing a higher �eld

gradient while incurring a reduced thermal management penalty. The multi-layer approach

lifts constraints on the CCWs design such that no trade-o�s are required between the trap

and CCW geometries, while assembly issues remain suppressed. The CCW layer can be

located directly under the surface of the trap such that it remains in close proximity to

the ions. The surface electrodes then e�ectively shield ions from interfering electric �elds

resulting from a voltage drop along the current path. CCWs may be thick to minimise

power dissipation, and conduction is improved as current structures are fully embedded.

3.1.2 Current-carrying wire arrangement and geometrical optimisation

Prior to developing the appropriate CCW geometry, the key requirements and technical

considerations are identi�ed. The CCWs are fabricated using optical lithography and

copper electroplating techniques as is detailed later in Section 3.3.1 and thereby guide the

design process. The key requirements are as follows:

� Magnetic �eld gradient. The magnetic �eld gradient must be maximised. In

addition, the �eld gradient of interest is desired to be oriented along the axial trapping

direction. This is motivated by previous results on a macroscopic Paul trap [91] where

a two-qubit entangling gate was realised using the axial stretch mode of motion.

� Magnetic �eld magnitude. The magnitude of the magnetic �eld at the ion lo-

cation must be minimised and ideally nearly nil in proximity to the ions (a weak
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magnetic �eld of ∼1G is needed). Furthermore, the compensation of the �eld should

be achieved locally, without using external magnetic �elds, to be compatible with a

scalable architecture.

� Power dissipation. The power dissipation in the CCWs must be minimised. Power

dissipation resulting from Joule heating is a concern when using integrated CCWs

within the ion trap. This leads to an increased operating temperature, decreased

gate �delities and may result in the damage of the CCWs.

Technical constraints are considerations which limit the range of possible CCW design

solutions. These stem from material properties limitations, fabrication constraints, and

available operating conditions. These are identi�ed as:

� Electromigration. Electromigration is a process where the atomic structure of a

conductor is degraded under excessive electrical current densities. This is due to

the interactions of moving electrons with defects in the conductor crystal lattice.

When using a copper conductor at cryogenic temperatures, this e�ect is prevented

by maintaining current densities below 10× 106 A/m [151].

� Single-layer CCW. At present, CCWs are only fabricated as a single layer. This

simpli�es the microfabrication process, thus increasing the device production yield.

� CCW width and depth. The CCWs should not have widths exceeding 100µm in

the vicinity of the gate location and a depth larger than 30µm. This also facilitates

the microfabrication procedure (etching, electroplating and polishing) and ensures

reliable device production.

� Supplied current. The maximum supplied current is limited to 20A. This results

from limitations given by the high-precision switchable power supply presented in

Chapter 7 and current delivery system to the ion trap (feedthroughs, cabling and

clamps).

Selected CCW arrangement

From the above requirements on the magnetic �eld gradient and magnitude, the �eld that

is desired takes the form of a magnetic �eld multipole that overlaps with the ion-trap

pseudopotential. The simplest multipole �eld that can be generated is a magnetic �eld

quadrupole. In its most straightforward implementations, a magnetic �eld quadrupole is
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Figure 3.1: Magnetic �elds generated by a (left) single-wire and (right) two-wire con�guration.
A normalised vector �eld indicates the direction of the magnetic �eld while contour lines (dashed
lines) indicates variations in the magnetic �eld magnitude. All wires (red symbols) are parallel to
the z axis and in�nitely long. A homogeneous bias magnetic �eld (�lled grey arrow) can be used
to create a magnetic �eld nil by negating the �eld generated by the wire(s).

realised using a single, or two, CCWs that generate a magnetic �eld gradient, in conjunc-

tion with a bias magnetic �eld. The latter compensates the �eld at a speci�c location.

These con�gurations are shown in Fig. 3.1 using in�nitely thin wires.

Single-wire and bias �eld con�guration. In this con�guration (see left-hand side

of Fig. 3.1), the electrical current in the wire results in circular magnetic �eld lines around

the wire. The magnitude of this magnetic �eld decreases as 1/r with r being the distance

to the wire. A bias magnetic �eld with direction perpendicular to the wire then opposes a

portion of the �eld and can be chosen to be of a speci�c magnitude such that both cancel

out at a speci�c distance away from the wire. This results in the magnetic quadrupole

�eld [152] depicted on the left-hand side of Fig. 3.2. From symmetries, the resulting region

of zero magnetic �eld forms a line parallel to the wire (out of the page).

Two-wire and bias �eld con�guration. In this con�guration (see right-hand side

of Fig. 3.1), two parallel wires are subjected to currents that are propagating in opposite

directions. Magnetic �eld lines curl around each wire. In the region between the two

wires, the magnitudes of the �elds accumulate, while in the regions either sides, the �eld

contribution from each wire oppose each other such that the �eld vanishes rapidly. The

bisecting plane of the two parallel wires forms a plane of antisymmetry for the electrical

current such that the magnetic �eld direction is contained within it. From invariance of

the current along the wires, the direction of the magnetic �eld at this location is further

constrained to be perpendicular to the plane containing both wires. The magnitude of
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Figure 3.2: Magnetic �eld quadrupoles resulting from the superposition of the �eld generated by
straight in�nitely-long CCWs and homogeneous bias �eld. Blue arrow, together with the �eld lines
(solid blue lines), indicate the direction of the magnetic �eld realising the quadrupole. The dashed
black lines are magnetic �eld magnitude contour lines. (left) Single-wire con�guration. (right)
Two-wire con�guration. The quadrupole is located above the wires (red symbols).

the �eld in the bisecting plane also decreases with the distance away from the wires. A

bias magnetic �eld with a direction perpendicular to the plane containing both wires then

opposes the magnetic �eld generated by the wires. This results in the magnetic quadrupole

�eld shown in the right-hand side of Fig. 3.2.

Both con�gurations have distinct advantages: the single-wire con�guration uses a min-

imal amount of wires while the two-wire con�guration is expected to provide a larger

gradient. In the latter con�guration, the magnitude of the magnetic �eld generated by the

wires vanishes rapidly away from them, thereby minimising magnetic cross-talk between

distant ions.

To maintain compatibility with a scalable architecture, a portion of the CCWs is dedi-

cated to generating the bias magnetic �eld in addition to the magnetic �eld gradient. This

forms a CCW layer capable of self-su�ciently yielding the magnetic quadrupole, however

this also introduces a spatial inhomogeneity in the bias �eld. Building upon the previous

two arrangements, three simple single-layer CCW con�gurations are identi�ed as shown in

Fig. 3.3.

For these devices to self-su�ciently generate the quadrupole above the plane, a mini-

mum of three sections of wires are required. Here, only three to four wire sections are used
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Figure 3.3: Schematic diagram of three self-su�cient magnetic �eld quadrupole generating struc-
tures on a single layer. A magnetic �eld quadrupole is created above the plane (zOx). Red arrows
denote the direction of the electrical current passing through �eld gradient generating structures.
Blue arrows denote the direction of the currents used for the bias �eld generation. (left) The
device uses the single-wire con�guration together with two outer additional wire sections with
currents �owing in a direction opposite to that in the �eld gradient wire. (centre) The device
uses the two-wire con�guration. For the generation of the bias �eld, two additional wire sections
are also placed either sides of the wire pair responsible for the �eld gradient. These are all made
parallel and subject to counter-propagating currents. (right) The device also uses the two-wire
con�guration. However, the additional outer wire pair responsible for the generation of the bias
�eld is oriented perpendicular to the �eld gradient pair. This last arrangement corresponds to the
geometry selected in this work.

for simplicity, although more may be used. The left hand-side arrangement in Fig. 3.3 has

already been used for the coupling of the ion spin and motion [148] while the centre ar-

rangement was used to trap neutral atoms [153]. In the latter arrangement, the outer bias

�eld wire pair also generates a magnetic �eld gradient which counteracts that generated

by the main magnetic �eld gradient inner pair. Remarkably, if the gradient and bias �eld

generating wire pair are orthogonal to each other, as in the right hand-side arrangement in

Fig. 3.3, the �eld gradient is, from symmetries, only diminished in the y and z direction.

The x-component of the magnetic �eld gradient is left una�ected by this compensation,

which is ideal when a large magnetic �eld gradient is desired in a single direction, here the

axial trapping direction. For this reason, this last CCW arrangement is selected.

Optimised CCW geometry

The geometry of the selected CCW arrangement consisting of two perpendicular pairs of

parallel wires with counter-propagating currents is then optimised to yield a maximum

gradient at the trapped ion location. This geometrical optimisation is carried out in two

steps. (i) The assumption of in�nitely thin wires is applied and allows to develop an an-

alytical model accounting for geometrical parameters that can be readily optimised. This

provides crucial information for the desired location of each wire with respect to one an-

other. (ii) Because the CCW-to-ion distance is of a similar order to the dimensions used

for the CCWs cross-section, the �nite dimension of the wire must be taken into account.

Using the analytical result of (i) as a starting point, the optimal �nite wire dimensions is

then determined numerically.
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Figure 3.4: Schematic diagram of the selected CCW arrangement which is subject to further
optimisation of its geometrical variables. The red arrows portray the location of the inner wire
pair generating the magnetic �eld gradient and separated by si. The blue arrows denote the
location of the outer wire pair responsible for the generation of the bias magnetic �eld Bb and
separated by so. The orientation of all the arrows indicate the direction of the same current I
used in all structures for self-su�cient magnetic �eld compensation. This results in a magnetic
quadrupole whose centre is located at a distance y = hccw above the plane xOz containing the
CCWs.

(i) In�nitely thin wire approximation: an analytical model. As presented in

Chapter 2 for the equation of the e�ective Lamb�Dicke parameter (see Eq. 2.12), only a

gradient component of the magnetic �eld magnitude ∂|B|
∂x is of interest. Here, the magnitude

of the magnetic �eld in free space is given by B ≡ |B| ≡
√
B2
x +B2

y +B2
z where Bx,

By and Bz are the magnetic �eld components in the Cartesian coordinate system with

B ≡ Bx · x̂+By · ŷ+Bz · ẑ. In its most general case, the magnetic �eld due to a current I

in a wire, or a set of wires, de�ning a path Γ is the sum of the magnetic �eld contributions

from the currents passing in in�nitesimal wire sections. This can be calculated using the

Biot-Savart law by

B(r) =
µ0

4π

∫
Γ

Id`× r̂′

|r′2|
, (3.1)

where µ0 = 4π×10−7 T·m/A is the vacuum permeability, d` is a di�erential vector element

along the path Γ at a location `. In addition, r′ is the displacement vector from the wire

element to the point r where the �eld is calculated such that r′ = r− `.

First, consider only the inner wire pair parallel to the z axis in the selected CCW

arrangement which are depicted by red arrows in Fig 3.4. The two wires are separated

by si and are subject to electrical currents �owing in opposite directions but of the same

intensity I. In addition, the currents are oriented such that the magnetic �eld generated

between the wires points in the positive y direction. Initially the bias magnetic �eld
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Bb maybe considered to be generated externally. It is perpendicular to the plane xOz

containing the wires and opposes the �eld in-between the wires, such that Bb = −Bb · ŷ.

This then gives rise to a magnetic quadrupole. From Eq. 3.1, the magnetic �eld generated

by the inner wire pair, together with the bias �eld Bb, has for components:

Bx =
µ0I

2π
y

(
1

(x− si/2)2 + y2
− 1

(x+ si/2)2 + y2

)
,

By =
µ0I

2π

(
x+ si/2

(x+ si/2)2 + y2
− x− si/2

(x− si/2)2 + y2

)
−Bb .

(3.2)

Note also that the z-component of the magnetic �eld, Bz, is nil from invariance of the

current by translation in the z direction. The plane zOy, i.e. x = 0, forms a plane of

antisymmetry of the current such that the magnetic �eld is entirely contained within it,

and thus solely oriented along y given the zero z-component. Therefore, at x = 0, there is

B(y) =

(
µ0I

2π

si

(si/2)2 + y2
−Bb

)
· ŷ . (3.3)

The location y = hccw, i.e. the location along y where the bias �eld exactly compensates

the �eld generated by both wires, is therefore given by

hccw =
si

2

√
2µ0I

π

1

Bbsi
− 1 . (3.4)

From this equation, one observes that the quadrupole is created out of the plane containing

the wires only if Bb <
2µ0I
πsi

. If the bias �eld is greater than this threshold, the compensation

is excessive and two quadrupole �elds are generated in the same plane as the wires, which

is not useful here. When below this threshold, the components of the gradient of magnetic

�eld magnitude as x→ 0+ and y → h+
ccw are �nally given by

∂xB ≡
∂B

∂x
=
µ0I

π

sihccw

((si/2)2 + h2
ccw)2

,

∂yB ≡
∂B

∂y
= −µ0I

π

sihccw

((si/2)2 + h2
ccw)2

.

(3.5)

Here, ∂xB and ∂yB are of equal magnitude which is to be expected from the combination

of Gauss's law ∇ · B = 0 and invariance of the electrical current along z. As expected,

the dependency of the magnetic �eld gradient on the current intensity is linear, while the

dependency on the inner wire separation si and CCW-to-ion distance hccw is more complex.

In this work, only the gradient ∂xB is of interest as it is the only component of the gradient

that can be aligned to the axial trapping axis. Furthermore, the CCW-to-ion distance is

provided by the ion trapping height and fabrication characteristics. The gradient must
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therefore be maximised as a function of the inner wire separation for a given CCW-to-ion

distance. Thus, the separation si is optimal when

∂

∂si
(∂xB) = 0⇔ ∂

∂si

(
µ0I

π

sihccw

((si/2)2 + h2
ccw)2

)
= 0

⇔− 16
µ0I

π

hccw

(s2
i + 4h2

ccw)3
(3s2

i − 4h2
ccw) = 0 .

(3.6)

The equation is therefore satis�ed if (3s2
i − 4h2

ccw) = 0, that is if si = ± 2√
3
hccw. Here,

only the positive solution is used. In other words, the magnetic �eld gradient ∂xB is

maximised at the centre of the magnetic quadrupole if the inner wire pair is arranged to

have a separation si = 2√
3
hccw. Substituting this optimal case into Eq. 3.5, the magnetic

�eld gradient reduces to

∂xB =
9

4
√

3

µ0

2π

I

h2
ccw

. (3.7)

Thus, when the separation of the inner CCW pair is chosen optimally, the magnetic �eld

gradient follows an inverse-square law with the CCW-to-ion distance hccw.

Now consider the outer wire pair oriented parallel to x (blue arrows in Fig 3.4) and that

is perpendicular to the previous inner pair. This outer pair is responsible for the generation

of the bias magnetic �eld Bb. For the CCWs to be self-compensated, this outer pair must

also be driven using the same current I that is being used in the inner pair. Remarkably,

it is possible to use a di�erent wire separation for the outer pair than for the inner pair

such that the magnetic �eld generated by the outer pair exactly opposes that of the inner

pair at y = hccw. Indeed, two wire separations, i.e. s±, lead to the same magnetic �eld

strength at the same location. These separations are determined by solving

Bb =
µ0I

2π

s

(s/2)2 + h2
ccw

(3.8)

for s (which takes the form of a quadratic equation) and yields two solutions:

s± = 2

(
µ0I

2πBb
±
√( µ0I

2πBb

)2
− h2

ccw

)
. (3.9)

Given the optimal separation of the inner wire pair that produces the maximum �eld

gradient at y = hccw, the magnetic �eld that must be compensated is of

Bb =

√
3

2

µ0

2π

I

hccw
. (3.10)
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Substituting this value of the bias �eld back into Eq. 3.9, the equation on the two wire

separations simpli�es to

s± =
2√
3
hccw(2± 1) , (3.11)

where s− = 2√
3
hccw = si equates the inner wire pair separation. s+ = 2

√
3hccw can be used

as the separation of the outer wire pair so = s+ such that it provides the same magnetic

�eld strength. Interestingly, this latter separation of the outer pair also gives rise to a

magnetic �eld gradient in y = hccw but only possess components along z and y that do

not interfere with the gradient along x provided by the inner pair. Note that it may also

be bene�cial to include additional outer pairs, also driven by the current I, such that the

inner pair is not too tightly surrounded. In this latter case, for a total of n outer pairs,

their common wire separation is 2
√

3hccw(2n +
√

4n2 − 3)/3. For instance, with n = 2

outer wire pairs, the separation increases by a factor (4 +
√

13)/3 ≈ 2.53.

Note also that a similar analysis can be performed with the alternative wire arrange-

ments presented in Fig 3.3. For the three parallel-wire case the optimal magnetic �eld gra-

dient is of ∂xB = µ0

2π
I

h2
ccw

while for the arrangement using four parallel wires the maximum

gradient is ∂xB = 6
4
√

3

µ0

2π
I

h2
ccw

. Thus, this arrangement yields a magnetic �eld gradient

(Eq. 3.7) which surpasses that of other arrangements by a factor 1.3 and 1.5 respectively

(under the same current I). Accounting for the number of wires used and assuming similar

power dissipation characteristics from each wire, the selected arrangement is expected to

release 0.78 times the heat of that liberated by thee parallel-wire case while producing a

similar magnetic �eld gradient.

(ii) E�ects of the �nite CCW cross-section: a numerical approach. In reality,

CCWs are of �nite cross-sections, which together with the resistivity of the copper conduc-

tor lead to a resistance per unit length. Under larger currents, a severe heat load may be

generated if the device electrical resistance, which is inversely proportional to the conduc-

tor cross-section, is excessive. To mitigate the thermal load, CCWs can therefore be made

thick and wide, however, this adversely impacts the generated magnetic �eld topology as

the wire dimensions approach that of the CCW-to-ion distance. The concurrent optimi-

sation of the device to yield both maximum magnetic �eld gradient and minimum power

dissipation is therefore impossible as these require mutually exclusive conditions. A large

�eld gradient bene�ts from thin wires while low power dissipations bene�t from thick wires.
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The �rst optimisation approach considered was the constrained multi-objective opti-

misation of the geometry. Due to the con�icting nature of these two objectives, a trade-o�

between them would be required. However, the complexity of the thermal management

of the device, as is discussed in the next chapter, meant that an accurate thermal model

was not available at this stage. To circumvent this issue, the optimisation problem was

simpli�ed by reformulating the thermal management objective as a linear constraint. A

rough estimate of the heat load generated by the inner CCW pair per unit length is written

in the form of q = ρ
WDI

2 where W is the �nite wire width, D is the �nite wire depth, and

ρ = 1.377 nΩ·m is the electrical resistivity of copper at 60K. In addition, tests carried out

on prototype CCW designs indicate that maintaining q 6 qmax ≡ 2.6 × 103 W/m ensures

that the device can sustain large current densities at low temperatures. The magnetic

�eld and gradients produced by the inner wire pair is given by the superposition of the

individual contribution of each wire subjected to the common current I as depicted in Fig.

3.5 (left hand-side panel). The wires are considered in�nitely long with the same �nite

rectangular cross-section (D × W ) which is modelled by in�nitely small wires homoge-

neously distributed within it. Using the CCW-to-ion distance hccw as an input parameter,

the optimisation problem is formulated as

max
W,D,si,I

∂xB =
µ0I

2πWD

∫ W

0

∫ D

0

(si + 2w)(hccw + d)

((si + 2w)2/4 + (hccw + d)2)2
· dw · dd

subject to q 6 qmax

I

WD
6 jmax

0µm < D 6 30µm

0µm < W 6 100µm

0µm < si 6 1.5 · 2√
3
hccw

0 A < I 6 20 A .

(3.12)

To determine the optimal geometry, the gradient ∂xB for all possible combinations of

the design variables are explored with wire depth D ∈]0, 30]µm and widthW ∈]0, 100]µm,

while sweeping through values for the separation si ∈]0µm, 1.5 · 2√
3
hccw]. The variable

bounds are de�ned by the external constraints (electromigration, fabrication, etc.) given

at the beginning of this section. The design space is explored by using the value for

si = 2√
3
hccw resulting from the previous analysis as a starting point, and using a step

of 1µm in these ranges. The contour graph of the magnetic �eld gradient at the ion
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Figure 3.5: Inner CCW pair model and results of their geometrical optimisation. (left) Illustra-
tion of the section of the trap below the gate region depicting the location of the trap electrodes
and embedded inner CCW pair (the trap insulator and ground plane are omitted for clarity). The
trapped ion is suspended at a distance hccw = 139µm away from the CCW top surface. The inner
wires are of similar width W , embedded at a similar depth D, separated by si, and subject to
a counter-propagating current of same intensity I. (right) Contour graph of the magnetic �eld
gradient ∂xB produced at the ion position as a function of the wire separation d and wire width
W . Additional design variables are evaluated at their optimum and with D = 15µm and I = 10A.
The gradient is maximum (blue dot) in ∂xB = 121.1T/m with si = 157µm and W = 12µm.
However, an alternative geometrical solution (green dot) with a gradient ∂xB = 111.6T/m (using
W = 100µm, si = 88µm, I = 10A) is selected as this is preferable from a thermal management
standpoint. The set of optimal solutions associated to a range of wire widths is given by the dashed
blue curve. See main text for further details.

location as a function of the inner wire pair separation si and wire width W is given in

Fig. 3.5 (right hand-side panel). This is calculated for a CCW-to-ion distance (from the

surface of the CCWs) hccw = 139µm considering a desired ion-to-trap surface distance of

125µm and 14µm thickness (1µm ground plane, 8µm insulator, and 5µm trap electrodes)

between the CCW and trap surfaces. The choice of these parameters relies on ion heating

rates and microfabrication considerations respectively as detailed in the next sections. The

noticeable change along W = 12µm in magnetic �eld gradient is the result of the current

limitation. To provide some play during the experiment, the current limit was set to

10A. The maximal magnetic �eld is obtained for ∂xB = 121.1T/m with si = 157µm

and W = 12µm. However, an alternative design using W = 100µm and si = 88µm

yielding a gradient ∂xB = 111.6T/m under 10A is selected and translates into a 8.3

times increase of the width. This divides the resistance by an equal amount and grants

an additional safety margin for the thermal performance of the device. In addition, this

provides a marginal reduction (−7.9%) from the maximum magnetic �eld gradient which

is an acceptable trade-o�.
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Figure 3.6: Final CCW design used to realise a magnetic �eld gradient of ∂xB = 109.7T/m under
I = 10A and for a hccw = 139µm CCW-to-ion distance. (left) Top view illustration of the CCW
structure depicting the core region generating the magnetic �eld gradient as well as current routing
path and the location of connection pads. Several connection pads are provided for experimental
versatility. The structure is to be mounted on in a module that has a footprint of 17.5×13.5mm2.
The core region is located 2mm away from the module edge. (right) Detailed drawing of the core
region of the CCW structure. The third outer wire pair used for the �ne compensation of any
magnetic �eld o�set is visible and may be subject to a current Ic. The relevant dimensions for this
design are si = 88µm and W = 100µm for the inner pair ; α = 455µm, β = 150µm, γ = 200µm,
δ = 200µm, ε = 70µm and ζ = 200µm for the outer pairs ; η = 45µm, and θ = 250µm for the
�ne compensation pair.

3.1.3 Final current-carrying wire design

Following the geometrical optimisation of the inner pair, the location of the outer CCW

pair is determined and the CCWs are routed together. Here, the pairs are initially located

using Eq. 3.11 with n = 2 outer pairs, i.e. so = 2
√

3hccw(2n +
√

4n2 − 3)/3 = 1282µm.

The outer pairs are also embedded over a depth of 15µm due to the single layer require-

ment. The optimal location of the outer pairs is then iteratively re�ned by trial and

error. The numerical model relies on the �nite element method (FEM) and is carried out

on COMSOL*. It solves for the electric currents and magnetic �eld distribution using its

AC/DC module and the realistic CAD model geometry. It therefore accounts for current

inhomogeneities within the conductor and their resulting impact on the magnetic �eld

topology. The �nal selected geometry is shown in Fig. 3.6 and �tted to a substrate with

a 17.5× 13.5mm2 footprint. Note that the core region of the CCW is located only 2mm

away from the edge of the device to facilitate optical access and minimise ion heating prior

inter-module shuttling. Note also that a third outer wire pair is added and is intended to

*COMOSL Multiphysics 5.5
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Figure 3.7: Numerical simulation results of the CCW structure designed for this experiment
using a 10A input current. (upper left) Magnetic �eld magnitude |B| in the plane (z = 0)
de�ned by the axial trapping axis x and axis y perpendicular to the CCW surface. The magnetic
�eld quadrupole with centre in (x = 0, y = hccw, z = 0) is clearly visible (here hccw = 139µm).
A contour plot is also given for the plane de�ned by y = hccw in the lower left panel. (upper
right) Magnetic �eld magnitude along the axial trapping axis x in (z = 0, y = hccw) passing by
the centre of the magnetic �eld quadrupole. (lower right) x, y, and z-components of the gradient
of the magnetic �eld magnitude along the axial trapping axis x. Close to the quadrupole centre,
the magnetic �eld gradient ∂xB is maximum with a gradient of 111.2T/m that is consistent with
previous estimates. Sudden jumps are artefacts of the numerical analysis.

�nely compensate for any magnetic �eld o�sets at the ion location along the vertical direc-

tion. Following optimisation of the CCW outer pair location and routing, the results from

the numerical COMSOL model (see Fig. 3.7) are compared to previous results given in

Fig. 3.5. Here, both results are in good agreement with a numerically computed gradient

(COMSOL) at the desired ion height of ∂xB = 111.2T/m under 10A. This is marginally

di�erent to the anticipated ∂xB = 111.6T/m from the previous section while both �eld

gradient estimates remain >90% of that predicted with the in�nitely-thin wire approxima-

tion (∂xB = 121.9T/m using Eq. 3.7). Note that in this con�guration, two-qubit gates

cannot be performed in the radial modes. However, this can be achieved by rotating the

same CCW design 90◦ with respect to the trap axial trapping direction. This enables to

generate a large magnetic �eld gradient in the radial direction while a much lower gradient
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in the axial direction maintains single ion addressability.

3.2 Microchip ion-trap module

With CCWs providing a high magnetic �eld gradient, it is critical that above this embedded

structure lies a surface-electrode ion-trap designed to take full advantage of this feature.

From this perspective, the trapped ion is best located as close as possible to the trap surface

to leverage on a maximum magnetic �eld gradient. However, close to the trap surface, ions

become increasingly subject to heating of their motional modes. This adversely impacts

the �delity of two-qubit gate operations [55]. Therefore the ion trap is designed to provide

an ion-to-trap surface distance that optimally compromises between the minimisation of

the e�ects of motional ion heating while maintaining a su�ciently large �eld gradient.

In addition, the ion-trap must be designed from the outset to inherently facilitate inter-

module ion transport. Finally, the selected design should be resilient against fabrication

errors and should ease experimental implementation.

3.2.1 Enabling high-�delity quantum logic gates

In this subsection a realistic dependency of the magnetic �eld gradient with ion height is

�rst given. This is followed by an analysis of the expected heating rate of the ion motion

with respect to several factors such as ion height and trap operating temperature. Finally,

these analyses are combined together to provide an optimal set of design parameters and

operating conditions to attain high-�delity two-qubit gates.

Magnetic �eld gradient dependency on ion height

As was seen in the previous section by Eq. 3.7, an analytical estimation can be derived

for the maximum magnetic �eld gradient at a given ion-to-CCW distance hccw. Here,

the CCWs top surface is embedded within the microchip ion-trap module at a distance

d = 14µm corresponding to the thickness of the ion-trap structure below its surface. The

e�ective ion-to-CCW distance hccw (from the CCW top surface to the ion) can then be

written in the form of the ion height htrap above the trap electrode by hccw = htrap + d

and Eq 3.7 becomes:

∂xB =
9

4
√

3

µ0

2π

I

(htrap + d)2
. (3.13)

However, due to the e�ect of �nite CCW cross-sections, the expected maximum �eld

gradient as a function of the ion height is subject to a small discrepancy from the analytical
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Figure 3.8: Maximum attainable magnetic �eld gradient as a function of the ion height htrap
above the ion trap. The e�ective distance to the CCW top surface is given by hccw = htrap + d
where d = 14µm is the separation between the CCW and ion-trap top surface. The solid blue
curve denotes the analytical model given in Eq. 3.7. Following numerical optimisation of the CCWs
including realistic �nite CCW cross-section e�ects, the maximum attainable gradient is given by
the red dots. These numerical results follow (within 5%) a power law as given by the dashed black
curve.

model. The optimisation algorithm presented in the previous section was ran for a range

of ion heights (20�200µm) as presented in Fig. 3.8. The resulting magnetic �eld gradient

data were then �tted with a power law such that, under 10A, the maximum magnetic �eld

gradient (in T/m) attainable in practice is given by

∂xB = 1.6827 · (htrap + d)−1.78 × 10−5 , (3.14)

where htrap and d are given in meters. The discrepancy between the maximal magnetic

�eld gradient that can be realised in practice and the theoretical maximum �eld gradient

increases as the ion height reduces. This is expected as �nite CCW cross-section e�ects

become more pronounced at smaller ion heights. Note also, that a design implementing

a slightly lower gradient may be chosen to be more robust from a thermal management

perspective.

Motional heating rate dependency on ion height

Motional heating corresponds to the increase in the mean motional quantum number n

of a trapped ion when it is no longer subject to a cooling mechanism (Doppler cooling,

sympathetic cooling, etc.). As such it occurs during quantum logic gate operations and

this evolution occurs at a rate dn/dt ≡ ṅ. Although the Mølmer-Sørensen gate is relatively

insensitive to the initial motional quantum number, ion heating during the execution of the

gate leads to motional decoherence and on average increased gate in�delities. Motional
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heating comes as a result of electric-�eld noise. However, this noise was found to be

substantially larger than if solely resulting from the thermal Johnson noise from the trap

electrode and electronic circuitry [154]. In consequence, it has been termed �anomalous�.

There are two trap parameters that were found to chie�y in�uence the heating rate: the

ion-to-electrode distance htrap [154�157] and the trap temperature T [155,158,159]. Today

there is still no clear-cut consensus as to its origin, however empirical studies suggest that

the anomalous noise is the result of �uctuating �patches� of potentials on the electrode [55].

Using this model, the heating rate ṅ for a speci�c mode of motion of the trapped ion

depends on the noise spectral density SE of electric �eld �uctuations in the electrodes as

ṅ =
e2

4m~ωs
SE(T, htrap, ωs) , (3.15)

where m and e are the ion's mass and charge respectively. ~ ≈ 1.054571 × 10−34 J·s is

the reduced Plank constant. ωs is the secular frequency of the motional mode of inter-

est which the heating rate is inversely proportional to. Since the spectral noise density

is independent of the type of ion and conditions under which it is trapped, it is a useful

metric to compare heating rate performance between set-ups. However, many additional

factors contribute to the overall heating rate such as the electrode surface roughness, the

electrode material [160,161] used, and the presence of surface contaminants [162,163]. The

DC voltage sources and the components used for DC �ltering and their environmental con-

ditions also play a role [164]. Therefore, due to di�erences in experimental set-ups there is

currently no single equation that can be used to readily encompass all factors and an exact

prediction of the heating rate (electric �eld noise) given arbitrary parameters is impossible.

Instead, one can use a resembling experimental system and make use of scaling laws to

give an estimate of the expected heating rate. Here, a linear Paul trap [165] characterised

at the University of Michigan in 2004 is used as the reference. The trap used gold-coated

electrodes to con�ne 111Cd+ ions at a distance of 100µm away from the electrodes with

an axial trap secular frequency ωs = 2π × 4MHz. The spectral noise density was mea-

sured to be SE = 1.9 × 10−11 V2/(m2·Hz). It is important to note that this constitutes a

conservative reference as several traps have demonstrated much lower electric �eld noise

densities even in the absence of speci�c surface treatment (ion milling, plasma treatments,

laser treatment) [166, 167]. In addition, improved electric �eld noise performance is also

attainable by reducing electric noise in the DC supply chain.

Ion height dependency. Many studies have investigated the dependency of ion heating
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with regard to the ion-to-electrode distance [154�157]. Overall, it has been consistently

found that the heating rate, through its dependence on the noise spectral density, scales as

ṅ ∝ h−4
trap. Remarkably, this dependency is also found regardless of the trap temperature,

even down to the cryogenic range [157].

Trap temperature dependency. For traps that have not undergone speci�c surface

treatments, the ion heating rate is empirically found to follow a temperature dependence

down to cryogenic temperatures in the form of the power law ṅ ∝ T β where β = 2.13(5)

above 70K and β = 0.54(4) below 70K [161]. This o�ers a heating rate reduction by one

order of magnitude from room temperature to below 100K. Additional studies [158, 159]

corroborate that another order of magnitude reduction is gained by cooling down to 4K.

Remarkably, this dependency is also found over a wide range of materials and applicable

to a variety of fabrication methods [161]. A summary of the e�orts to tackle heating rate

challenges is given in Ref. [61].

Optimal ion height selection

An optimal ion height can then be calculated by considering the combined e�ects from

the magnetic �eld gradient and heating rates on the �delity of entangling operations.

This is evaluated using the worst-case analytical model proposed by D. Murgia in his

doctoral thesis [168]. In this model three sources of errors are taken into account to

provide a conservative estimate of the two-qubit gate �delity: heating of the motional

mode ; o�-resonant coupling to the carrier transition ; and decoherence of the dressed-

state qubit�. For safe microchip ion-trap operation, the maximum RF amplitude that

is considered is of 200V and sets the secular frequencies attainable with the trap. The

mode of motion that is selected for the two-qubit gate is the axial stretch mode as in this

Ref. [91]. Remarkably, this mode of motion is susceptible to less motional heating than

the centre-of-mass mode [169] which is particularly attractive. In addition, the detuning

of the gate �elds from the motional sidebands and the duration of the gate are functions of

the Rabi frequency ΩRF of the RF gate �eld and therefore also impact the �delity of the

two-qubit gate. Here, the Rabi frequency remains constrained to ΩRF < 70 kHz given the

ampli�ers and emitters used for this experiment (see Chapter 7). Within these constraints

on maximum trapping RF amplitude and Rabi frequency, the gate �delities that can be

reached as a function of the ion height above the trap surface are presented in Fig. 3.9

�Note that the e�ects of non-linear Kerr coupling and spin-spin coupling are not taken into account
for the calculation of in�delities as these play only a marginal role.
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Figure 3.9: Worst-case scenario two-qubit gate �delities and gate times as a function of the ion
height at cryogenic temperatures (top) and optimal operating parameters (lower panels) for 125µm
ion height at cryogenic and room temperature. The following parameters are used in the model: a
single loop (K = 1) in phase space is used to minimise gate time and the CCW current is limited to
I = 10A to remain thermally manageable. (lower left) Contour plot of theoretically attainable
two-qubit gate �delities as a function of the axial (COM) mode frequency and RF Rabi frequency
for an ion height of 125µm at 70K. A similar contour plot is given at 300K (lower right). Solid
black lines denote constraints set by the maximum available Rabi frequency and maximum safe RF
voltage applicable to the trap. Two-qubit gate �delities exceeding the 99% fault tolerant threshold
are reachable at cryogenic temperatures. Calculated using methods developed by D. Murgia [168]
and using the conservative spectral noise density reference given in Ref. [165].

(upper panel). This is evaluated for several operating temperatures at 70, 90 and 110K

to account for a possible issue with thermal management. The full analysis of the thermal

behaviour of the CCWs as a function of its operating current is given in Chapter 4. At

110K, the �delity reaches a maximum (99.03%) for an ion height of 125µm while at 70K

the �delity is of 99.31% for an ion height of 80µm. Nevertheless, while the operation at 70K

is targeted, the ion height of 125µm is selected as a precaution and o�ers a worst-case gate

�delity of 99.25%, a marginal discrepancy from its optimum at 80µm. At this temperature

and for a 125µm ion height, a ∼3.4ms two-qubit gate time is expected. Contour plots of

attainable two-qubit gate �delity as a function of the axial centre-of-mass (COM) mode

and RF Rabi frequency ΩRF are presented in Fig. 3.9 (lower panels). These are calculated
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at 125µm ion height above the trap surface and at both room temperature (300K) and

cryogenic temperature (70K). Remarkably, worst-case projections of the two-qubit gate

�delities exceed the 99% �delity landmark at cryogenic temperatures (axial (COM) mode

frequency at 720 kHz and RF Rabi frequency at 30 kHz). The 99% �delity is of particular

signi�cance as it is the threshold required for fault-tolerant quantum computation using

the surface code error correction scheme [93,170]. Therefore, by operating <70K and with

an ion height of 125µm, gate �delities in excess of this fault-tolerant threshold can be

delivered. For practical large-scale quantum computation, however, gate �delities well in

excess of this threshold are required. Here, using similar spectral noise densities as that

reported on several microfabricated ion traps [166, 167] instead of the more conservative

reference [165], lead to a two-qubit gate �delity of ∼99.8%. In addition, pulse shaping of

the RF signal, as presented by J. Randall [121], can be used to eliminate errors stemming

from the o�-resonant coupling from the sideband to the carrier transition. Using this

technique, two-qubit gate �delities are then expected to be in excess of 99.9%. Thus, this

approach is compatible with a large-scale quantum computer architecture using the surface

code as in Ref. [80].

3.2.2 Surface-electrode ion-trap layer

The chief focus of the apparatus being the study of high-�delity quantum logic operations

and inter-module ion transport, the ion-trap is chosen to have a linear design. This struc-

ture has several bene�ts compared to more complex alternatives such as X-junctions for

instance. It makes electrode routing straightforward while only requiring a minimal num-

ber of electrical connections, thereby facilitating laser access to both modules. Note that

such problems could be resolved by using vertical interconnect access. However, current

fabrication di�culties ruled out this option in favour of this more robust yet simpler layout.

The linear surface-electrode ion-trap uses a symmetric RF design optimised for the

target ion height of 125µm and is presented in Fig. 3.10. The RF tracks provide the

radial con�nement of the ion and make their way to the ion-trap edge so as to pair with

a second module. This results in a common con�nement region generated by the electric

�elds of both modules and permits the adiabatic transport of ion qubits provided both

RF �elds are of similar frequency, amplitude and phase. To maintain laser access through

the entirety of the shuttling path, the wirebond pads are then located as far as possible

from the trap alignable edge. The RF tracks are designed using equations derived by
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Figure 3.10: Surface-electrode linear ion trap designed for a 125µm ion height. The RF electrodes
are shaded in a darker colour for clarity. DC and GND electrodes are shown in yellow. (left)
Overview of the trap geometry. (right) Enlarged region of the ion-trap module depicted on the
left hand-side panel illustrating the con�guration of the centre ground electrode, inner DC rotation
electrodes, RF tracks, outer DC rotation electrodes and segmented DC electrodes used for the axial
con�nement of ions. The geometry of the ion trap is optimised according to objectives presented
in the text.

House [112] and optimised for maximum trap depth [171]. Here, small gaps (5�10µm)

separating each electrode have little impact on the electric �eld distribution. Thus the

trap can be analytically modelled using a gapless plane approximation [112]. In addition,

the dimensions of the RF tracks and their separation are chosen to facilitate ion transport

between modules as discussed in the following subsection. Provided moderate RF voltage

amplitudes of 200V (which is reasonable given RF breakdown tests in Section 3.3.4), the

trapping RF pseudopotential results in a trap depth of 187meV as shown in Fig. 3.11.

This corresponds to the energy barrier along the weakest con�nement axis a trapped ion

must overcome to escape the trap.

To ensure e�cient Doppler cooling of the trapped ion, the laser wavevector must have

components along all three principal axes, i.e. motional direction, of the trap. As laser

light propagates in a plane parallel to the trap surface, a tilt of the principal axes of motion

is required for a �nite projection to occur. In this design, this rotation is achieved using

dedicated 10µm-wide inner and outer DC rotation electrodes located either sides of the

RF tracks as shown in Fig. 3.10. These modify the electric potential around the trapped

ion without changing the location of the RF nil [172]. Applying asymmetric static voltages

in the order of ±1V can then result in a 10◦ rotation of the principal axes [168] which is
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Figure 3.11: RF pseudopotential responsible for the radial con�nement of the trapped ion at
a 125µm ion height above the trap surface using a RF voltage amplitude of 200V. Here, the
e�ect of the inner and outer DC rotation are not taken into account. The pseudopotential is
analytically evaluated using using methods presented by House [112]. (left) Contour line of the
trapping pseudopotential whose minimum is determined by the geometrical dimensions of the RF
tracks and centre ground electrodes. The direction perpendicular to the trap surface (along y)
constitutes the axis of weakest con�nement by which the trap depth is determined. (right) When
cooled to low motional quantum numbers, the ion is located at the pseudopotential minimum.
However, a kinetic energy exceeding the local maximum in y = 246µm (trap depth of 187meV)
leads to the ion escaping the potential well.

su�cient. The con�nement and shuttling of ions along the axial trapping axis is provided

by 13 pairs of outer segmented DC electrodes. The dimensions of the DC electrodes are

optimised for fast ion separation, transport, and recombination, such that the motional

excitation during these processes is reduced. These are calculated using methods presented

by Nizamani et al. [171].

3.2.3 Module-module connection via electric �elds

The investigation of the optimum trap geometry near the edge of the module from which

ions are shuttled has been investigated by PhD student Z. Romaszko [173]. In addition,

simulation of the sensitivity of inter-module shuttling to the misalignment between mod-

ules has also been studied.

To connect both modules via electric �elds and enable inter-module ion-qubit transport,

a few parameters must be considered: (i) The q parameter (from the Mathieu equations)

must remain sensible (q ≈ 0.4) to enable the radial con�nement by the RF electric �elds

across the gap ; (ii) The trap depth must remain su�ciently large over the gap ; (iii)

the pseudopotential RF barrier (regions where the pseudopotential lead to the ion expe-

riencing intrinsic micromotion) must be minimal ; and (iv) the motional heating should
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Figure 3.12: Illustration of the ion-trap module designed for inter-module ion transport and high-
�delity two-qubit gates with the magnetic �eld gradient and long-wavelength radiation scheme.
(left) The module consists in a linear surface ion-trap with RF electrodes. The CCW structure
(shown separately for simplicity) is directly embedded bellow the ion-trap electrodes. (upper
right) Enlarged region of the ion-trap module depicted on the left hand-side panel. The centre
of the magnetic quadrupole used to generate the magnetic force is located 9 DC electrode pairs
away from the module edge. (lower right) Normalised simulation results for the trap stability
q parameter, trap depth and RF barrier that would result from an ion-trap module misaligned of
10µm in all directions for a 125µm ion height. The trap dimensions are chosen such that RF

GND ≈ 3.3
with a RF voltage amplitude of 200V. Simulation results courtesy of Z. Romaszko [173].

also be minimised. In this case, the motional heating results directly from the shuttling

through a �nite RF barrier [84] produced along the gap between modules. While quantum

logic gates are relatively resilient to initial motional quanta of the ions, laser cooling is still

required and is a remarkably slow operation [174]. This, in turn, can reduce the overall

quantum computing clock-cycle, thereby impeding the system's overall performance due

to an increased sensitivity to decoherence. For a constant ion height above the trap surface

of 125µm, it was found that ensuring a large RF
GND ratio between the centre GND and RF

electrodes widths yields the best parameter for all four criteria [173] as shown in Fig 3.12.

This was determined under the consideration of a 10µm misalignment in all directions.

However, due to the constraint on the ion height, excessively large RF
GND ratio lead to a

proportional outward translation of the DC electrodes which weakens the con�nement and

control of the ion dynamics along the trap axial direction. Here, a ratio RF
GND ≈ 3.3 is

selected as it o�ers a suitable compromise between all these characteristics.
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Figure 3.13: Study of the e�ect of module misalignment on ion-trap connectivity for inter-module
ion transport (RF voltage amplitude of 200V). (top) Two ion-trap modules misaligned in x, y and
z. (lower left) Numerical simulation results of the trap depth as a function of the misalignment
along all three Cartesian directions. The impact of each variable is studied independently such that
when the misalignment along on direction is studied, the modules are considered perfectly aligned
in the other directions. A similar study was carried out for the RF barrier (lower right panel).
Sudden jumps denote numerical artefacts. Simulation results courtesy of Z. Romaszko [173].

With regard to misalignment sensitivity, a small relative displacement along the vertical

y direction and the direction of separation x leads to a reduction in the trap depth, see

Fig. 3.13. Remarkably, a misalignment resulting from a lateral translation of one module

to the other (along z) seems to increase the trap depth. However, this is attributed to a

numerical artefact due to the sampling method used [173]. From the perspective of the RF

barrier, any separation of the modules is harmful. Overall, the most sensitive direction to

misalignment is along the y direction where a slight 1µm misalignment is equivalent to an

increase of the RF barrier that matches that of 5µm and 10µm misalignments in x and

z respectively. This is due to the ground plane under the trap electrodes of one module

being exposed to the second module. As an estimate, the transport of ion qubits between

modules is achievable for misalignments up to 10µm, 2µm and 10µm along x, y and z

respectively.
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3.2.4 Accounting for fabrication tolerances

Although the joint fabrication of the CCW and ion trap layer into a single integrated device

eliminates assembly issues, it is still possible to have slight misalignments between both

layers as part of the microfabrication process. This may be the result of a misalignment be-

tween the photomask and device substrate as part of the optical lithography steps (detailed

in Section 3.3.3). This alignment accuracy is typically constrained to below 1µm. Mis-

alignment e�ects are analysed here in terms of the direction either parallel or perpendicular

to the trap axial direction (but parallel to the surface) such that the magnetic quadrupole

and trap pseudopotential no longer overlap. The �rst case is not problematic as the ion can

be transported along the trap axis for any fabrication misalignment in this direction. The

second case is also not an issue as the magnetic �eld gradient in this direction is relatively

weak 9× 10−3 G/(µm·A) compared to that along the axial trapping direction. Therefore,

the magnetic �eld o�set is negligible for a misalignment in the order of a micron. More

problematic, however, are fabrication errors that may result in a change in CCW-to-ion

distance. This may stem from a slight modi�cation of the RF electrode geometry, errors

in the CCW electroplated thickness, or improper thickness of the trap layer above the

CCWs (ground plane, insulator, and electrodes). The resulting misalignment between the

magnetic �eld quadrupole and trap pseudopotential in the vertical direction leads to ions

being in a region of lower magnetic �eld. This issue can be addressed in two ways: ion

relocation or magnetic quadrupole translation as explained in the following subsections.

Ion relocation in a region of higher magnetic �eld gradient

The �rst method consists of shuttling ions along the RF pseudopotential minimum in the

axial direction. Indeed, as is shown in Fig. 3.14, instead of experiencing a large gradient

with a small o�set �eld, the ion experiences the opposite when misaligned: a large o�set

�eld with a small gradient. For instance, a misalignment of −6µm below the location

of the magnetic quadrupole leads to an o�set of 0.71G/A. At the location of smallest

magnetic �eld o�set, the �eld gradient is nil. Consider now a pair of ions separated by

4µm of each other. When aligned to the quadrupole, placing each ion 2µm and 6µm

away from the centre along the trap axial direction yields magnetic �elds of 0.24G/A and

0.73G/A respectively. This results from the large, maximal, gradient of 12.19T/(m·A)

at this location. When misaligned, however, reaching gradients >90% of this maximum

requires the ion pair to be placed 10µm and 14µm away from the centre (exploiting

a gradient of 11.5T/(m·A)). However, the magnetic �eld o�sets at these locations are
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Figure 3.14: E�ects of a vertical misalignment between the magnetic quadrupole and trapped
ion locations. (left) Contour lines of the magnetic �eld magnitude (solid black curves) produced
around the desired trapped ion location (dashed black line). Following microfabrication errors, the
ion may only have access to sub-optimal regions of the magnetic �eld (dashed blue line). Here,
a reduction by −6µm from the desired ion location is given as example. (centre) Magnitude of
the magnetic �eld per unit current when the location of the trapped ion (dashed black curve) is
aligned to the centre of the magnetic quadrupole, and when it is misaligned (dashed blue curve).
The misalignment results in a strong �eld o�set. (right) Gradient of the magnetic �eld magnitude
along the axial trapping direction in the aligned (dashed black curve) and misaligned (dashed blue
curve) cases. As the magnetic �eld magnitude is quadratic to �rst order when misaligned, the
magnetic �eld gradient goes to zero in x = 0. The ions can then be displaced into regions (grey
bands) where more than 90% of the maximum magnetic �eld gradient (12.19T/(m·A)) is reached.
Orange and purple dots on the central and right hand-side panels denote pairs of ions separated
by 4µm. Results calculated from the in�nitely-thin wire model.

substantial, i.e. 1.46G/A and 1.92G/A respectively, which is a limiting factor under a

large currents when considering second order Zeeman e�ects on the qubit clock state.

Fine tuning of the magnetic quadrupole location

The second method is to realign the trapped ion to the magnetic quadrupole by relocating

the latter. This is achieved by introducing a tunable current Ic in the on-chip compensation

wire pair that is dedicated to vertical magnetic �eld o�set correction, thereby translating

the magnetic quadrupole. The current sent to this wire pair is limited to at most 25%

of the current I used for the inner and outer wire pairs of the CCW. The magnetic �eld

generated only by the inner and outer CCW pairs is given by

BCCW(y) =
µ0I

π
√

3
hccw

(
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h2
ccw
3 + y2

− 2
4 +
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13

(4 +
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)
· ŷ , (3.16)

at x = 0, in the case where n = 2 outer wire pairs are used, and where hccw is the original

targeted CCW-to-ion distance. At the same location, the magnetic �eld generated by the

compensation wire pair opposes this �eld by

Bc(y) = −
(
µ0Ic
2π

sc

s2c
4 + y2

)
· ŷ , (3.17)
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Figure 3.15: Correction of fabrication errors using an electrical current in the integrated com-
pensation wire pair. (upper left) A vertical misalignment of the trapped ion by −6µm from
the magnetic quadrupole centre (dashed blue curve) results in an o�set �eld of 0.71G/A which
is sub-optimal compared to the aligned case in hccw (dashed black curve). (upper right) Intro-
ducing a tunable electrical current (dashed orange curve) in the compensation wire pair displaces
the magnetic �eld quadrupole by ∆y along the vertical direction (lower left). The current in the
compensation pair is limited to be 25% of that supplied in the inner and outer CCW pairs for
thermal management. Only displacements between ∆y− = −6µm and ∆y+ = 7µm are achievable
under these conditions as illustrated by the orange shaded region. (lower right) The new location
of the quadrupole gives access to a di�erent magnetic �eld gradient along the axial trapping axis.
Results calculated from the in�nitely-thin wire model.

where sc = 2655µm is the separation used for the compensation wire pair in the in�nitely

thin wire approximation. The new location of the magnetic �eld nil along y and displaced

by ∆y from h can be found by solving BCCW = Bc using Eq. 3.16 and 3.17. Alternatively,

solving this equation for Ic, provides the equation for the current in the compensation wire

pair that is required to translate the quadrupole from hccw by ∆y along y. This results in

Ic
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(3.18)

Within the limit Ic/I = 0.25, the maximum displacement of the magnetic quadrupole

centre in the vertical direction is found to be ∆y− = −6µm and ∆y+ = 7µm according to

the orientation of the current in the compensation wire pair. Therefore, this compensation

scheme is expected to cover all anticipated fabrication inaccuracies. Larger displacements
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may still be compensated if necessary at the cost of a larger Ic/I ratio but this is detrimental

to the thermal management of the device. At maximum displacements of the quadrupole

centre, magnetic �eld o�sets of 0.71G/A and −0.75G/A are produced respectively as

calculated using Eq. 3.17 and presented in Fig. 3.15. Once the magnetic �eld quadrupole

has been realigned to the trapped ion location y = hccw + ∆y, the magnetic �eld gradients

along the axial trapping axis are:

∂xB =
µ0I

π

2√
3

hccw(hccw + ∆y)(h2
ccw
3 + (hccw + ∆y)2

)2 . (3.19)

Overall, this method is advantageous in comparison to the previous one since it can achieve

a high magnetic �eld gradient while ensuring operation at low �eld o�sets.
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3.3 Ion-trap module microfabrication and characterisation

The fabrication of these ion-trap modules is made possible thanks to already well-established

techniques used in the semiconductor industry. Indeed, the development of these tech-

niques have pushed the manufacturing boundaries of miniature electronic devices using

patterned conductive, semiconducting and insulating materials. Amongst others, this has

been immensely successful for the development of CMOS technologies. The microfabrica-

tion of ion traps [65] using similar techniques and similar fabrication facilities (known as

foundaries) thus aims at achieving equivalent levels of reproducibility and device reliability

as in the microelectronics industry. However, successful microfabricated ion-traps also re-

quire features such as thick dielectric patterned layers as well as conducting layers of gold

and copper. These necessitate atypical fabrication processes that are seldom o�ered by

industrial CMOS foundaries. Therefore modern ion-traps are fabricated using complemen-

tary processes borrowed from an array of microfabrication techniques, with semiconductor

MEMS technology being chief amongst them.

The fabrication process that is pursued must be tailored to the materials, number, and

dimensions of the thin and thick �lm layers used in the device along with the choice of its

substrate. Ion-trap substrates range from dielectric, semiconducting, to conducting, with

each �avour translating into a distinct set of advantages and limitations. For instance,

while dielectric substrates are compatible with straightforward fabrication processes and

ensure little RF power losses, all dielectric surfaces exposed to the ion must be shielded.

Indeed, the dielectric is susceptible to stray charges originating from its interaction with

incident UV laser light via the photoelectric e�ect [175,176], resulting in additional electric

�eld noise which may adversely in�uence trapped-ion dynamics. An extensive review of

the substrates that were considered for this experiment is given later in the next chapter.

Here, silicon is chosen as the substrate of our ion-trap module. Being the �gold� standard

in the semiconductor industry, it is, as such, compatible with an extensive range of fabrica-

tion process. In addition, its high thermal conductivity at cryogenic temperatures makes

it ideal for the thermal management of CCWs. However, silicon as a substrate can lead

to substantial losses at RF frequencies [177]. For this reason, and unlike microfabricated

ion-traps on dielectric substrates, it is impractical to fabricate the trap electrodes directly

onto the substrate. Introducing a metal layer acting as a ground plane between the trap

electrodes and substrate is a widely adopted solution to this issue [61] as it successfully

shields the substrate, thereby e�ectively mitigating RF losses.
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In this work, the development of the ion-trap microchip module was carried out in

collaboration with the IQT microfabrication team� and were fabricated at the EPFL (Lau-

sanne, Switzerland) Center of MicroNanoTechnology (CMi). The �nal ion-trap design and

fabrication process �ow came as a result of extensive trials and errors that necessitated

many iterations. To facilitate troubleshooting, the device was developed in parallel over

three work packages aiming at researching the adequate processes for the fabrication of

the on-chip CCWs, the ion-trap layer, and the integration of both features in a single

device. This approach has allowed to successfully eliminate recurring fabrication issues

such as excessive dishing (i.e. a concave depression resulting from polishing) of the electro-

plated copper CCWs, inferior adhesion of the surface electrode conductor to the dielectric

insulator, and imperfect ion-trap surface quality.

3.3.1 Embedded CCWs fabrication process

The �rst work package (WP1) focuses on the microfabrication of the CCW within the

silicon substrate. The silicon substrate is provided by a double side polished silicon wafer�

with a thickness of 380µm and with a resistivity of 0.1�0.5Ω·cm. The embedded CCW

structures are realised via lithographic techniques for patterning, wet oxidation to build

thermal oxide dielectric layers, metal sputtering to grow electrically conductive layers, elec-

troplating to realise thick conducting microstructures, and etching processes for material

removal.

The WP1 process �ow used for the microfabrication of the CCW within the silicon

substrate is presented in Fig. 3.16 which details individually each step from (a.) to (j.).

(a.) Initially, the silicon wafer is received from the supplier polished on both sides. (b.)

A positive photoresist �lm is applied to the device topside in preparation of patterning via

photolithography. (c.) UV light illuminates a mask containing the geometrical pattern

of the CCWs and projects the pattern onto the photoresist layer. (d.) The regions of

the photoresist �lm exposed to UV light are removed using a developer. This reveals the

pattern transferred from the mask to the photoresist. (e.) The exposed silicon substrate

is then etched by deep reactive-ion etching (DRIE). This dry, highly anisotropic etching

process produces steep trenches that penetrate deep into the substrate. Here, the desired

�Process �ow developed by, devices fabricated by, and iteratively characterised with, Dr. Seokjun
Hong, Ph.D. student Martin Siegele, and Dr. Reuben Puddy.

�with a <100> orientation of the crystal plane with respect to the surface.
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Figure 3.16: Process �ow followed for the mircofabrication of on-chip CCW (WP1). More details
are presented in the main text, including a step-by-step description of the process �ow. CMP�
chemical mechanical polishing, Cu�copper, PR�photoresist, Si�silicon, SiO2�silicon dioxide,
Ti�titanium.

etching depth of 15µm is achieved. (f.) Following the etching of the CCW pattern in

the substrate, the photoresist is removed. (g.) To prevent CCWs from short-circuiting

to ground or between themselves, it is critical that they are electrically insulated from

the silicon semiconductor substrate. Here, a 1µm thick layer of SiO2 thermal oxide is

deposited across the entire device via wet oxidation. (h.) In order to plate the CCW

trenches with copper it is imperative that these are �rst metallised. A 10 nm thick layer

of titanium is deposited on the silicon dioxide layer and acts as an adhesive. Onto this, a

further 100 nm-thick layer of copper is deposited. Both deposition processes are realised
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via metal sputtering. (i.) The device is then prepared for electroplating.

Both blanket and patterned copper electroplating options were considered but blanket

electroplating was favoured as it was more readily available. Electroplating was carried out

by an industry partner (Fraunhofer) and the metallised CCW trenches were electroplated

with copper over a thickness of 20µm. (j.) For this device to be used as a foundation for the

further development of a surface trap and to reveal the CCW geometry, the surface must be

planarised and the excess electroplated copper removed. Thus following the electroplating,

surface planarisation is realised by chemical mechanical polishing (CMP). This process is

also carried out by Fraunhofer. Finally, only the silicon substrate, silicon dioxide insulator,

and embedded conductive CCW structures remain.

3.3.2 Metallised device underside

During their operation, CCWs will release heat via ohmic dissipations. As will be shown

in Chapter 4, it is critical that this thermal energy is e�ciently dissipated away from

the device. Here, the polished underside of the device ensures optimal die-bonding to a

�at copper mount allowing for e�cient heat transfer and reliable mechanical performance

over many thermal cycles. To achieve this, pure indium is chosen as a thermal interface

material. The indium die-bonding method speci�cally developed for this experiment is

presented in detail later in Chapter 6. To maximise the die-bonding process and heat

transfer, the thermal oxide layer present on the underside of the wafer is removed by a wet

etching process. To avoid deteriorating the device, the topside is covered with a photoresist

coat. A 50 nm layer of chromium is then deposited by metal sputtering and is used as an

intermediary adhesive layer. A 0.5µm layer of gold is subsequently sputtered on top of this

layer and can be well wetted by the indium solder, a characteristic critical to the success

of the die-bonding method. In addition, the direct contact between the metallic layer and

the silicon semiconductor ensures that the device substrate is homogeneously grounded via

the device mount.

3.3.3 Bulk ion-trap fabrication process

The ion trap consists of layers of conductors and insulators fabricated on top of a substrate.

The fabrication of the trap structure is realised as part of work package 2 (WP2) through

a combination of photolithographic techniques for patterning, plasma-enhanced chemical

vapor deposition (PECVD) to build dielectric layers, metal sputtering to grow electrically

conductive layers, as well as dry and wet etching processes to remove material.
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An overview of the process �ow used for the construction of the WP2 ion-traps is

presented in Fig. 3.17. The steps followed during the process �ow achieved two distinct

goals: (Fig. 3.17 a.�f.) patterning of the ion-trap ground plane, and (Fig. 3.17 g.�m.)

patterning of the ion-trap electrodes. (a.) Initially, the silicon wafer is received from the

supplier with a thin thermal oxide coating resulting from a wet oxidation process. (b.) A

1µm-thick layer of aluminium is then deposited via metal sputtering on the silicon oxide

layer and forms the ion-trap ground plane conductor. The silicon dioxide layer therefore

insulates the ground plane from the silicon semiconductor. (c.) A positive photoresist �lm

(2µm thick) is then applied to the device in preparation of patterning via photolithogra-

phy. (d.) A mask containing the geometrical pattern of the ground plane is then exposed

to UV light and projects the patterns onto the photoresist. The mask is aligned to the

wafer with an accuracy of 1µm. (e.) The regions of the thin photoresist �lm exposed to

UV light are removed using a developer, revealing the pattern transferred from the mask

to the photoresist layer. (f.) The exposed layer of aluminium is subsequently etched away

over its entire thickness (1µm) by a wet etching process. (g.) The ground plane pattern-

ing process is completed and the remaining thin layer of photoresist is removed. (h.) At

the beginning of the ion-trap electrode patterning process, an 8µm-thick layer of SiO2 is

deposited across the entire device via PECVD. (i.) A 50 nm-thick layer of chromium is

deposited on the silicon dioxide layer and acts as an adhesive layer onto which a 1µm-

thick¶ layer of gold is deposited via metal sputtering to form the future ion-trap surface

electrodes. The 8µm-thick silicon dioxide layer sandwiched between the aluminium ground

plane and the gold layer therefore acts as an electrical insulator. The insulator thickness is

chosen following previous successful ion-trap fabrication batches which showed high break-

down voltages ∼240Vamp. Here, the top conductive surface of the trap will be directly

exposed to trapped ions and gold is speci�cally chosen as the electrode's material as it ful�ls

several objectives. Firstly, gold is non-reactive with oxygen which leads to a low surface

roughness which is bene�cial from an anomalous heating standpoint [178]. In addition,

gold is preferred to alternative materials such as aluminium, as aluminium is reported to

develop �hillocks� and �whiskers� at temperatures comparable to that used during vacuum

bake-out [179, 180]. (j.) A thick positive photoresist �lm (10µm thick) is then applied

to the device in preparation of patterning via photolithography. (k.) The mask contain-

ing the geometrical pattern of the ion-trap surface electrodes is exposed to UV light and

¶The desired thickness was initially of 5µm, however this was reduced to 1µm due to issues with the
deposition of a thicker layer.
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Figure 3.17: Process �ow followed for the mircofabrication of the ion-trap modules devel-
oped in WP2. More details are presented in the main text, including a step-by-step descrip-
tion of the process �ow. Al�aluminium, applic.�application, Au�gold, Cr�Chromium, dev.�
developing, PECVD�plasma-enhanced chemical vapour deposition, PR�photoresist, Si�silicon,
SiO2�silicon dioxide.
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projects the patterns onto the photoresist. The mask alignment is also accurate down to

1µm. Regions of the thick photoresist �lm exposed to UV light are then removed with a

developer. (l.) The exposed layer of gold and chromium are fully etched away by a dry

etching process (ion beam etching), subsequently revealing the silicon dioxide layer. (m.)

The exposed layer of SiO2 is then also dry etched down to the ground plane to form steep

trenches. (n.) Finally, the remaining thick layer of photoresist is removed revealing the

fully fabricated ion trap.

In the future, polishing of the SiO2 dielectric insulator between the ion-trap ground

plan and surface electrodes may be investigated to prevent the transfer of the ground plane

pattern to the top of the device. Additionally, it is attractive to produce an undercut of

a few microns in the insulator beneath the ion-trap surface electrodes [181, 182]. This

prevents the dielectric from being in the line of sight of the trapped ion and mitigates the

e�ects of stray �elds resulting from the local charge build up due to the photoelectric e�ect.

However, more process development is required until both these steps can be undertaken

safely and reliably.

Precision alignable edge fabrication process

To be functional, the edge of the ion-trap module over which module-to-module ion shut-

tling operations will take place must provide an alignable edge that does not mechanically

interfere with the neighbouring module it is aligned to. This means that the ion-trap edge

must be precisely fabricated with sub-micron accuracy. The process used to realise the

precision alignable edge is presented in Fig. 3.18 and essentially reduces to two key steps.

Firstly, the silicon substrate is �roughly� diced using a diamond saw in the vicinity of the

trap edge. This ensures the substrate does not protrude on the side of the module by

more than 20µm. Secondly, the silicon substrate is dry etched over ∼95µm using XeF2

gas. This eliminates the silicon substrate protrusion on the side of the ion-trap module

such that a ∼75µm wide portion of the ion-trap extends and overhangs over the substrate.

Since the remaining edge has not been fabricated through direct mechanical dicing, but

instead solely via microfabrication techniques, the resulting edge is produced with an ac-

curacy comparable to other microfabricated trap features. Importantly, the alignable edge

exhibits a surface �atness of <1µm.



84

Figure 3.18: Process �ow for the die level fabrication of the precision alignable ion-trap module
edge. (a.) Photoresist application. A thick photoresist layer (red) is applied to the top exposed
surfaces of the device as a protective measure. This prevents the device from being damaged during
the subsequent fabrication steps. (b.) Dicing. A precision diamond saw (translucent blue disk) is
used to dice each device's substrate 20µm away from the edge of the ion-trap module. (c.) Silicon
substrate etching. A dry etch consisting in XeF2 gas is used to remove ∼95µm of the substrate
such that the ion-trap structure overhangs by about 75µm. The XeF2 gas solely attacks silicon
and leaves the surrounding structures unaltered. (d.) Photoresist stripping. The photoresist is
removed, along with the contaminants that it may have captured, using acetone followed by IPA.
PR�photoresist.

Combining both CCW and ion-trap fabrication process

The development of a fabrication process for the integration of the CCWs within the

alignable ion-trap module is the goal of work package 3 (WP3). This leverages on both

WP1 and WP2 with the need for the development of a transition fabrication process

between the two. The challenge of transitioning from WP1 to WP2 consists in fabricating

the ion-trap ground plane without shorts to the CCWs while also maintaining possible

access to the CCWs for electrical connection. Here, this is addressed by adding a 0.5-

µm-thick insulating layer of silicon dioxide via PECVD that is subsequently patterned via

photolithography. An overview of this transition fabrication process is presented in Fig.

3.19 and an illustration of the fully fabricated device is portrayed in Fig. 3.20. After

the devices are fabricated, the precision alignable edge is fabricated individually on each

ion-trap module. Fig. 3.21 shows the result of the reliable and repeatable fabrication of

the precision alignable edge with a sub-micron accuracy.
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Figure 3.19: Process �ow of the transition between WP1 and WP2 to realise the alignable ion-
trap module integrating CCWs (WP3). (a.) A 0.5µm-thick insulating layer of SiO2 is deposited
uniformly via PECVD covering the already existing layer of silicon thermal oxide as well as exposed
CCW copper surface fromWP1. (b.) Prior photolithography, a thin coating of positive photoresist
is applied to the device. (c.) Photolithography step: a patterned mask containing the location
of future connector pads to the CCW is exposed to UV light and transfers the geometry to the
photoresist. (d.) The photoresist that has been exposed to UV light is then removed with a
developer. (e.) The exposed layer of silicon dioxide is etched over 0.5µm by a wet etching
process. (f.) The photoresist is then removed and the device is ready to be subjected to the WP2
process �ow. PECVD�plasma-enhanced chemical vapour deposition, PR�photoresist, SiO2�
silicon dioxide.

3.3.4 Characterisation of microfabricated ion-trap modules

RF breakdown. Destructive RF breakdown tests were carried out on two ion-trap devices

that stem from the same fabrication batch as those made for the two-module experiment.

The test is done to establish the maximum trapping RF voltages that can be safely ap-

plied in the experiment while providing maximal radial con�nement. The ion-trap module

was mounted on a PCB, electrically connected via several wirebonds, and installed in a

vacuum chamber dedicated to ion-trap microchip testings. The chamber was evacuated to

3.0×10−6 mbar and large viewports allowed monitoring of the module with a camera. The

RF signal at ∼13.7MHz was generated by a RF signal generator. The signal was ampli�ed

and connected to a helical resonator for further ampli�cation prior being delivered to the

trap. The RF set-up and helical resonator used are similar to that presented in Chapter 7.

During the breakdown test, the RF voltage amplitude delivered to the trap was increased
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Figure 3.20: Illustration of the key features on the alignable ion-trap module integrating CCWs
microfabricated as part of WP3. Copper CCWs are embedded directly within the module substrate
for large magnetic �eld gradient generation and for e�cient thermal management. Electrical con-
nections to the CCW are done via an accessible metallised aluminium pad. A precision alignable
edge allows for an ion-trap module to be aligned to another to perform module-module ion shut-
tling operations. The trap gold surface electrodes are insulated from the aluminium ground plane
by an 8µm-thick silicon dioxide insulation layer for the safe application of large trapping RF volt-
ages. The underside of the module is metallised with gold which provides an ideal interface for
indium die-bonding and enhances the thermo-mechanical performance of the device. The overall
dimensions are not to scale.

Figure 3.21: Scanning electron microscope images of the alignable edge fabricated on a WP3 ion-
trap module. (left) Image of the alignable edge of the ion-trap module focussing on the trapping
RF electrodes. (right) Zoomed in view of the alignable edge around the ion-trap DC centre
ground electrodes and inner rotation electrodes. The ion-trap edge is suitable for module-module
alignment given its �atness that is accurate below 1µm.

by steps of 20V from 0V up to the breakdown voltage. For both devices, electric glow dis-

charge was observed for RF voltage amplitudes in the 225�260V range. First �ash-overs

(i.e. electric arcs between electrodes) were then observed for voltage amplitudes above

270V, and numerous �ash-overs with a rapid, high-repetition rate then took place for volt-
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Figure 3.22: Electrical �ash-overs during the RF breakdown test and location of the DC electric
short on the heat sink side ion-trap module. (left) RF signal applied to the ion-trap module RF
electrode with voltage amplitude exceeding 425V. There are multiple �ash-overs between the RF
electrode and neighbouring DC electrodes that are grounded. (right) Enlarged region of the WP3
EL125 001 (device 14) linear symmetric edge trap (SET) microchip focusing on DC electrodes 27
and 28 close to the RF electrode. A small defective gold connection (dashed red circle) that is less
than 10µm bridges electrode 27 to electrode 28. It is the leading explanation for the 4.9 MΩ short
between both electrodes, but does not cause trapping issues.

ages exceeding 425V as shown in Fig. 3.22. The electrical breakdown of the traps then

took place at 475V and 650V for each ion-trap module. For the two-module experiment,

operating with RF voltage amplitudes of up to 200V is expected to be safe.

Electrical connectivity. The DC, RF and ground electrodes were tested on both ion-

trap modules to ensure that there are no undesired electrical shorts between them. The

traps were then visually inspected when shorts were detected. All the electrodes, on both

traps, were found to be in open-circuit to the ground. For the piezo side microchip (device

13), three DC electrodes were found to be shorted together. However, in the experimental

set-up, these electrodes are also to be wirebonded together (see Annex E) such that the

shorts do not cause any issue. For the heat sink side microchip (device 14), only one pair

of electrodes is found to be shorted. These are found to be electrodes 27 and 28 (see Annex

E) and the electrical resistance between the two electrodes is measured to be of 4.9MΩ.

The defect that is likely responsible for the short is visible in Fig. 3.22 and is attributed to

poor photolithography. However, given the large resistance of the short dissimilar voltages

can still be applied to the electrodes reliably. For both traps, the capacitance of the RF

electrodes to ground are measured to be ∼70 pF, which is acceptable for surface-electrode

Paul traps. Each CCW loop was also measured to be well insulated from ground and

amongst themselves. The CCW loops presented resistances in the 0.3�0.8Ω range (using a

multimeter) which is in agreement with predictions of the electrical resistances (0.15Ω and

0.43Ω) once accounting for the contact resistance to the probes of the measuring device.
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Figure 3.23: Preliminary cryogenic test of the WP1 microchips with embedded CCWs. (left)
A WP1 microchip (not �nal design) is mounted in a vacuum apparatus and is anchored to a
cryogenic heat sink (not visible) which is cooled by a continuous �ow of liquid nitrogen. A PCB
and electrical cabling deliver the high current to the CCW. Additional electrical connections allow
to measure the voltage drop across a CCW loop such that the CCW structure can be used as an
on-chip temperature sensor. (right) Measurement of the electrical resistivity (solid blue curve)
of the electroplated copper CCWs. The measured resistivity is compared to reference resistivity
curves (dashed black curves) for copper of di�erent purities with RRR numbers ranging from 10
to 250. The values of the resistivity for the electroplated copper indicate a purity of RRR ≈
20. The reference resistivity curves as a function of the RRR number are calculated using the
Bloch-Gruneisen equation and Matthiessen Rule (see Chapter 4 for more details).

3.3.5 High-current cryogenic test of on-chip CCWs

As the WP1 microfabrication process was iteratively re�ned and CCW design modi�ed,

the need for a test of the fabricated CCW structure arose. Indeed, it is crucial to ensure

that the electroplated CCWs can withstand the large current necessary for the generation

of the magnetic �eld gradient while operating at cryogenic temperatures. In the following

is presented a test that was carried out on a prototype WP1 microchip and allowed to

determine the quality of the electroplating and issues relating to the thermal management

of the device.

The CCW structures were tested at cryogenic temperatures using liquid nitrogen (LN2)

as coolant. To realise this test, the WP1 silicon microchip was epoxied onto an OFHC

copper block �tted with a Pt100 temperature sensor and was electrically connected to a

custom test PCB. Note that at this stage of process development, the underside of the

prototype microchip had not been metallised. As is presented in Fig. 3.23, this assembly

was installed in a vacuum system that was �tted with a LN2 heat sink. Such a set-up

had previously been used for ion trapping and is described in this thesis [168]. The test

chamber was evacuated to a high vacuum (10−7 mbar) and a continuous �ow of LN2 was
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Figure 3.24: Temperature evolution of the set-up supporting a WP1 microchip on which the
Pt100 sensor is mounted (blue solid curve) and temperature evolution of the CCWs embedded
in the WP1 microchip (red solid curve). Electrical currents of increasing intensities are supplied
to the CCWs. Thermal steady-states are achieved for currents in the 3.5�10A range. For larger
currents the device temperature is found to either diverge slowly (for 9A) or rapidly (for 10A).

supplied to the heat sink. The test jig was let to thermalise over 30min and given the

negligible heat load leaked from the environment to the CCWs, these could reach a base

temperature of 86K. In addition to electrical connections to the CCWs that are used to

deliver the large electrical current, connections are also made to probe the voltage drop

across a CCW loop. This e�ectively realises a 4-lead connection to the CCW structure

which can then used to accurately measure the resistance of the device. Since copper ex-

hibits a temperature-dependent electrical resistivity that is also a function of its purity, it

is possible to use the CCW loop resistance as an on-chip temperature sensor. Referring

to standard value of the resistivity at various temperatures then also allows to deduce the

purity of the electroplated copper. Measurements of the CCW resistivity against reference

curves for various purities is given in Fig. 3.23. During cool down, temperature measure-

ments taken by the Pt100 sensor are associated to the resistance of the CCW loop, thereby

providing a calibration curve to use the CCW as temperature sensor. The purity of the

electroplated copper in term of residual resistivity ratio (RRR) is found to be RRR≈ 20.

A detailed discussion regarding the copper purity in term of the RRR number is provided

later in Chapter 7.

To analyse the potential failure of the device under normal high-current operation,

CCWs were subject to consecutively increasing electrical currents in the 3.5�10A range.

In-between each increase, the current was switched o� such that the system could ther-
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malise back to its base temperature of 86K. The experiment temperature is monitored

via logs from the Pt100 sensor while the temperature of the CCWs is calculated in post-

processing. The evolution of both temperatures over the course of the test are presented in

Fig. 3.24. For currents ranging from 3.5A to 8A, the device reaches thermal steady-state

in less than 2min. Remarkably, for a current of 9A the device's temperature appears to

slowly diverge while for a current of 10A, the temperature increases rapidly. If left to

evolve freely, this would likely result in the destruction of the CCW structure.

For this speci�c device, the maximum current resulting in a steady-state operating

temperature was 8A. Alternative CCW designs, optimised for a 100µm ion height, were

also tested and allowed for steady-state operation to up to 11A equating local current den-

sities in excess of 106 A/cm2. It is also noteworthy to mention that applying pulse-width

modulated current signals to the CCWs would circumvent this issue and would allow to

reach much larger operating currents. However, in all such steady-state instances, the op-

erating temperature of the device was found to deviate by more than 50K from the base

cryogenic temperature. This is in practice unacceptable for the two-module experiment.

To mitigate this e�ect, a thermal model of the embedded CCWs that encompasses the ion

trapping module, thermal interface and heat sink is required. Such a model is discussed in

the next chapter and may be used in the future to further improve the CCW design opti-

misation method such that the device suits best the experimental set-up it is deployed into.

3.4 Conclusion

In this chapter, a technical review of the literature was given with regards to the generation

of large magnetic �eld gradient at the trapped ion location to drive high-�delity quantum

logic operations. It was found that existing technologies either su�er from issues preventing

the device from being used in a quantum computing architecture that is scalable, or su�er

from severe technical limitations resulting in weak magnetic �eld gradients to the cost of

excessive power dissipations. To overcome these issues, a novel optimal CCW design that

is directly embedded within the ion trap module was presented. It provides a su�cient

magnetic �eld gradient at the trapped ion location while ensuring a magnetic �eld nil

point in its proximity. The method that was used to engineer such a device has also been

extensively detailed to assist future experimentalists in replicating this design. The values

of maximum achievable magnetic �eld gradients as a function of the CCW-to-ion distance
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was given. By using an appropriate ion height above the surface trap, and assuming

the low-temperature operation of the trap, two-qubit gates with �delities exceeding the

99% fault-tolerant threshold for error correction using surface codes are expected to be

within reach. A fully integrated ion-trap module designed speci�cally for inter-module

qubit transport was then presented. Following this, the microfabrication procedure of the

CCWs and ion trap was discussed and the resulting device was characterised. In addition,

a mean to electrically correcting for errors associated with the trap fabrication has also

been provided such that the implementation of the device remains robust. The produced

device is expected to yield a magnetic �eld gradient ∂xB = 109.7T/m under 10A for an

ion height above the trap electrodes of 125µm. However, larger �eld gradient may still be

achieved using larger currents. As was demonstrated with preliminary tests at cryogenic

temperatures using liquid nitrogen, the signi�cant challenge consists in estimating the

thermal performance of the device at cryogenic temperature together with the cooling

system it requires. These tasks are carried out in the following chapters.
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Chapter 4

Cryogenic thermal management of

current-carrying wires

The temperature of a heat generating device is determined by its thermal load and the

thermal characteristics of the anchoring system it uses for thermal management. Microfab-

ricated ion traps are inherently heat generating devices and their operating temperature

can be of important concern [177, 183]. This is also the case for atom chips operating

under large current densities [184, 185]. This concern is exacerbated when operated at

cryogenic temperatures where the cooling budget is scarce and the thermal anchoring per-

formances are reduced. Adding to the di�culty, advanced microfabricated ion traps, such

as those integrating on-chip current-carrying wires (CCWs), are also expected to generate

a substantially larger heat load compared to that of existing microchip designs. In these

experiments, electrical currents will be sustained over time scales su�ciently large that the

microchip reaches thermal steady-state. While room-temperature heat transfer models

exist in the �eld of atom chips [186, 187], no model exists for ion-trap microchips at cryo-

genic temperatures and over such time scales. More speci�cally, no model accounts fully

for the complexity of the temperature-dependence of the material properties at cryogenic

temperatures nor is considered the possibility of thermal runaways. This chapter presents

a cryogenic heat transfer model using a holistic approach where both chip and thermal

management assembly are considered as a single thermal ensemble. The model uses the

CCWs geometry proposed in the previous chapter and thermal management system later

proposed in Chapter 3. This analysis remains general enough that it is extendible to a

variety of designs.
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4.1 Introduction to ion-trap cryogenic thermal management

As presented in the previous chapter, lower operating temperatures lead to greater gate �-

delities due to reductions in motional heating. An additional advantage is the reduction of

background gas in experiments which in turn lead to longer trapping lifetimes. Historically,

this desire to lower vacuum pressures has been the original drive for the development of

cryogenic ion trapping experiments. However, operating a trapped ion cryogenic system is

a substantial engineering feat where signi�cant technical challenges need to be addressed.

Today, the undertaking of such challenges is pursued by a growing number of ion trap-

pers [52, 188�195] and the current state of the art is presented in Chapter 5 alongside my

own e�orts to deliver on this goal.

From a thermal engineering perspective, operating at low temperatures has the bene�t

that some common ion-trap materials become better suited for thermal management than

they are at room temperature. This is particularly relevant for ion-trap microchip designs

using substrates such as silicon, quartz, aluminium nitride and sapphire. A similar e�ect

is also applicable to metal conductors within which large currents are desired. At low

temperatures, metals such as gold or copper also present a substantially lower electrical

resistivity [196,197] leading to reduced heat loads. Operating at cryogenic temperatures is

therefore of important interest for advanced trap designs where optimal thermal manage-

ment capabilities are targeted.

However, materials employed in the construction of thermal management systems for

trapped ion quantum technologies do not all bene�t from such an advantage. Importantly,

the reliable and e�ective thermal anchoring of ion traps at cryogenic temperature becomes

increasingly complex owing to two factors:

� Thermal conductance. There is a poor thermal conductance of the thermal an-

choring structure between the microchip and cooling system at cryogenic tempera-

tures.

� Cooling budget. There is a reduced cooling budget available from standard cryo-

genic systems compared to that provided by room temperature cooling solutions.

Although, while room temperature microfabricated ion-trap experiments are assumed

to not deviate much in operating temperature, a case reported a temperature increase

greater than 70K [177]. This results from the heating of the substrate via losses from
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the trapping RF signal that occurs particularly for high loss tangent substrates [67].

In cryogenic systems, such losses are reported to generate heat loads in the 10�100mW

range [188, 191, 192, 194]. For such small output powers, temperature di�erences can be

substantial enough to bring the ion trap to a 10K operating temperatures. This is a sig-

ni�cant rise from the 4.2K base temperature of these systems and may partially defeat the

purpose of cryogenic operation at larger powers.

The experiment presented in this thesis does not target such a low operating temper-

ature. Instead, a microchip operating temperature of 70K is targeted in line with the

proposed large-scale trapped-ion quantum computing architecture [80]. Operating at a

higher cryogenic temperature than 4K allows one to leverage on greater cooling budgets

while only su�ering a marginal worsening in terms of motional heating rates as later pre-

sented in Chapter 5. However, the integration of the CCWs within the trap substrate

will constitute a substantial increase in generated heat. Initial analysis with temperature-

independent thermal properties in [80] suggests an output power per gate region of ∼0.3W.

In addition, the tests at the end of the previous chapter demonstrated di�culties in main-

taining cryogenic temperatures under large currents. In both cases, this warrants a careful

thermal analysis to ensure that the desired 70K operating temperature constraint is re-

spected.

It is worth pointing that the transient thermal analysis has already been carried out

at room temperature by the atom chip community [186,187]. For surface-mounted CCWs,

the CCW thermal contact resistance, substrate thermal conductivity and temperature co-

e�cient of the electrical conductor were identi�ed to be major parameters in determining

the operating temperature and maximum applicable current. Although there is an interest

in operating atom chips at cryogenic temperatures [198�200], it appears that no thermal

model encompassing the added complexity of temperature-dependent material properties

and steady-state operation at cryogenic temperature has been made.

In the following sections, the rational behind the choice of CCW conductor, substrate

and thermal management assembly to operate optimally at cryogenic temperatures is pre-

sented. Then full transient and steady-state temperature-dependent thermal models are

derived
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4.2 Temperature-dependent thermal properties

Many materials can be used for the construction of on-chip CCWs and microchip substrates.

Similarly, there is also a broad range of materials that can be employed for the microchip

thermal management assembly in the 50�70 K temperature range.

4.2.1 CCWs material properties

CCW fabrication in the �eld of atom chips commonly uses copper and gold as electrical

conductors at room temperature [143]. Superconductors, such as niobium, are also used

at low temperatures [198,199].

Copper is one of the most widely recommended metals for the production of atom chip

current-carrying conductors [143, 201�203]. Fortágh et al. [184] showed that electroplated

copper can withstand current densities up to 6.5 × 106 A/cm2 for thin structures (<1A). A

useful capability for the generation of strongly con�ning magnetic quadrupole potentials.

However, this leads to an extreme temperature increase of 350K. Later, Du et al. [201]

demonstrated Bose-Einstein condensation above lithographically patterned copper struc-

tures, withstanding up to 5A. Also, using lithographically patterned copper, Naides et

al. [203] used current densities of 0.5 × 106 A/cm2 (2.5A). Other methods employing di-

rect bonding copper have been successful at passing very large currents of 100A for 2

seconds at room temperature through large on-chip features (5 × 106 A/cm2) [202]. How-

ever, the latter liberated a substantial heat load of ∼110W.

Cryogenic environments allow one to leverage on the reduced thermal noise and lossless

properties of superconductors. On-chip neutral atom experiments at 4.2K notably used

niobium (Nb) wires to carry large currents densities of 1.19 × 106 A/cm2 (3A) [198, 199]

and more recently of 4 × 106 A/cm2 (1A) [200]. Some experiments using superconducting

microfabricated ion traps at cryogenic temperatures also reported critical current density

of 4 × 106 A/cm2 (2.7A) [160].

The fabrication of atom chip CCWs by gold electroplating or evaporation is also ubiqui-

tous [144,204�214]. Reichel et al. [206] reported current densities of 4.6 × 106 A/cm2 (3 A)

for a temperature increase of 40K. The largest current densities reported in the literature

were found to be of ∼108 A/cm2 [204] and ∼107 A/cm2 [186] for electroplated and evap-

orated gold respectively. In the latter case, a substantial temperature increase of ∼50K
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is also reported. However, a direct comparison between the two fabrication techniques is

di�cult [143]. It is in part attributed to dissimilar fabrication processes even amongst a

single method i.e. di�erent brightener concentration and plating current densities [215].

The comparative study by Drndi¢ et al. [204] showed that room temperature gold CCWs

outperformed superconductors such as Nb together with NbTi and NB3Sn. Sustenance

of high current densities was found to be either limited by the critical �eld or by �ux

pinning for type I and type II superconductors respectively [216]. In the same study, gold

also sustained larger current densities at room temperature than copper samples of similar

dimensions. This is surprising as copper is expected to be a better conductor than gold at

room temperatures. Assuming a moderate 50K temperature increase from 300K during

operation, the recommended values for the electrical resistivity of gold is 26.8 nΩm, while

it is of 20.6 nΩm for copper [196]. Under test, the improved performances of gold are ex-

pected to stem from the di�erences in fabrication processes rather than inherent material

properties.

The electrical resistivity of metals varies signi�cantly at cryogenic temperatures. In-

deed, the electrical resistivity of a metal results from the combination of both its intrinsic

and residual resistivity. The intrinsic resistivity is de�ned as the resistivity of the metal

in its chemically pure form. It is determined by the combined e�ects of charge carriers

scattering in the conductor, phonons scattering in the metal lattice and their collision with

one another [196]. The intrinsic resistivity is a function of the temperature and is nil at

zero temperature. In a realistic metal, impurities and defects are present in the lattice.

These participate to the scattering and make up the residual resistivity. The residual resis-

tivity depends on the concentration of such imperfections such that, at zero temperature,

impurities contribute solely to the overall conductor electrical resistivity. This description

is often referred to as the Matthiessen Rule [217].

High-purity copper (better than 99.99%) such as OFHC copper, has its purity widely re-

ferred to by its Residual Resistivity Ratio (RRR): the ratio of its resistivity at 273K by

that at 4K. Grades of RRR = 100 are readily available and commercialised, while higher

purities are reserved for cryogenic applications. The temperature-dependence of the elec-

trical conductivity of various cooper purities is presented in Fig. 4.1. It is reasonable to

anticipate a higher resistivity for electroplated copper than for high grade bulk copper [219].

In addition to minimising the heat generation, optimising thermal dissipation is essential.
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Figure 4.1: Graphs of (left) the electrical resistivity and (right) thermal conductivity of copper
for selected RRR from 4 to 300K reproduced from [197]. For comparison, the electrical resistivity
of gold conductors of various purities at 50K are all expected to be greater than 1.0 nΩm. The
typical recommended electrical resistivity of gold at this temperature is of 2.2 nΩm [196] i.e. four
times worse than the recommended value of 0.5 nΩm [196] (RRR ≈ 200) for copper. It is also
found that the thermal conductivities for gold of a variety of purities are in the 300�450W/(m·K)
range at 50K [218], while copper is expected to be 2 to 3 times better.

The temperature-dependence of the thermal conductivity for several copper purities is pre-

sented in Fig. 4.1. Overall, the electrical resistivity and thermal conductivity of copper is

expected to outperform that of gold by up to a factor 2 to 4 or more depending on purities.

Copper is thus the chosen conductor to realise the CCWs. This choice is further supported

by the research group experience in copper electroplating. The full CCW fabrication

process is presented in Section 3.3.1 and tests from room temperature down to cryogenic

temperatures using liquid nitrogen (LN2) were made on a CCW sample. From these tests

the quality of the electroplated copper is estimated to be of RRR = 20. This estimation

is consistent with values available in the literature for electroplated copper [220, 221] and

is also similar to that reported for electroplated gold [215]. It has also been shown that

a temperature annealing of the electroplated copper (400◦C for 1 hour) lead to improving

its RRR by a factor ∼6 [221].

4.2.2 Ion-trap microchip substrate material

A multitude of substrates are used to fabricate ion-trap microchips and atom chips. These

substrates are desired to exhibit the following features: high thermal conductivity; good

electrical insulation capable of withstanding large electric �elds; low RF losses; and ease

of manufacturability and handling. These substrates are either dielectric materials, or
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semiconductors covered with an insulation layer to prevent current leakage. Dielectrics

typically permit simpler fabrication processes, yet o�er limited design possibilities, while

semiconductors allow for highly complex designs but can be lossy at RF frequencies [61].

The most common and relevant substrates are silicon, quartz, diamond, sapphire, alu-

minium nitride, aluminium oxide and gallium arsenide. Fused (amorphous) silica is often

used for microfabricated ion traps [103,222] but is not included here because its poor ther-

mal performance is ill-suited alongside CCWs. Here, a review of some of the key usages

and attributes of the substrates that are relevant to this thesis is given:

Dielectric substrates

� Quartz. Quartz (crystalline silica) has found widespread application for the fabri-

cation of ion traps [172,223�225] but its relatively low thermal conductivity at room

temperature ∼7W/(m·K) mean that it is not typically used for atom chip develop-

ment.

� Aluminium oxide. Aluminium oxide (alumina) has a moderate thermal conductiv-

ity of ∼25W/(m·K) at room temperature. It has found an early use in the fabrication

of atom chips [205,206] and later in ion traps [137,151,226�228].

� Sapphire. Sapphire is a modest thermal conductor with a thermal conductivity in

the 35�40W/(m·K) range. It is used for both atom chips [184,204,206,208,229,230]

and ion-trap fabrication [160, 188, 225, 231�233]. However, fabrication with single-

crystal sapphire is di�cult because it is a particularly hard material [234].

� Aluminium nitride. Aluminium nitride is a polycrystalline ceramic that has found

broad use in atom chips fabrication [187, 201, 206, 208, 214] as well as in high power

electronics [235] and surface ion traps [233]. At room temperature single-crystal alu-

minium nitride exhibits an attractive thermal conductivity of 320W/(m·K) [236].

However, defects in the structure can rapidly deteriorate such performances. Exper-

imental tests have measured conductivities of 253W/(m·K) while the polycrystalline

structure show a thermal conductivity of 66W/(m·K) [237]. For atom chips a thermal

conductivity of 170W/(m·K) at room temperature is typically assumed [202].

� Diamond. Diamond has outstanding thermal conductivity and hardness. Poly-

crystalline diamond substrate fabricated via chemical vapour deposition (CVD) are

reported to reach thermal conductivity as high as 2200W/(m·K) [238] at room tem-

perature. It is often the material of reference in terms of thermal performance,

as it has the highest conductivity. However, owing to its hardness and high cost,
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polycrystalline diamond substrate is only used in very speci�c cases. Its viabil-

ity as a substrate for ion-trap fabrication with CCWs was previously tested in our

group [151, 168]. While possible, it proved di�cult to implement because of the

known complications during the etching process of the CCW tracks.

Semi-conductive substrates

� Gallium arsenide. Gallium arsenide is a group III-V semiconductor that has been

used to produce atom chips [144, 186, 239] and was the �rst substrate to be used

for the demonstration of a monolithic microfabricated ion trap [58]. Its thermal

conductivity is of 46W/(m·K) [240] and is larger than that of alumina. However,

working with gallium arsenide is known to be di�cult owing to its brittleness.

� Silicon. Silicon has the critical advantage to �nd widespread use across the semi-

conductor industry. Silicon substrate typically comes in a broad range of varieties

depending on the absence or presence of doping. High Resistivity (HR) (MΩ cm)

pure intrinsic silicon is a semiconductor of the group IV, while doped substrates

(n-types and p-types) provide lower electrical resistivity (mΩ cm). Overall, sili-

con substrates typically have their thermal conductivity in the 80�150W/(m·K)

range [241] at room temperature. Levering on existing microfabrication technologies,

high resistivity intrinsic silicon has been broadly applied for ion-trap microfabrication

[81,192,233,242�245] and the construction of neutral atom chips [203,212]. Similarly,

low resistivity silicon substrates have also been used for both ion traps [183,246�249]

and atom chips [186, 213] fabrication. A comparative study at room-temperature

between silicon and other substrates by Groth et al. [186] demonstrated that CCWs

on silicon heated signi�cantly less than for those fabricated on gallium arsenide or

sapphire. This is consistent with the superior thermal properties of silicon compared

to the other two substrates.

Substrates at cryogenic temperatures

At cryogenic temperatures silicon, quartz, diamond, sapphire, aluminium nitride and gal-

lium arsenide undergo a signi�cant increase in the their thermal conductivity from room

temperature. All have a noticeable maximum in the 20�30K range [241,250�252] to the ex-

ception of diamond and quartz which exhibit a maximum at ∼100K [253] and ∼10K [254]

respectively. At 50K, gallium arsenide has a thermal conductivity of ∼800W/(m·K) and

together with its fragility means that it is not retained as a microchip substrate candidate.
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Figure 4.2: Plot of the thermal conductivity of intrinsic single-crystal silicon to the melting point
as presented in [241]. A thermal conductivity of ∼3000W/(m·K) is expected at 50K making it
a competitive substrate to aluminium nitride, quartz, sapphire and diamond when targeting high
thermal performances.

However, silicon, aluminium nitride, sapphire, quartz and diamond all demonstrate out-

standing thermal conductivity at 50K i.e. ∼3000, ∼3000, ∼4000, ∼1000, ∼3000W/(m·K)

respectively. Remarkably, at −170◦C, the thermal conductivity of CVD diamond peaks to

∼5000W/(m·K) [255]. The temperature-dependence of the thermal conductivity of intrin-

sic silicon given in Fig. 4.2. Interestingly, using isotopically enriched silicon can provide

an order of magnitude improvement at cryogenic temperatures [256], although availability

and costs may be prohibitive.

Silicon also has some speci�c requirements as well as additionally attractive features.

Being a semiconductor it needs an oxide insulation layers to prevent current leakage from

the trap structures and CCWs. Groth et al. [186] demonstrated that the oxide layer

thickness has a detectable impact on the thermal performances of the wires on silicon and

reported a thermal conductance of 2.6 × 106 W/(K·m2) for a 500 nm thick silicon oxide.

However, being a semiconductor confers to silicon some signi�cant advantages from an ion

trap development perspective compared to that of alternative insulating substrates. Firstly,

the absence of exposed dielectric surfaces obviates the formation of stray electric �elds [175].
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Secondly, it is suited to accurately fabricate slots, vertical holes and buried metal layers

and vias that are key elements to the engineering of advanced ion trap designs [61].

Semiconductors are also more susceptible to RF dissipation stemming from the trap

RF signal [177]. At room temperature, high resistivity silicon is expected to have some

of the worst power losses given its high loss tangent at useful trapping frequencies (10�

80MHz) [177, 192]. The resistivity then drops signi�cantly as it is lowered to cryogenic

temperatures (∼100K) due to the reduction in the collision between electrons. Passed this

threshold, the substrate becomes an excellent electric insulator as charge carrier freeze-out

occurs (∼25K) [257]. This has enabled HR silicon substrates to be used with low power

losses at 4K [192]. For operation in the 50�70K range and above, the introduction of a con-

ductive ground plane between the substrate and RF electrodes is required. This e�ectively

shields the semiconductor and minimise RF losses. It is often used at room temperature

for low resistivity substrates and it has proven to work well at cryogenic temperatures [191].

HR silicon in combination with a metal shielding ground plane is therefore chosen for

this project. This delivers outstanding thermal performances in the 50�70K range; bene�ts

from well established fabrication techniques; and shows superior capabilities to scale up.

In this thesis, the copper CCWs are electroplated onto a thin layer of titanium. Titanium

acts as an adhesive layer and is itself deposited onto a thicker layer of silicon oxide that

insulates the semiconductor. Given the current fabrication process the titanium layer and

silicon oxide insulation layer are of 100 nm and 1µm respectively. The thermal conductance

contribution of these two layers is then expected to be dominated by that of the silicon

dioxide.

4.2.3 Chip-to-mount Thermal Interface Material (TIM)

A multitude of techniques can be employed to thermo-mechanically anchor the ion trap

to the thermal management assembly. One such method is to mount the microchip either

using a cryogenic UHV compatible epoxy or indium solder. In this thesis, indium is used.

An optimal indium die-bonding process is developed speci�cally for this experiment. A

comprehensive review of conventional methods and a presentation of the developed indium-

bonding process is given later in Chapter 6.
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4.2.4 Thermal management assembly material properties

The thermal management assembly is used to dissipate the heat from the chip to the

heat sink as well as to provide a mechanically secure anchoring platform. For ease of

manipulation and rapid assembly, it is designed to be demountable. A full description of

the assembly is presented in Chapter 6. Heat transfer through the assembly therefore relies

on the quality of the mechanically pressed joints. To minimise the thermal resistivity, the

assembly is built with standard RRR = 100 purity OFHC copper while maximising thermal

conductance between the demountable parts is achieved by electroplating the surface with a

3µm layer of gold. Gold electroplating also enhances oxidation resistance while minimising

additional heat loads from radiative heat transfer. Besides, OFHC copper grades superior

to RRR = 100 are not required because under operation at 50K and above, higher purities

only deliver minor improvements to the thermal conductivity as shown in Fig. 4.1.

4.2.5 Summary of the material properties

A summary of the values at cryogenic temperatures of the relevant properties for the mate-

rials chosen for the fabrication of the CCWs, chip substrate, TIM and thermal management

assembly is presented in Table 4.1. For the remainder of the thesis, the heat capacity per

unit volume will be used for each materials instead of the speci�c heat capacity. The

heat capacity per unit volume is simply the product of the speci�c heat capacity by the

speci�c mass at the same temperature. For the CCWs, substrate and assembly, these are

CCCW = cCCWρm,CCW, Csub = csubρm,sub and CA respectively. Note that CA = CCCW

given that small di�erences in copper purity do not a�ect the heat capacity.

The temperature coe�cients of the electrical resistivity of the CCWs, TIM thermal contact

resistance, and thermal resistivity of the assembly are all positive, while the coe�cients

for the thermal conductivity of the silicon is negative. Therefore, as temperatures increase

from T0, power generation by the CCWs is expected to increase, while capabilities to

dissipate power away from the chip are expected to be reduced. This favours the onset of

thermal runaways.

4.3 Thermal runaway concept

A thermal runaway is a phenomenon where the rising temperature of a component fails

to achieve steady-state. In extreme cases, it may result in the catastrophic degradation
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Location Physical property Temp. Value Unit Symbol Ref.

CCWs
Electroplated Electrical resistivity 50K 1.25 nΩm ρT0 [196]

copper Electrical resistivity 70K 2.23 nΩm ρ70K [196]
RRR=20 Temperature coef. of

the electrical resistivity 50K 0.0478 1/K α [196]
Thermal conductivity 50K 636 W/(m·K) λCCW [197]
Thermal contact
conductance of SiO2 � 2.6×106 W/(K·m2) k [186]
Thermal contact
resistance of SiO2 � 3.84×10−7 K·m2/W σSiO2

[186]
Speci�c heat capacity 50K 95.84 J/(K·kg) cCCW [258]
Speci�c mass 50K 8960 kg/m3 ρm,CCW [259]

Substrate
HR Silicon Thermal conductivity 50K 2600 W/(m·K) λsub [241]

Temperature coef. of
the thermal conductivity 50K -0.0127 1/K αsub [241]
Speci�c heat capacity 50K 78.5 J/(K·kg) csub [260]
Speci�c mass 50K 2328 kg/m3 ρm,sub [259]

TIM
Indium Thermal contact

resistance 50K 1.47×10−6 K·m2/W σTIM [259]
Thermal contact
resistance 100K 2.12×10−6 K·m2/W σTIM,100K [259]
Temperature coef. of
the contact resistance 50K 0.0103 1/K αTIM [259]

Assembly
Bulk copper Thermal resistivity 50K 9.9×10−4 m·K/W rλ,T0

[258]
RRR=100 Thermal resistivity 100K 2.2×10−3 m·K/W rλ,100K [197]

Temperature coef. of
the thermal resistivity 50K 0.0235 1/K αr [197]
Thermal conductance
of pressed joint 50K 2.77×103 W/(K·m2) h Ap.
Thermal contact res.
of pressed joint 50K 3.6×10−4 K·m2/W 1/h Ap.

Table 4.1: Material properties of the RRR=20 copper CCW, silicon substrate, indium TIM layer
and thermal management assembly at key cryogenic temperatures. The temperature-dependence
of the electrical resistivity of copper is calculated by a combination of the Mattheissen rule and
the Bloch-Grüneisen equation [196]. Speci�c values for 50K and 70K are given. The thermal
contact conductance and thermal contact resistances are de�ned as inverse of one another and are
taken form the same source in the literature. Temperature coe�cients are calculated from values
of properties at T0 = 50K and at 100K such that for an arbitrary property R, the temperature

coe�cient αR is given by 1
R(T0)

R(100K)−R(T0)
100−T0

.
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of heat generating structures. The thermal characteristics of a power device requires the

analysis of the entire thermal system, which it is a part of. Its operating temperature

is determined by the power that it is liberating; the thermal management system it is

anchored to; and the reference temperature of a thermal bath within which heat is sunk.

Thermal runaway e�ects occur in either one of the two following contexts or combination

thereof:

1. More power is generated as the device operating temperature is increased.

2. The thermal characteristics of the thermal management system worsen with increas-

ing temperatures.

Here, the system may not be able to exactly dissipate the generated power leading

to more thermal energy being stored. This triggers a positive feedback cycle where the

temperature rises perpetually until damages occur.

As presented earlier, the temperature dependence at cryogenic temperatures of the mate-

rials used for the fabrication of the chip and thermal management system mean that both

negative e�ects are susceptible to occur. There is therefore potential for either a substan-

tial deviation from the desired operating temperature, or in the worst-case scenario, the

destruction of the wires as larger magnetic �eld gradients are targeted.

In the ordinary context of temperature-independent material properties, a constant

heat load Q̇ is generated by the device. Heat di�uses to the thermal bath of temper-

ature T0 via a thermal management system characterised by a thermal resistance Rth

that is also temperature independent. Under these assumptions steady-state is always

achieved. The �nal operating temperature Td of the device is expressed as the linear rela-

tion Td = Q̇ ·Rth + T0.

A visualisation of this simple analysis consists in plotting both generated power by

the device as well as dissipated power by the thermal management system as a function

of the temperature, see Fig. 4.3. For temperature-independent material properties, the

two curves are two straight lines. Assuming an initial device temperature at which the

device line is above the system line, more power is generated than can be dissipated and

the device temperature increases. Conversely, for a initial device temperature for which

the device line is below that of the thermal management system, more power is being
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Figure 4.3: Schematic graph of the determination of the thermal operating point of a power
device. For a simple model, both the power generated by the device and dissipated by the thermal
management system are linear. Steady-state operating temperature and power are determined at
the intersection of both lines.

dissipated that being generated: the device cools down. After some transient evolution,

the steady-state operating point (Q̇, Td) is found at the intersection of both curve where

all generated power is exactly dissipated. Any small temperature perturbations from this

point are self-recti�ed. The operating point is stable.

In speci�c contexts, the power generated by the device and dissipated by the thermal

management system will be a function of the device temperature. For instance, a device

whose power output characteristics are no longer constant nor simply linearly dependent

on this temperature. Let us consider the following assumptions on the temperature depen-

dence:

� The generated power curve of the device is convex such that, as the heat load increases

with temperature, so does its slope.

� The dissipated power curve of the thermal management system is concave such that,

as the temperature increases, power also increases but at a slower rate.

In this con�guration, three scenarios are possible as depicted in Fig. 4.4.

In the �rst case (A), the device generated power curve is constantly above the thermal

management system dissipated power curve such that these never intersect. The device

consistently generates more power than the cooling system can dissipate given the refer-

ence temperature. This results in a thermal runaway as steady-state cannot be reached.

In the second case (B), either through modi�cations of the device, thermal management

system, or shift in the reference temperature, both curves intersect on a single point and
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Figure 4.4: Determination of the thermal operating point for non-linear power devices and ther-
mal management system. (A) for a generated power constantly superior to the power dissipated
by the thermal management assembly, no operating point is possible at steady-state and thermal
runaway occurs. (B) For a generated and dissipated power curve intersection tangentially the
operating point is unstable. (C) Both curves intersect twice for di�erent operating temperatures.
The lowest operating point is stable while initial temperatures above the second operating point
will lead to a thermal runaway.

are tangent to one another. However, the operating point is unstable due to the tangency,

and, for any minimal increase of the temperature, thermal runaway will begin as more

power is produced than removed from the overall thermal system.

In the last case (C), the system design, or reference temperature, is modi�ed such that

the generated power curve and dissipation power curve intersect twice. There, only the

lower temperature operating point is stable and achievable. Indeed, small deviations from

the operation point either lead to more power to be dissipated than generated at higher

temperatures, while at lower temperatures a net heat load promotes a temperature increase

towards the operating point. For the upper operating point, the opposite e�ect occurs and

the transient evolution is such that the device temperature diverges from this location.

The straight-line steady-state analysis assuming temperature independent material

properties is similar to that suggested for the cryogenic thermal management of a trapped

ion quantum computer module [80]. While this analysis was viable for the proposed heat

loads and cooling system presented by Lekitsch et al. [80], the non-linear temperature-

dependence of some material properties for this experiment is not negligible. Thermal

runaways are therefore a possibility when CCWs are integrated within an ion-trap mi-

crochip.
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Figure 4.5: Drawing of the CCW geometry (left) and equivalent geometry (right) used for thermal
modelling purposes. lw is the straight portion of the gradient CCW pair in the original geometry
and is equal to 1.21mm. The equivalent geometry consists in three CCW pairs and do not incor-
porate structures for current routing. The chip length is modi�ed from L to be of γlw where γ is
the unitless factor found from numerical simulation and is equal to 10.04 for this speci�c design.

4.4 Equivalent CCW chip geometry for thermal modelling

The complex geometry of the CCWs presented in the previous chapter is ill suited to the de-

velopment of a straight forward analytical model describing both transient and steady-state

thermal characteristics of the microchip. Here, the original CCW geometry is rearranged

so that it is better suited for thermal modelling. This rearrangement is presented in Fig.

4.5 and consists in approximating the geometry to three parallel CCW pairs that account

for the gradient and compensation wires respectively, while suppressing routing structures

and right angle turns.

While CCWs depth, width, and spacing characteristics are preserved, an important

feature of this model is that the equivalent geometry di�ers in length from the original

one. For an original CCW geometry of length L an equivalent length is derived such that

both geometries present an equal electrical resistance given a similar uniform operating

temperature. Later, numerical models presented in Section 4.7, and encompassing the full

complexity of the original geometry, support that for operating currents of interest that

the device exhibits a simulated temperature uniformity within ±1K. This is acceptable for

all practical purposes.

In the rearranged geometry, the geometrical factor γ is responsible for the extension of

the length lw over which the gradient wires pair on the original design remains of constant

cross-section. γlw is the length of the equivalent geometry used for the thermal model.

The value of γ is set so that γlw leads to the electrical resistance Rmodel of the equivalent

geometry to match the electrical resistance Rreal of the real CCW device.
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For simple electrical geometries it is common to integrate an in�nitesimal element of

electrical resistance dR = ρ(l)S(l)dl at the location l of varying cross-section S(l) over

the entire length ` of the conducting region of electrical resistivity ρ. For the simpli�ed

equivalent geometry, the absence of corners and constant cross-section lead to a uniform

current density. It is appropriate for this method to be used. For two compensation CCW

pairs of width lcomp, a single gradient CCW pair of width lgrad, given that each wire length

is of γlw, and that the temperature is uniform along the length, the electrical resistance

Rmodel of the equivalent model is equal to the sum of the integral 2
∫ γlw

0
ρ(l)dl
HW (l) for each

pair. Along a straight line, this sum of integrals reduces to

Rmodel = γlw
ρ

H

(
2lcomp + 4lgrad

lcomplgrad

)
. (4.1)

Although the original CCW design includes a constant wire depth H, the angular and

tapered width W (l) of the geometry may lead to current inhomogeneities in the wire.

Assuming that the e�ect of current crowding around corners is marginal, the above inte-

gration method remains valid and the electrical resistance of the original CCW device is

given by

Rreal =
ρ

H

∫ `

0

dl

W (l)
. (4.2)

However, to compute the curvilinear integral
∫ `

0
dl

W (l) , the wire width W (l) as a function

of the arclength along the CCW must be known. This is not easily derived for arbitrary

CCW designs. Instead, a more physically rigorous method can be used. This complex 3D

geometry suits itself to a numerical analysis using the �nite element method. Maxwell's

equations and Ohm's law
−→
J = σ

−→
E are used to model the conductor in COMSOL* and the

Laplace equation for the electric potential ∇2φ = 0 is numerically solved for. Thus, given

a prescribed input current at the CCW terminals, the current density along the conductor

is computed as well as the potential di�erence at the terminals. Fig. 4.6 illustrates the

distribution of the current density and electric potential along the CCW at ∼70K. This

yields the total electrical resistance Rreal of the geometry. The value of the above unitless

integral is then of
∫ `

0
dl

W (l) = 485.77 for this design. Thus, for both electrical resistances to

*COMSOL Multiphysics 5.5
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Figure 4.6: Surface plots of (a.) the electric current density and (b.) electric potential through
the CCW at ∼ 70K. The gradient CCW and self-compensation CCW are energised with 10A.
The �ne tuning compensation CCW is not energised. The current distribution around corners
illustrates the current crowding e�ects. The current distribution increases by 10 folds at the gate
region and reaches a density of 6.7A/cm2 in the center of the gradient CCW and of 8.3A/cm2 on
its corners.

be equal, i.e. Rreal = Rmodel, γ must be such that

γ =

∫ `
0

dl
W (l)

lw

(
2lcomp+4lgrad

lcomplgrad

) = 10.04 , (4.3)

where γ is independent of the constant CCW depth H, electrical resistivity ρ, and is spe-

ci�c to this design.

Using the values of ρT0 and ρ70K presented in Table 4.1 and substituting back in Eq.4.2,

the CCW electrical resistance is expected to be of ∼40.7mΩ at 50K and ∼72.4mΩ at

70K. The validity of this method is veri�ed by applying it to a di�erent geometry that

was fabricated and experimentally tested at cryogenic temperatures (LN2). Experimen-

tal measurements of the electrical resistance were found to deviate by <5% of predicted

values over a range of applied power and temperatures. It is particularly interesting that

this model remains realistic although the equivalent geometry relies signi�cantly on the

suppression of the routing structures. Routing structures are found to make up to ∼80%

of the total electrical resistance of the device.

4.5 Analytical transient and steady-state thermal model

A holistic approach is used for the development of both transient and steady-state thermal

models. This incorporates both ion-trap microchip with CCWs and thermal management
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Figure 4.7: Diagram of the thermal management of the CCW chip at di�erent characteristic
times. Multiple thermal di�usion processes are associated with di�erent time scales as thermal
energy spreads through di�erent structures of the thermal management system.

assembly. The microchip geometry uses the simpli�cation presented in the previous section

while the thermal management assembly consists in the mechanically pressed assembly pre-

sented in Chapter 6. However, this assembly is complex and also needs to be simpli�ed for

the purpose of analytical modelling. The equivalent simpli�ed model is presented in Fig.

4.7. The dimension associated with this model are consistent with that of the constructed

assembly and are presented in Table 4.2. In this heat transfer model, radiative e�ects are

neglected and the thermal management of the chip is only subject to thermal conduction

mechanisms.

As heat dissipates from the CCWs towards the heat sink, it propagates though the

oxide layer, chip substrate, TIM, and assembly. The propagation of heat through each of

these layers de�ne speci�c length scales that are given by

�

√
(lgrad + 2H)λCCWσSiO2 , for the CCW oxide insulation is layer.

� e, for the silicon substrate (equivalent to microchip substrate thickness).

�

√
eλsubσTIM, for the microchip substrate width.

�

√
lλsubσTIM, for the TIM layer.

�

√
L/(hrλ,T0), for the thermal management assembly (mount, support, heat sink).

To each of these length scales an equivalent time scale is associated at which the heat

had di�used along such distances. For an arbitrary length scale lscale, the corresponding
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Location Dimension Symbol Value Unit.

Chip

CCW depth H 15 × 10−6 m
Gradient CCW width lgrad 100 × 10−6 m
Compensation CCW width lcomp 200 × 10−6 m
Chip width l 13.5 × 10−3 m
Chip thickness e 675 × 10−6 m
Chip equivalent length γlw 12.1 × 10−3 m

Assembly

Assembly length L 17.5 × 10−3 m
Copper mount thickness ∆x2 5.5 × 10−3 m
Mount-to-support
contact interface area A2 3.0 × 10−4 m2

Copper support thickness ∆x1 7.5 × 10−3 m
Support-to-heat sink
contact interface area A1 3.14 × 10−4 m2

Table 4.2: Dimensions of the chip and assembly used for the heat transfer analytical model. To
simplify the modelling of the heat �ow, the support, mount and heat sink are considered to have
similar length L and width l. The model remains realistic by considering a similar area for the
contact interface between each part as used in the experiment.

time-scale tscale is given by the relation

tscale = l2scale/D , (4.4)

where D = λ/C is the local material thermal di�usivity at 50K. Local di�usivities at

cryogenic temperatures can be computed from the properties given in Table 4.1.

4.5.1 Thermal conduction within the CCW chip

From the time the CCW are energised by a constant current, heat is generated by ohmic

dissipation in the bulk of the wire. The generated heat is considered to be homogeneous

along the wire cross-section.

1D thermal conduction through the CCW insulation (1D⊥)

During a time scale t � tSiO2 , where tSiO2 = (lgrad + 2H)CCCW/k according to Eq. 4.4,

and where CCCW is the heat capacity per unit volume, the thermal energy di�uses through

the silicon oxide insulation until the substrate of the chip is reached, see Fig. 4.8. Over

such short time scales, the chip substrate is considered to be a thermal reservoir of con-

stant temperature T0. In this regime, the CCWs temperature evolution ∆T from the the

initial temperature T0 results from the heat �ow to the substrate through its insulation

layer. Given that the thermal conductivity of the copper CCW is much greater than the
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Figure 4.8: Diagram of the thermal management of the CCW chip at times t � tSiO2
. The

inset shows a detailed representation of the heat di�usion process from the copper CCW to the
substrate via the insulation layer (SiO2).

conductance to the silicon substrate, the bulk of the CCW is expected to be of uniform

temperature. This results in a Biot number such that Bi = lk/λsub � 1 and allows this

regime to be approximated by a thermal lumped-capacitance model. From symmetries, the

CCW and substrate are simpli�ed to be in�nitely long in the direction parallel to the wires

while heat di�uses essentially in a direction orthogonal to the insulation layer. Thus, the

heat transfer model is one-dimensional (1D) with heat crossing a single insulating interface

of equivalent length Weff = (lgrad + 2H).

The energy balance between the CCWs input power per unit length
ρT0

(1+α∆T )

Hlgrad
I2, the en-

ergy stored in the CCWs, and dissipated through the insulation layer provides the governing

transient equation for the CCW temperature increase ∆T⊥ from the initial temperature,

such that

d∆T⊥(t)

dt
=

∆T⊥(t)

CCCWHlgrad

(
I2

Hlgrad
αρT0 − kWeff

)
+

1

CCCWHlgrad

I2

Hlgrad
ρT0 . (4.5)

The transient solution to this �rst order ordinary di�erential equation is then

∆T⊥(t) = Const⊥

(
1− e−t/τ⊥

)
, (4.6)

where

Const⊥ =

I2

Hlgrad
ρT0

kWeff − I2

Hlgrad
αρT0

and τ⊥ =
CCCWHlgrad

kWeff − I2

Hlgrad
αρT0

. (4.7)

2D thermal conduction in the chip substrate (2Dsub)

At times tSiO2 � t � tsub2D
, where tsub2D

= e2Csub/λsub, the heat has di�used through

the insulation layer but has not yet reached the backside of the chip. In this regime,
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Figure 4.9: Diagram of the thermal management of the CCW chip at times tSiO2
� t �

tTIM. The inset shows a detailed representation of two heat di�usion processes within the silicon
substrate. a) For times tSiO2 � t� tsub2D heat di�uses radially away from the CCWs until it has
reached the substrate backside. b) For times tsub2D � t� tsub1D the thermal energy is propagating
along the width of the substrate.

thermal energy is conducted in the substrate and contributes to a secondary rise ∆T2D of

the total CCW temperature. Continuing our previous assumption of in�nitely long CCW

and substrate in the direction parallel to the wire, we see from symmetry that heat �ows in

directions transverse to the wires, see process (a) in Fig. 4.9. The two-dimensional (2D)

heat transfer problem can be modelled as heat strips mounted on a semi-in�nite substrate

as presented, and resolved in detail, in Appendix A.

The relevant heat �ux in this speci�c regime consists in contributions from each gradient

CCWs. For simplicity, the temperature-dependence of the electrical resistivity is however

neglected. This is acceptable for this speci�c process provided it participates minimally to

the overall analysis. Therefore, the heat �ux is of
ρT0

HlgradWeff
I2 and the resulting temperature

rise ∆T2D is

∆T2D(t) =
ρT0I

2

HlgradWeff

√
πλsubCsub

[
F (b, t)− F (a, t) + F (−a, t)− F (−b, t)

]√
t , (4.8)

where F (u, t) is a function of the non-elementary error function erf and exponential integral

Ei such that

F (u, t) = erf

( a+b
2 + u

2
√
Dsubt

)
−

a+b
2 + u

2
√
πDsubt

Ei

(
−

(a+b
2 + u)2

4Dsubt

)
. (4.9)

1D thermal conduction along the chip substrate width (1D‖)

Moreover, the chip is much thinner than it is wide i.e. e � l, thus thermal energy has

reached the backside of the chip prior having signi�cantly di�used across the overall trap

substrate. At times scales t� tsub2D
but not so large that heat begins to di�use through
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the TIM, that is t� tsub1D
, where tsub1D

= eσTIMCsub, heat propagates to the rest of the

substrate within planes parallel to the surface of the chip, see process b) in Fig. 4.9. This

third process leads to an additional increase ∆T‖ to the CCW temperature. Keeping a

model where the chip is approximated as in�nitely long in the CCW direction results in

the heat to �ow in a direction both perpendicular to the wires as well as parallel to the

surface. This becomes a one-dimensional heat transfer problem that is analogous to an

in�nite plane source of heat dissipating thermal energy in an in�nite medium. Details of

such a model are presented with its solution in Appendix B.

In this regime, the thermal contributions from both gradient and compensation CCWs are

accounted for. As with the previous case, the temperature-dependence of the electrical

resistivity is also neglected. Thus, a heat �ux of
ρT0
eH

2lcomp+4lgrad

lcomplgrad
I2 is expected at the plane

of symmetry of the chip and leads to a temperature increase ∆T‖ of

∆T‖(t) =
ρT0I

2

eH
√
πλsubCsub

(
2lcomp + 4lgrad

lcomplgrad

)√
t. (4.10)

Overall steady-state thermal conduction in the chip

As we have tSiO2 � tSi2D
� tSi1D

, each thermal regime within the chip has reached steady

state prior the transient evolution of the consecutive one. Indeed, at t � tSiO2 (where

typically tSiO2 > τ⊥), the 1D regime through the CCW insulation saturates such that

∆T⊥(t) ≈ Const⊥ is a constant, while the following 2D and 1D heat di�usion regimes in

the substrate are only valid up to tsub2D
and tsub1D

respectively. Therefore, for time scales

much larger than tsub1D
, future evolutions of the CCW temperature begins with a constant

and practically instantaneous temperature increase ∆Tchip from T0 such that

∆Tchip = Const⊥ + ∆T2D(tSi2D
) + ∆T‖(tsub1D

) , (4.11)

combining all the three contributions to the thermal di�usion regimes in the chip. While

Eq. 4.8 remains of importance to develop models employing devices with signi�cant sub-

strate thickness � such as in the concept where multiple wafers are stacked to host the

active electronics necessary to a quantum computer module [80] �, here the thin substrate

leads in practice to a negligible temperature contribution. Given realistic operating param-

eters a temperature rise of only ∼45mK under 10A is expected and therefore ∆T2D(tsub2D
)
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is indeed negligible. Substituting the expression for tsub1D
in Eq. 4.11, there is

∆Tchip =

I2

Hlgrad
ρT0

kWeff − I2

Hlgrad
αρT0

+
ρT0I

2

H

(
2lcomp + 4lgrad

lcomplgrad

)
1√
eπ

√
σTIM

λsub
. (4.12)

4.5.2 1D conduction through the chip thermal interface material (1DTIM)

After some time t� tsub1D
, heat has been conducted over the chip substrate and dissipates

to the copper mount to which it is thermally and mechanically anchored via the TIM layer,

see Fig. 4.10. The temperature increase of the CCW is therefore expected to be the sum

of the temperature increase through the chip ∆Tchip together with that resulting from

thermal di�usion through the TIM such that ∆Tccw(t) = ∆Tchip + ∆TTIM(t). Here, the

mount is considered to be a thermal reservoir at T0 up to a time tTIM = lλSiσTIMCArλ,T0

where the thermal energy is expected to have fully reached the mount of �nite thermal

capacity. Similarly to the previous one-dimensional model of heat di�using from the CCWs

through the insulation layer, an equivalent thermal lumped-capacitance model is suitable

within the assumption that Bi = l/(σTIMλsub) � 1. Additionally, the TIM is assumed

to have a temperature-independent thermal contact resistance that is �xed to that of T0

(this constitutes an optimistic scenario as for indium we are close to a minimum in thermal

contact resistance at about 50K). To evaluate the temperature di�erence through the TIM,

the total power liberated by the CCW device is considered. Using the previous estimation

of the equivalent length γlw with Eq. 4.1 as well as a linear temperature-dependence of

the CCW electrical resistivity, the total heat �ow rate Q̇ generated by the CCW chip for

a temperature increase ∆Tccw from T0 becomes

Q̇(∆Tccw) = γlw
I2

H

(
2lcomp + 4lgrad

lcomplgrad

)
ρT0(1 + α∆Tccw) . (4.13)

Therefore, similarly to the previous thermal lumped-capacitance model, the thermal

energy balance between the power generated by the CCW device, heat stored in the silicon

substrate and power dissipating through the TIM of constant thermal contact resistance

σTIM is made. This yields the governing transient equation for the temperature di�erence
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Figure 4.10: Diagram of the thermal management of the CCW chip at times tSi1D � t� tTIM.
The inset shows a detailed representation of the heat di�usion process from the silicon substrate
through the TIM.

∆TTIM(t) through the TIM as

d∆TTIM(t)

dt
=

∆TTIM(t)

lLeCsub

(
γlw

I2

H

(
2lcomp + 4lgrad

lcomplgrad

)
ρT0α−

lL

σTIM

)

+

γlw
I2

H

(
2lcomp+4lgrad

lcomplgrad

)
ρT0

lLeCsub
(1 + α∆Tsteadychip

) .

(4.14)

The transient solution for the CCW temperature ∆Tccw(t) in this regime is then

∆Tccw(t) = Const1

(
1− e−t/τTIM

)
+∆Tchip , (4.15)

where

CsteTIM =
lLeCsubσTIM

lL− γlw I2

H

(
2lcomp+4lgrad

lcomplgrad

)
αρT0σTIM

, (4.16)

and

τTIM =

γlw
I2

H

(
2lcomp+4lgrad

lcomplgrad

)
ρT0σTIM(1 + α∆Tchip)

lL− γlw I2

H

(
2lcomp+4lgrad

lcomplgrad

)
αρT0σTIM

. (4.17)

Thus for t ≈ tTIM and with tTIM > τTIM, the temperature di�erence through the TIM

saturates and ∆Tccw = ConstTIM + ∆Tchip.

4.5.3 1D Conduction through the mechanically pressed assembly (1Dmpa)

At time scales t� tTIM, the power generated by the CCW device has fully di�used across

the TIM and into the copper mount. It then begins to conduct through the mechanically
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Figure 4.11: Diagram of the thermal management of the CCW chip at times t� tTIM. The inset
shows a detailed representation of the heat di�usion process from the copper mount, on which the
chip is anchored, to the heat sink of steady temperature T0 via the mechanically pressed assembly.

pressed assembly until it reaches the heat sink interface, see Fig. 4.11. Variations in

the CCW temperature from the initial temperature T0 are now expected to result from

the transient temperature di�erence ∆Tmpa(t) through the mechanically pressed assembly

and there is ∆Tccw(t) = ∆Tmpa(t) + ConstTIM + ∆Tchip. Similar assumptions on the

problem geometry are made as in the previous heat transfer analysis through the TIM.

Additionally, provided that Bi = Lhrλ,T0 � 1, a thermal lumped-capacitance model is

again used where the heat sink is the thermal reservoir. In this model, the equivalent

lumped thermal resistance of the assembly is expressed as

Rth(∆Tmpa) =
1

h

(
1

A1
+

1

A2

)
+ rλ,T0

(
∆x2

A2
+

∆x1

A1

)
+ αr∆Tmparλ,T0

(
∆x2

A2
+

∆x1

2A1

)
,

(4.18)

assuming an identical and temperature independent thermal contact conductance h be-

tween the mount-support and support-heat sink interfaces. Furthermore, the thermal

resistivity of copper is approximated to be linear. The derivations used to establish this

relation are presented in detail in Appendix C. This temperature-dependent equivalent

thermal resistance is then simpli�ed to a temperature independent case where the ther-

mal resistivity of the copper support structure is set to that of 100K i.e. rλ,100K. This

approximation provides a worst-case scenario for temperatures of the assembly between

50 and 100K. Hence, the mechanically pressed assembly thermal resistance reduces to the

constant

Rth =
A1 +A2 + hrλ,100K(A1∆x2 +A2∆x1)

hA2A1
. (4.19)

The governing transient equation on the temperature di�erence ∆Tmpa(t) resulting from

the conduction of the power generated by the CCW device through the mechanically
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pressed assembly to the heat sink is then

d∆Tmpa(t)

dt
=

∆Tmpa(t)

lLCA(∆x1 + ∆x2)

(
γlw

I2

H

(
2lcomp + 4lgrad

lcomplgrad

)
ρT0α

− hA1A2

A1 +A2 + hrλ,100K(A1∆x2 +A2∆x1)

)

+

γlw
I2

H

(
2lcomp+4lgrad

lcomplgrad

)
ρT0

lLCA(∆x1 + ∆x2)
(1 + α(∆Tchip + Const1)) .

(4.20)

The transient solution for the CCW temperature ∆Tccw(t) therefore becomes in this time

scale

∆TCCW(t) = Constmpa

(
1− e−t/τmpa

)
+∆Tchip + ConstTIM , (4.21)

where

Constmpa =
lLCA(∆x1 + ∆x2)

hA1A2
A1+A2+hrλ,100K(A1∆x2+A2∆x1) − γlw

I2

H

(
2lcomp+4lgrad

lcomplgrad

)
αρT0

, (4.22)

and

τmpa =

γlw
I2

H

(
2lcomp+4lgrad

lcomplgrad

)
ρT0(1 + α(∆Tchip + Const1))

hA1A2
A1+A2+hrλ,100K(A1∆x2+A2∆x1) − γlw

I2

H

(
2lcomp+4lgrad

lcomplgrad

)
αρT0

. (4.23)

4.5.4 From transient evolution to steady-state

For time scales t � tmpa, where tmpa = LCA/h, the thermal energy is being e�ectively

removed by the heat sink and the CCW temperature. From Eq. 4.21, there is at steady-

state

∆TCCW = Constmpa + ConstTIM + ∆Tchip . (4.24)

4.6 Thermal runaways

Thermal runaway within a single regime

For the three heat transfer regimes that follow a thermal lumped-capacitance model, there

are three characteristic times τ⊥, τTIM, and τmpa after which each regime has reached
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steady-state. Recalling the expression of each of these characteristics times, there is

τ⊥ =
CCCWHlgrad

kWeff − I2

Hlgrad
αρT0

τTIM =

γlw
I2

H

(
2lcomp+4lgrad

lcomplgrad

)
ρT0σTIM(1 + α∆Tchip)

lL− γlw I2

H

(
2lcomp+4lgrad

lcomplgrad

)
αρT0σTIM

τmpa =

γlw
I2

H

(
2lcomp+4lgrad

lcomplgrad

)
ρT0(1 + α(∆Tchip + Const1))

hA1A2
A1+A2+hrλ,100K(A1∆x2+A2∆x1) − γlw

I2

H

(
2lcomp+4lgrad

lcomplgrad

)
αρT0

Negative values of the denominator for these characteristic times signify that the heat

transfer solution diverges instead of saturating to steady-state. There is an electrical

current threshold for each regime above which the temperature undergoes and exponential

rise. The current limits to respect to prevent the thermal runaway e�ect are given by

I⊥ =

√
kWeffHlgrad

αρT0

(4.25)

ITIM =

√
lLHlcomplgrad

γlwαρT0σTIM(2lcomp + 4lgrad)
(4.26)

IMPA =

√
hA1A2Hlcomplgrad

γlwαρT0(A1 +A2 + hrλ,100K(A1∆x2 +A2∆x1))(2lcomp + 4lgrad)
(4.27)

In all three regimes, the current limits prior to thermal runway scales with the electri-

cal resistivity of the CCW and temperature coe�cient as ∝
√

1/(αρT0). Larger currents

are accessible if the temperature dependence of the electrical resistivity of the CCWs, and

eventually the generated power, is minimised.

The current limit I⊥ resulting from the thermal di�usion through the CCW insulation

scales as ∝
√
kWeffHlgrad. It is therefore maximised for higher values of the insulation

layer thermal conductance k and increased CCW cross-section Hlgrad and contact length

Weff with the substrate.

The current limit ITIM resulting from the thermal conduction through the TIM has

a ∝
√
L/(γlw) dependency. Maximising the γlw over that of the original chip length L

allows for greater currents to be used. The current limit is also a function of the TIM

contact resistance such that ∝
√

1/σTIM. The choice of an appropriate TIM with high
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Figure 4.12: Graphs of the transient temperature increase for di�erent heat transfer regimes
given di�erent proportion of the maximum current limits as well as under a realistic 10A cur-
rent. ⊥) For values of the current exceeding the maximum limit an exponential increase of the
temperature is visible. The regime of the thermal conduction through the CCW insulation layer.
For currents exceeding I⊥ the temperature diverges in less than 0.1ms. 1) The regime for the
thermal conduction through the TIM. For currents ITIM the temperature diverges within 5ms. 2)
The regime for the thermal conduction through the mechanically pressed assembly. For currents
exceeding IMPA the temperature diverges slowly for times > 10 s. For a realistic 10A operating
current of the CCWs the thermal assembly at steady state is expected to contribute to the overall
temperature by a few ∼K while the two other processes are expected to contribute to ∼10�100mK.

thermal contact conductance is then essential.

Finally, the current limit IMPA stemming from the thermal di�usion through the me-

chanically pressed assembly scales roughly as ∝
√

A2A1
A1+A2

and ∝
√

h
1+hrλ,100K

. Thus, max-

imising the contact area between the each part of the assembly as well as the thermal

contact conductance and bulk conductivity is important to deliver larger currents.

Using the values of the physical dimensions and materials properties presented in Tables

4.1 and 4.2, the critical currents I⊥, ITIM, and IMPA of each regime are 91.8A, 287.2A

and 14.5A respectively. The current dimensions of the microchip and chosen techniques

for CCW insulation and chip thermal anchoring with indium solder seem appropriate with

the main limitation to the current stemming from the mechanically pressed assembly. The

characteristic temperature transients associated with each of these regimes under di�erent

input currents are presented in Fig. 4.12.

Thermal runaway in the overall assembly

Recalling Eq. 4.28, the power generated by the on-chip CCWs given the full temperature

dependency on the electrical resistivity ρ(T ) at T = T0 + ∆T , the temperature of the
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gradient CCW, such that

Q̇gen(T ) = γlw
I2

H

(
2lcomp + 4lgrad

lcomplgrad

)
ρ(T ) , (4.28)

where ρ(T ) is non-linear and calculated via the Mattheissen rule and the Bloch-Grüneisen

equation from [196].

The power dissipated by the thermal management system at steady-state is established

by the system total thermal resistance and temperature di�erence between the gradient

CCW and heat sink. This total thermal resistance comprises the contributions from gra-

dient CCW insulation layer, chip substrate, TIM and thermal management assembly as a

function of T . As with Eq. 4.12 on the overall temperature increase through the chip at

steady-state, the contribution from the 2D conduction of heat in the substrate is negligible

in this speci�c case.

The contribution to the total thermal resistance from the gradient CCW oxide insula-

tion layer is given by
1

kWeff

1

γlw

(
lcomp

2lcomp + 4lgrad

)
. (4.29)

The factor 1
γlw

(
lcomp

2lcomp+4lgrad
) recti�es the thermal resistance contribution of the entire CCW

structure to that only of the gradient wire of highest temperature.

From ∆T2D(tSi2D
) that is used in the second part of Eq. 4.12, the contribution to the

total thermal resistance from the heat conduction in the substrate along a plane parallel

to the surface is of
1√
eπ

√
σTIM

λsub

1

γlw
. (4.30)

The 1
γlw

factor accounts for a recti�cation from the equivalent length of the chip.

The TIM contributes to the total thermal resistance by σTIM
lL while the contribution

from the mechanically pressed assembly has already been given in Eq. 4.19 by

A1 +A2 + hrλ,100K(A1∆x2 +A2∆x1)

hA2A1
. (4.31)

Given the stacked con�guration of the system, each of these thermal resistance contri-

butions are added in series to compute the total thermal resistance RTot such that as a
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Figure 4.13: Graphs of the dissipated power by the thermal management system (black) and
generated power by the CCWs for 10A (red solid) and 12.5A (red dashed) as a function of the
gradient CCW temperature. Curves use non-linear material property models. The heat sink is
assumed to be a thermal bath at T0=50K. Under 12.5A the generated power by the CCW has an
increasing slop with the temperature such that it does not intersect with the dissipated power curve.
The CCW temperature is expected to diverge (red arrow direction). Under 10A the generated
power curve and dissipated power intersect. A stable operating point of 6.5W at 65.8K is expected
to be reached at steady state.

function of T there is

RTot(T ) =
1

kWeff

1

γlw

(
lcomp

2lcomp + 4lgrad

)
+

1√
eπ

√
σTIM(T )

λsub(T )

1

γlw
+
σTIM(T )

lL

+
A1 +A2 + hrλ,100K(A1∆x2 +A1∆x1)

hA2A1
.

(4.32)

Here, the material properties are no longer de�ned at the speci�c temperature T0 but

are de�ned as a function of the gradient CCW temperature following curves accessible

in [241,259]. The system power dissipation is therefore de�ned by Q̇dis(T ) = ∆T/RTot(T ).

Owing to the non-linear nature of the material properties at cryogenic temperatures

there is no closed-form solution for T to the steady-state equation Q̇dis(T ) = Q̇gen(T ).

Instead, steady-state solutions must be determined graphically or numerically. A graph-

ical solution to the full temperature dependent model is presented in Fig. 4.13 and is

reminiscent of what was presented in Section 4.3 where the thermal runaway concept was

introduced. The CCW power generation curve is convex with its slope increasing with

the temperature while the dissipation curve for the thermal management system is slightly
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concave. For a CCW current of 12.5A the generated power curve and dissipated curve be-

gin to be parallel around 100 . They will not intersect at higher temperatures and thermal

runaway will occur. This runaway current is lower than those presented in the previous

sections where only isolated cases were considered. This is expected as contributions from

all parts of the thermal management assembly are taken into consideration and participate

towards the thermal runaway e�ect.

Assuming that the heat sink remains at T0 = 50K while sustaining any arbitrary heat

load and using the current non-linear temperature dependent model, a stable steady-state

operating point of 6.5W at 65.8K is expected for 10A.

4.7 Results of the transient analysis

A current of 10A is used and satis�es the previous conditions on the runaway current such

that it remains under the lowest maximum current of 12.5A. A steady-state thermal load

of approximately 6.5W is expected for this current. This heat load should be manageable

by the cryogenic heat sink such that the heat sink interface remains at T0 = 50K.

In this experiment, the time scales tSiO2 , tsub2D
, tsub1D

and tTIM delimiting each of

the thermal di�usion regimes through the thermal management assembly are of 4.3×10−5,

3.2×10−5, 1.8×10−4 and 4.3×10−3 seconds respectively. However, the 2D heat conduction

regime (2D) through the substrate was determined to be negligible due to the small chip

thickness. The tSi2D time scale is therefore not considered and there is tSiO2 � tSi1D
�

tTIM. The identi�ed heat conduction regimes are consecutive with one another and the

transient evolution of the gradient CCW temperature is calculated using the equations

presented in Section 4.3. The transient evolution of the power generated by the CCW is

computed using Eq. 4.28 together with the calculated value of the CCW temperature.

Variations in the generated power result directly from the temperature dependence of the

CCW resistivity at cryogenic temperatures.

The validity of this transient analytical model is veri�ed against a 3D numerical model.

The FEM model is built using COMSOL and uses the realistic CAD geometry of the CCWs

and thermal management assembly. All materials and thermal contact boundaries are de-

�ned by their non-linear material properties at cryogenic temperature. The time-dependent

model solves for the coupled electromagnetic and heat conduction equations. Speci�cally,

the electric current interface is used to model the inhomogeneous current distribution in
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Figure 4.14: Temperature surface plots of the CCWs and thermal management assembly for
the 3D numerical heat transfer model. 1) The CCWs heat up within a few microseconds after
being energised with 10A. 2) The heat has conducted through the CCW silicon oxide insulation
layer to the substrate as well as through the TIM within a few milliseconds. 3.a) For large
time scales, after a few minutes, the system has reached steady-state and records a temperature
increase of about 18.1K for the initial T0 = 50K. 3.b) Surface plot of the chip temperature. The
temperature is probed at the gradient CCW highest temperature location. The chip temperature
remains homogeneous within about 1K.

the CCW. This interface solves only the electric �elds, currents, and potentials within the

CCW geometry to minimise computational time. The heat conduction in solid interface is

used for the entirety of geometry. Both interfaces are then coupled by the electromagnetic

heating multiphysics node. The heat load consists solely in ohmic dissipations from the

CCWs. All the boundaries of geometry are adiabatic to the exception of the heat sink

boundary where a constant temperature T0 is prescribed. A scaling mesh is used to ap-

propriately resolve both small high aspect-ratio on-chip CCWs as well as the larger parts

of the mechanically pressed assembly. A mesh re�nement study has shown that mesh con-

vergence was achieved.

Fig. 4.14 illustrates the transient evolution of the temperature of the CCW and thermal

management system. For a short time scale tSiO2 ≈4.3µs after the 10A current is activated,

the CCWs have heated up almost instantaneously by about 0.3K. The thermal energy has

not yet conducted through the CCW oxide insulation layer. At a later time of about 50ms,
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Figure 4.15: Time-dependent evolution of 1) the CCW temperature and 2) power generated
by the CCW for a current input of 10A. The inset shows the CCW temperature evolution at
small time scales in more details. The black solid curve shows the results from the numerical 3D
FEM model. Dashed coloured curves correspond to theoretical predictions and are plotted within
relevant validity time scales. All analytical models are plotted without �tting parameters.

heat has di�used within the chip substrate and the TIM such that it has reached the copper

mount. The temperature increase is still below 1K. After approximately 200 s (� tmpa) the

system has reached steady-state. The thermal contact resistance between the mechanically

pressed parts is the leading contributing factor to the overall temperature di�erence. The

gradient CCW highest temperature is of about 68.1K and the chip conserves a temperature

homogeneity of ∼1K.

The transient evolution of the gradient CCW temperature is shown in Fig. 4.15. Both

analytical and numerical models are compared. The theoretical model for the CCW tem-

perature evolution agree well with the numerical one. For times below a few milliseconds,

the 1D⊥ and 1D‖ regimes of heat conduction through CCW insulation and substrate agree

well with the COMSOL simulation result. The small ∼0.1K discrepancy between the end
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and beginning of the analytical model for each regimes is attributed to the 2D conduction

regime being neglected. For times between a few milliseconds to seconds the analytical

model of heat conduction through the TIM and mechanically pressed assembly match the

numerical simulation well. For time scales of 10 seconds and above the analytical model

provides an overestimation of the temperature evolution compared to that of the numerical

result. This overestimation is considered to result form the worst-case approximation of

the mechanically pressed assembly thermal resistivity. A similar analysis can be drawn out

for the evolution of the power generated by the CCWs.

4.8 Results of the steady-state analysis

Multiple methods can be used to determine the steady-state CCW temperature. Each

method makes di�erent considerations on the temperature-dependence of material prop-

erties, uses a variety of techniques (analytical, graphical or numerical solution), and uses

a di�erent analysis (steady-state analysis or time-dependent analysis with t � tmpa such

that thermal saturation is reached). This impacts di�erently the accuracy of the results.

The method that yields the most accurate solution is given by the time-dependent COM-

SOL numerical model presented earlier. While accurate, such a method is not always

straightforward to develop, time e�ective and instructive on the relative e�ect of each de-

sign parameter. This model is therefore used as a benchmark to which the e�ectiveness of

other methods is evaluated against. Five methods were investigated:

� Method 1 (M1). Graphical solution to the steady-state analysis using non-linear

(NL) material properties at cryogenic temperatures. This method has been presented

in Section 4.6.

� Method 2 (M2). Graphical solution to the steady-state analysis using linear (L)

material properties at cryogenic temperatures. Each of the material properties use a

linear temperature-dependent relation with the material property at T0 and respec-

tive temperature coe�cients. Equations for the power generated and dissipated are

adapted from Section 4.6. The generated power follows Eq. 4.28.

� Method 3 (M3). Graphical or analytical solution to the steady-state analysis

using temperature-independent (TI) material properties at cryogenic temperatures.

All material properties values are reduced to be at T0. This is equivalent to solving

the simple model presented in Section 4.3, Fig. 4.3. This model does not account for
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runaway e�ects. This analysis can be resolved graphically. The analytical solution

is also easily derived.

� Method 4 (M4). Analytical solution to the transient analysis using linear (L) ma-

terial properties at cryogenic temperatures. This method uses the transient equations

presented in Section 4.5 at thermal saturation is reached.

� Method 5 (M5). Analytical solution to the steady-state analysis using linear (L)

material properties at cryogenic temperatures. This is the analytical resolution of

the graphical solution presented in M2.

M4 and M5 are particularly interesting. Having an analytical solution allows to rapidly

determine the CCW temperature for a given input current while also identifying the con-

tribution from each physical and design parameter. M4 solves by using Eq. 4.24 where the

steady-state CCW temperature is

∆TCCW(I) =

I2

Hlgrad
ρT0

kWeff − I2

Hlgrad
αρT0

+
ρT0I

2

H

(
2lcomp + 4lgrad

lcomplgrad

)
1√
eπ

√
σTIM

λsub

+
lLeCsubσTIM

lL− γlw I2

H

(
2lcomp+4lgrad

lcomplgrad

)
αρT0σTIM

+
lLCA(H1 +H2)

hA1A2
A1+A2+hrλ,100K(A1∆x2+A2∆x1) − γlw

I2

H

(
2lcomp+4lgrad

lcomplgrad

)
αρT0

.

(4.33)

M5 solves for the steady-state relation Q̇gen(∆Tccw) = Q̇dis(∆Tccw). For linear temperature-

dependent material properties and this relation is quadratic. The resolution of this equation

is detailed in Appendix D. The CCW temperature is then given by

∆TCCW(I) =
1− αAgI

2Ad −AgI
2Bd −

√
Dd

2αAgI2Bd
, (4.34)

where Ag = γ
lw
H

(
2lcomp + 4lgrad

lcomplgrad

)
ρT0 ,

R =
1

h

(
1

A1
+

1

A2

)
+ rλ,100K

(
∆x2

A2
+

∆x1

A1

)
,

Ad = R+
1

γlw

1

kWeff

(
lcomp

2lcomp + 4lgrad

)
+

1√
eπ

√
σTIM

λsub

2

γlw
+
σTIM

Ll
,

Bd =
αTIMσTIM

Ll
,

Dd = (αAgI
2Ad +AgI

2Bd − 1)2 − 4αA2
gI

4BdAd .

(4.35)

The generated power is then found by substituting the value of the temperature back in
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Eq. 4.28. Each method is applied for currents of 8, 9, 10 and 11A as shown in Fig. 4.16.

All graphical methods for 10A are shown in (a.). M3, is found to deliver much lower CCW

temperature estimation because of the temperature-independent assumptions in (b.) M5

is plotted as a curve and matches best the the numerical results and M4 provides a small

overestimation of the temperature while other method providing underestimation with M3

being the worst (up to ∼60% discrepancy in temperature increase). Overall, the analytical

relation presented in M5 is recommended for the prediction of the CCW temperature and

generated power.



129

Figure 4.16: Determination of the steady-state operating CCW temperature and generated power
for currents of 8, 9, 10 and 11A. (a.) The power generated by the CCW and dissipated by the
thermal management system are plotted to establish graphically the operating point under 10A for
di�erent models (M1 - purple X marker, M2 - grey X marker, M3 - yellow X marker). Steady-state
CCW temperatures (b.) and generated powers (c.) are compiled for each method and currents
to assess the relative merits of each method compared to the COMSOL model. M5 (grey dashed
curve) is found to agree best with the numerical COMSOL model.
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4.9 Conclusion

The on-chip CCWs are recommended to be operated under 10A and no higher than 11A.

This provides a safety margin to the predicted runaway current of∼12.5A. Above this max-

imum current, thermal runaways will occur very rapidly (<ms). Under 10A the CCW

temperature at steady-state is expected to be of 68.4K using the most accurate analytical

method (M5) this is very close (∼0.4%) to the COMSOL numerical model prediction of

68.1K. All other alternative models also predict a CCW operating temperature below the

desired 70K limit. The transient evolution shows that for time scales below 100ms, the

temperature is not expected to rise by more than 1K while most of the temperature rise

occurs over a few seconds. Thermal steady-state is expected to be reached after about

3min. Under 10A, the power generated by the CCW is expected to be of about 6.8W

(COMSOL: 6.77W and M5: 7.66W). For a RRR = 20 electroplated copper purity this

equates a rise in the electrical resistance of the CCW of about 70%. This is in good agree-

ment with standard practice in the atom chip community [186].

In this hardware con�guration, the maximum current prior to thermal runaway is

mainly the result of the contributions of the low thermal contact conductance from the

mechanically pressed parts. For comparison, a 10 times improvement of the mechanically

pressed thermal resistance, either by enhancing the thermal contact conductance (better

contact surface �nish or contact pressure) or increasing the contact interface area, would

allow to rise the thermal runaway current limitation to ∼35A. However, for such a high

current an exceptionally large heat load > 100W is expected. In this case, it becomes

di�cult for a scalable cryogenic cooling system to dissipate this heat load as a suitable

cryogenic heat sink may not be identi�ed. Under 10A, this improvement would also sig-

ni�cantly reduce the predicted temperature rise of 18.1K to only 1.9K (4.3 W). This may

be of interest to future redesigns of the mechanically pressed assembly.

Similarly, using a UHV compatible thermally conductive cryogenic epoxy, such as

Epotek H77 as TIM to thermally anchor the chip to the copper mount, would be ex-

pected to deliver a thermal contact resistance ∼ 100 time worse than with indium [187].

Using Epotek H77 would then lead to a worsening of the operating temperature such that

steady state is reached at 76.5K (8.5W). Using indium as TIM therefore plays an impor-

tant role in the optimal thermal management of the microchip.
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Finally, The quality of the CCW copper conductor fabricated by electroplating has a

signi�cant impact on the device thermal performances. Improving the copper purity from

RRR = 20 to RRR = 100 is achievable via heat treatment methods such as annealing. For

a RRR = 100 copper purity the steady-state CCW temperature is of 60.0K. The combined

e�ect of lower electrical resistance together with lower operating temperature also result

in the drastic reduction of the heat load to only 3.5W. While annealing is not used in this

thesis, it could be used during future microchip fabrication processes.

In some cases, it may be interesting to operate the CCW for a duration of only 0.5 s un-

der 10A where the CCW temperature increases by less than 2K and the power generated

is only of about 4.2W during this duration. For experimental reproducibility, enough time

should then be allocated for the thermal relaxation of the system back to T0 prior another

current pulse may be used. This thermal relaxation time is dominated by the characteristic

time of the mechanically pressed assembly and is in the order of 10�100 seconds.

Under 10A (6.7× 105 A/cm2) the CCW structure is therefore expected to meet the

< 70K operating requirement for a total output power of about 6.8W at steady-state.

Together with additional thermal leaks in the system, this establishes the thermal load

constraints to be met by the cryogenic cooling system and cryogenic heat sink which must

remain at a base temperature <50K. For such a current, a magnetic �eld gradient of

109.7T/m is expected to be produced at the ion location.
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Chapter 5

A scalable cryogenic cooling system

for quantum computer modules with

trapped ions

For many quantum computing architectures, the requirement for cryogenic operation is

regarded as a practical obstacle to future scalability with the footprint and cooling power

of commercially available cryocoolers acting as chief limiting factors. However, it is possi-

ble to engineer a cooling system such that these limitations do not apply to a trapped-ion

quantum computer operating at mild cryogenic temperatures. In this chapter, an inher-

ently scalable cooling system based on the closed-loop circulation of helium gas cryogen is

presented. It is found to be an e�ective solution to this challenge, ensuring both modularity

and scalability while matching the cooling requirements of high-power ion-trap devices.

This chapter is broken down into �ve sections and are organised as follows. The �rst

section introduces the key bene�ts of operation at cryogenic temperatures from an ion

trapping perspective. A broad introduction to the �eld of cryogenics is given along with a

review of state-of-the-art cryogenic technologies that have been applied to the ion trapping

research �eld. The limitations of the current technologies with regards to the scalability

of future ion trapping devices are then highlighted. In the second section, alternative

cryogenic techniques with the potential to cool large-scale trapped-ion quantum computer

modules are then explored. In this context, the use of liquid nitrogen is compared to a

cryogenic helium gas circulation system. In the third section, the theoretical and practical

considerations associated with the construction of a helium gas circulating system are

presented. This is aimed at assisting physicists and engineers in designing such a system

to an arbitrary scale and meeting their speci�c requirements. The following section then
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describes the helium gas circulating cryosystem which was built within the laboratory. Its

primary aim is to cool the two-module ion trapping experiment presented in this thesis,

while also providing cooling power to three additional ion trapping experiments distributed

across the laboratory. Finally, the overall performance of this system is characterised in the

last section. There, a speci�c focus is given to the thermal and vibrational performance.

5.1 Introduction

Operating at cryogenic temperatures has several advantages from an ion trapping perspec-

tive. These are a reduction in the ion motional heating rate which enables quantum gates

to be performed with high �delities, an improvement of the vacuum environment, and

enhanced physical properties of materials.

Heating rate. Chief among those is the reduction in motional heating rates, which plays

a crucial role in mitigating 2-qubit gate in�delities due to motional-state decoherence [55].

The relationship between temperature and trapped ion motional heating results directly

from the trap electric-�eld noise. Remarkably, the latter was found to be signi�cantly

larger than that expected from the thermal Johnson noise alone in the trap electrodes and

electrical circuit [154, 155, 165]. This �anomalous� noise likely originates from �uctuating

surface patch potentials [261] and can be reduced by several orders of magnitude under

cryogenic conditions [155, 159, 223]. Empirical models [223] show that during cooling the

electric �eld noise follows a temperature dependency as ∝
(
1 + (T/T0)β

)
, where T0 is the

thermal activation temperature and β is the power law exponent. The thermal activation

temperature was experimentally found in the 10K�100K range [61, 159, 223], and further

cooling below the thermal activation temperature provides only a marginal reduction in

the ion motional heating rate. In practice most of the gains (∼90%) are made when cooling

from 300 K to 100 K.

Background pressure. Second amongst these advantages is the reduction in vacuum

pressure, and thereby the reduction of the trapped-ion collision rate with the surround-

ing background gas. A typical room-temperature ultra high vacuum (UHV) apparatus

operates at a pressure in the order of 10−11 mbar. While this leads to useful trapped-ion

lifetimes for single and two-ion systems, it brings challenges to the generation of large

ion crystals. Because of this, the maximum length of trapped ion chains under UHV are

currently limited to about 50 ions [51]. This can be remedied by cyogenically cooling the
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inner chamber surfaces. At these temperatures the outgassing rates of residual background

gases are strongly suppressed while cold surfaces e�ectively act as getter materials. This

delivers a net pumping e�ect commonly referred to as cryopumping. Using cryopumping

as a mean to improve vacuum has a long historical heritage [262,263]. Remarkably, such a

technique has resulted in the lowest vacuum pressure observation to date with a pressure of

6.7×10−17 mbar [264] measured by a Penning ion trap. This is several orders of magnitude

under the 10−12 mbar extreme-high vacuum (XHV) upper threshold. Cryopumping is ex-

plained by the combination of three distinct mechanisms: cryosorption, cryotrapping and

cryocondensation. Cryosorption is the process whereby gas molecules incident to a cold

surface lose enough kinetic energy upon impact that they remain bounded to the surface

via weak intermolecular forces. Cryotrapping then occurs when previously deposited gas

molecules participate in increasing the e�ective cold surface area. This in turn assists the

trapping of the remaining background gas. Cryocondensation then refers to the deposi-

tion of residual background gas particles given the thermodynamic equilibrium between

its vapour and condensed phase at the cold surface. Considering the vapour pressure of

background gases typically found in a vacuum systems [265], it is expected that at 100K,

water and most large hydrocarbons have undergone a phase transition from gas to solid so

that their remaining partial pressures in the vacuum system become negligible. At 20K

most atmospheric gases (N2, O2, CO2, Ar, CH4) have condensed while below 10K only

molecular hydrogen, helium and neon are expected to limit the vacuum system pressure to

above 10−12 mbar. Not only do cryogenic vacuum systems allow to reach XHV but thanks

to cryopumping e�ects the time to reach UHV pressures is also signi�cantly reduced. In-

deed, a 4K ion trapping apparatus does not need to be baked and UHV pressures are

reached in less than a day [188] instead of the usual two-week-long bake-out time. This

makes cryogenic operation an attractive feature when a small turn around time in-between

experiments is sought after. In addition, low saturation pressures together with the absence

of vacuum bake-out enable the use of otherwise restricted non-UHV compatible materials,

thereby extending the range of admissible ion trapping designs while also simplifying their

engineering.

Material properties. Lastly, operating at cryogenic temperatures is also bene�cial from

a material science standpoint. Cold temperatures permit the use of superconductors, al-

lowing to study the interaction between superconductors and trapped-ions [266]. This

is particularly interesting for the development of quantum hybrid systems [267]. Recent
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developments of superconducting detectors also open promising pathways for on-chip de-

tection of trapped ion �uorescence photons [62,268]. Cold temperatures also enable better

thermally management of next-generation ion traps that produce a substantial heat load

as a result of the integration of advanced features such as CCWs, DACs and control elec-

tronics [61, 64,80, 227]. As was shown in Chapter 4, silicon is a substrate of choice for the

fabrication of scalable ion traps. It has an order of magnitude increase in thermal con-

ductivity below 100K compared to room temperature, therefore allowing for e�cient heat

removal at low temperatures. In addition, the increased electrical conductivity of copper

at these low temperatures enables larger currents to be safely used in on-chip integrated

CCWs. The ensuing increase in magnetic �eld gradients then leads to the generation of

stronger ion-ion interactions, thereby paving the way to greater entangling gate �delities

and reduced gate times.

Cryogenic cooling methods overview

Many avenues may be followed to cool an application down to cryogenic temperatures as

shown in Fig. 5.1. These cooling methods are generally classi�ed within either �wet' or

�dry� categories. Here a brief overview of these methods is provided.

Wet cryosystems involve placing a liquid cryogenic �uid in contact with the applica-

tion to cool. This contact may be direct such that the application is fully submerged and

cooled by convective heat transfer; or it may be indirect and an intermediary thermal link

conducts heat from the application to the cryogen. For trapped ion experiments, only

the latter indirect option is available. The indirect wet cooling method is then typically

also broken down into two main subcategories: bath and continuous �ow. For the bath

cooling technique the liquid cryogen is at saturation and the cooling capacity is provided

by the latent heat of vaporisation. This is practical for small heat loads as the cryogen is

uniformly at the boiling point and the heat transfer rate is ensured via nucleate boiling.

However, under a large heat load nucleate boiling will transition to �lm boiling [269]. The

resulting thin gaseous insulating layer adversely a�ects e�cient heat transfer such that

uniform cooling can no-longer be ensured. For continuous �ow systems, the application

intermediary thermal link is subject to a steady �ow of liquid coolant. In this situation

the thermal link becomes a heat sink from which heat is convectively removed. If the

transport of cryogen is driven directly by a density variation in the �uid due to a heat

exchange then it is called natural. If the transport of the cryogen results from an exter-
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nally applied pressure di�erence then it is called forced. Both methods typically provide

more cooling power than the static bath alternative. The forced �ow method allows for

large adjustable heat transfer rates which makes it thermally superior to the natural �ow

method although it is also more mechanically complex to implement. Finally, the resulting

boiled-o� gas by-product may be released to the environment in an open-loop installa-

tion. However, for high power applications, the resulting large cryogen consumption may

be energetically ine�ciently and uneconomical. In this case, a closed-loop system where

the cryogen by-product is recooled or recondensed should be considered as the long-term

operating bene�ts may outweigh the upfront cost associated with the added complexity of

this system.

In contrast, dry cryosystems operate using a cryogen-free cryocooler which provides

cooling power through a closed refrigeration cycle. A direct conductive thermal link is

then used to transfer heat from the application to the cryocooler. Alternatively, indirect

coupling may be achieved by convection using an intermediary bu�er or circulating cold

gas. The principal bene�t of dry cryosystems is that it removes the continuous and expen-

sive need to replenish the cryogen. Instead, only an external electrical supply is required.

Secondarily, dry cryosystems are not subject to sudden changes in their operating regime

making them a stable source of cooling power over an extended range of operating condi-

tions. Nonetheless, cryocoolers typically produce a level of vibrations which may need to

be mitigated depending on the application.

Past and existing cryogenic ion trapping experiments

Over the years, several research groups have undertaken the engineering challenge of con-

structing cryogenic ion trapping experiments. In such experiments a primary drive has

been to leverage on the reduction of electric-�eld noise to investigate potential ways to

increase two-qubit gate �delities via a reduction of motional heating rates [155, 161]. Ex-

periments have also leveraged on the improved vacuum conditions of a low temperature

system to generate of large ion strings for quantum computing and simulation [52, 194].

More recently, there has also been a need for a test bench that allows for the rapid char-

acterisation of ion traps. A capability that is o�ered by a cryogenic UHV apparatus as it

eliminates the time consuming bake-out process.

Determining the cooling technology that is best suited to each set-up then consists
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Figure 5.1: Schematic depiction of multiple cryogenic cooling methods classi�ed by category.
Amongst these techniques, several are already applied to state-of-the-art ion trapping experiments.
The diagrams represent a supposed ion trap (yellow), copper mount (orange), liquid cryogen (blue),
cryogenic gas (green) and cryocooler (red). The direct liquid bath method cannot be applied to
ion trapping for obvious reasons, all others may be considered.

of assessing the respective merits of one cooling method over the other. Because each

ion trapping experiment has di�erent needs, a broad range of cryogenic technologies have

been employed across the �eld. A summary of the cooling technologies that have been

used is given in Fig. 5.1. The �rst cooling techniques used alongside ion traps have been

wet cryosystems. These have consisted of liquid helium [188, 270] and liquid nitrogen

[155] bath cryostats while more recently a liquid helium open continuous �ow cryostat

[194] has also been used. The early use of bath cryostats was motivated by several key

bene�cial features: they are relatively straightforward to implement; their cooling capacity

matches the demands of simple ion trapping set-ups; and they are inherently vibration-

free*. However, the constant supply of cryogen requires continuous monitoring and leads

*No moving parts are used and heat exchange with the cryogen constitutes the sole cooling source.
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to substantial running costs. Typically, the vaporisation of liquid helium is expected to

be of the order of one litre per hour per Watt of thermal load, while the potential risk

to transition to the �lm boiling regime limits the permissible heat �ux densities to below

10W/cm2 (critical heat �ux for liquid nitrogen) [271].

To overcome these particular hurdles, many ion trapping research groups have tran-

sitioned to cryogen-free alternatives. These dry cryostats have consisted in commercially

available two-stage Gi�ord-McMahon (GM) and Pulse-Tube (PT) cryocoolers. Both cool-

ing technologies o�er comparable cooling capacities and these are often su�cient to bring

low thermal load ion trapping set-ups down to ∼4K. The relevant features taken into con-

sideration during cryocooler selection are that GMs typically come at a lower capital cost

while PT are often regarded as more reliable [272]. Nevertheless, trading a wet cryosystem

for a dry one e�ectively translates the hindrance of handling liquid cryogens into one of

operating under worsened vibrational conditions. Indeed, cryocoolers together with their

compressors generate severe levels of vibration as the refrigeration cycle is accomplished

via the mechanical displacement of inner parts at a frequency of 1�2 Hz. For GM cry-

ocoolers, vibrational amplitudes are expected to be in the order of 10�100µm due to the

motion of the rotary valve and displacer within the cold head. PT cryocoolers on the

other hand do not incorporate a displacer within the cold head thereby attenuating the

acoustic noise and the amplitude of vibrations. Nonetheless, vibrations are still expected

to be in the 1�10µm range owing to alternating compression and expansion of working

gases. Thus, both o�-the-shelf cooling solutions exceed the typical maximum tolerable

vibration levels for ion trapping experiments. To address this technical issue a variety of

low vibration interfaces have been employed such that the ion trap is mechanically decou-

pled from the cryocooler cold head. These have consisted in an exchange helium bu�er

gas [52,188,190,273], �exible highly-conductive copper braids [189,191] and more recently

a massive inertial pendulum [195]. These are complex mechanical systems which must be

carefully engineered to be successfully operated, i.e. provide maximal mechanical decou-

pling at the cost of minimal thermal performance reduction. Once installed these lead to

the e�cient suppression of vibrations by several orders of magnitude such that displace-

ment amplitudes of <100 nm are typically measured at the ion trap.

Overall, the cryogenic systems that have been applied to ion trapping experiments are

of restricted power output and size. However, the development of advanced features on

microfabricated ion traps (DACs, CCWs, SPADs, etc.) [61] are likely to further increase
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the power output of future ion trapping devices. Additionally, the successful construction

of a scalable trapped ion quantum computer imposes similar scalability constraints on its

cryogenic cooling system. Currently, none of these constitute a well adapted technolog-

ical solution to the cryogenic cooling of a large-scale ion trapping device exhibiting high

heat �ux densities. For liquid cryogen bath cryostats, circumventing the aforementioned

heat �ux limitations may seem achievable via the scaling of the intermediary thermal

link interface dimensions. Indeed, as the interface area between the cryogen and thermal

link becomes much larger than that between the thermal link and the application, a pro-

portional reduction of the heat �ux to dissipate is expected and can be made to remain

within acceptable levels. Similarly, using an arrangement of several conductively connected

commercial cryocoolers, whose cumulated cooling capacities matches the high power dis-

sipated at the application, appears a feasible option. However, on closer inspection, it

rapidly becomes apparent that both such proposals encounter practical size limitations.

These constraints are all the more exacerbated when considering closely-spaced tessellated

arrays of ion traps (as in the proposal by Lekitsch et al. [80]) for the construction of a large-

scale universal quantum computer. Thus, cryogenic technologies currently applied in the

ion trapping �eld cannot be directly transferred to provide unconstrained cooling power to

an ion trapping device of arbitrary scale. Alternative cooling technologies must therefore

be investigated to ensure that the cryogenic cooling architecture does not constitute an

engineering feasibility roadblock to the development of this quantum device.

5.2 Alternative scalable cryogenic cooling approaches: a pre-

liminary feasibility analysis

Amongst the possible cooling alternatives, methods relying on the continuous �ow of a

cryogen are some of the most promising. Such systems typically employ liquid nitrogen as

a coolant or pre-coolant. Nitrogen has the advantage of being inert, non-toxic as well as

being an abundant atmospheric gas such that liquefying it from the air is relatively inexpen-

sive. Constructing liquid nitrogen systems is also often simpler than constructing systems

using other liquid cryogens with a lower boiling point. In 1987, the discovery of the YBCO

high-temperature superconductors (HTS) [274] � with a critical transition temperature

of 93K � was all the more remarkable because it could be used at liquid nitrogen tem-

peratures, which span a 63�77K temperature range under atmospheric pressure. Today,

an extensive range of liquid-nitrogen based cryogenic systems have been developed to fur-
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ther the study of HTS technologies [275�279]. Because HTS systems operate with cooling

speci�cations in the same order to those laid out for a practical quantum computer mod-

ule [80], it is interesting to assess whether some technological solutions may be transferable.

Historically, cooling systems for HTS technologies have moved away from open loop

�ow cryostats where boiled-o� LN2 is lost to the environment. This minimises energy waste

associated with the nitrogen liquefaction process. Instead, liquid nitrogen can be cooled

within heat exchangers connected to cryocoolers (Stirling, GM and PT) and circulated in a

closed loop via forced-circulation [277], or using natural convection as the driving force in

a subcooled liquid nitrogen bath [280] or loop [281]. Forced-�ow circulation systems, using

a circulation pump, allow for the improved thermal management of high-power devices as

the operating temperature can be conveniently controlled by throttling the cryogen �ow

rate. Many have been constructed to deliver cooling power ranging from a few 100W [277,

279,282] to several kW [278] at ∼70K for medium and large-scale HTS devices. However,

performances are often limited by the constrained range over which nitrogen remains in its

liquid phase. Fortunately, this operating range can be expanded by pressurising the liquid

nitrogen cryogen to avoid an undesired phase change at the heat load region. Considering

its vapour pressure curve, liquid nitrogen can remain subcooled passed its normal boiling

point. Under 10 bar, liquid nitrogen is non-boiling in the 63 �104K temperature window

[283] and the use of this feature has been largely taken advantage of in HTS experiments

with pressures typically ranging from 5 to 15 bar [284,285].

Continuous �ow liquid nitrogen cryosystems to scalable ion trapping devices

The promising concept of using a continuous �ow of liquid nitrogen to cryogenically cool

a trapped-ion application was �rst envisioned by Lekitsch et al. [80]. There, passing liquid

nitrogen through a silicon microchannel heat sink is expected to deliver a unit thermal

resistance of 0.052 cm2K/W [286]. This heat sinking technology is then proposed to be

directly integrated as part of a microfabricated ion trap substrate such that it can be used

to cool a large-scale quantum computing architecture. Using such a method was then

projected from conduction to result in a small temperature di�erence of ∼2K between

the heat generating current-carrying wires used for quantum logic gates, and liquid nitro-

gen coolant. However, while appearing extremely promising, one must keep in mind that

the attractive heat transfer performances in this silicon-based design are due, in a large

part, to a convective heat transfer coe�cient enhancement which develops as a result of
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speci�c interfacial and heat transfer mechanisms. Indeed, this enhancement stems from

the combined e�ects of subcooled boiling of liquid nitrogen within the 50µm by 445µm

microchannels together with the Joule-Thomson e�ect as the pressurised liquid cryogen

exits the microchannels. In its current design [286], these advantageous thermal e�ects are

adversely a�ected as the device increases in size. Thus, while these e�ects can be taken

advantage of on a small-scale device, it requires further investigation to be realistically

applied to a large-scale ion trapping device.

Recent experimental e�orts relating to the study of the �uid �ow and heat transfer per-

formances of saturated liquid nitrogen in a 250mm-long stainless-steel micro-tubes [287]

gathered evidence that maintaining single-phase liquid �ow under large heat �ux is chal-

lenging. This challenge was attributed to the small latent heat of vaporisation of liquid

nitrogen. In such tests, the �ow boiling of saturated liquid nitrogen occurred for a heat

�ux density of 0.61W/cm2. This can lead to a temporary �ow obstruction which results

in periodic oscillations of the coolant �ow rate in the microchannels. Although nucleate

boiling can lead to a desired increase in the heat dissipation rates [286], in much worse

cases, a heat �ow rate exceeding the critical heat �ux of the device allows for �lm boiling

in the microchannels. This severely impedes the heat from being dissipated away by the

�uid. In such cases, there is evidence that �lm boiling results in the heat sink being choked

and failing [288]. Given the current absence of a clearly identi�ed regime of safe operation,

caution calls for the boiling of the cryogen within the heat sink to be avoided for practical

trapped-ion applications. Additionally, liquid cryogen boiling may be a source of vibration.

This is all the more undesirable as it would originate directly within or in close proximity

to the ion trap.

Furthermore, using a larger �uid �ow rate of subcooled liquid nitrogen pressurized

at ∼4 bar has been shown to lead to single-phase �ow of the cryogen under greater heat

loads. Due to the small viscosity of liquid nitrogen, the �ow can easily be made turbulent.

This results in an increase of the convective heat transfer coe�cient. For an outlet �uid

temperature of 96 K, heat transfer coe�cients averaging 0.025W/(mm2·K) have been

demonstrated for a heat �ux density of 3.54W/cm2 [289]. Recently, a similar heat �ux

density in the order of 3.5W/cm2 has been dissipated with subcooled liquid nitrogen using

a micro pin �n heat sink [290]. However, these thermal performances still remain several

times below that necessary to cool a scalable ion trapping module generating a heat �ux

density of ∼12W/cm2 [80]. Finally, a considerable issue subsists for the implementation of
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the subcooled liquid nitrogen at lower temperatures: below 63K liquid nitrogen solidi�es

and can create blockages within the heat sink.

Overall, while a close-loop subcooled liquid nitrogen cryostat holds the promise of

delivering a signi�cant cooling power to a large-scale device operating at ∼100K, the

required complex engineering of the heat sink with small thermal resistance and cryogenic

architecture with subcoolers makes its implementation a major challenge given the current

state of this technology. For small- to medium-scale prototypes, the bene�ts are further

reduced due to the restricted operating temperatures window along with the signi�cant

upfront cost associated with the construction of the required liquid nitrogen subcooler.

Helium gas circulation cryosystems

Recently, developments in HTS power devices have tried to alleviate the current limita-

tions of liquid nitrogen-based schemes by exploring the use of helium gas as a promising

coolant alternative. Single-phase helium gas cryogenic systems employing cryocoolers and

cryogenic gas circulators have been developed [291�293]. These make use of a forced-�ow

circulating gaseous cryogen to achieve a large cooling capacity in the 20�80K temperature

range. Such gaseous helium forced-�ow architectures have the advantage of delivering a

larger operating temperature window with no risk of an undesired phase change, therefore

strongly relaxing the thermal performance constraint of the application heat sink. This

provides greater versatility to the experimental conditions while their simpler designs sig-

ni�cantly reduces the upfront costs while zero cryogen boil-o� leads to negligible continuous

maintenance costs. For these reasons, this cooling technology has found broad implemen-

tation in other research �elds such as the cryogenic cooling of a high power laser ampli�er

head [294] dissipating in the order of 400W at a 88K operating temperature and cooling

of cryogenic propellant tanks [295].

However, a challenge associated with cryogenic gaseous circulation systems comes from

the low density of the gaseous cryogen. Current commercial circulation pumps only supply

a limited range of volume �ow rates, which given the low density of the cryogen gas trans-

lates into a small range of available mass �ow rates that can be used for cooling. Designing

such a cryogenic architecture for a target cooling capacity therefore requires the careful

minimisation of the pressure drop across the system along with the careful considerations

on the con�guration of circulators to deliver the required mass �ow rate of gaseous cryogen.
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Given the presented advantages, such a helium gas cryogenic cooling architecture is

chosen for the remote and independent cooling of multiple trapped-ion quantum experi-

ments. It provides access to a broad range of cryogenic temperatures, does not undergo a

phase transition which enables safer operation and is �nancially sensible. In our system,

cold pressurised helium gas is cooled in a vessel containing the cryocoolers and the circula-

tor. The cryogen is then distributed to each ion trapping set-up and then recirculated back

to the cryostat as later presented in Section 5.4. Custom design cryogenic heat sinks can

be �tted to or integrated directly within the ion trapping set-up for optimal heat removal.

The design of a cryogenic helium gas heat sink compatible with a trapped ion experiment

is presented in Chapter 6. This spatial decoupling between the ion trapping hardware

from the cryogenic cooling unit makes this system inherently versatile, while operational

�exibility is ensured over an extensive range of cooling power by adjusting the �ow rate of

the cryogenic coolant. Altogether, these features make such a cooling system an inherently

scalable and modular solution for applications in the ion trapping �eld. Furthermore, it

is a promising engineering solution to the thermal management challenge of a large-scale

trapped-ion quantum computer.

5.3 The Closed-loop helium gas cryosystem: �uid �ow and

thermal design considerations

In contrast with dry cryosystems where only thermal considerations must be taken into

account, circulating cryosystems must also consider �uid �ow characteristics. Here, both

thermal and �uid �ow processes are coupled to one another. This increases the engineer-

ing di�culty. This coupling e�ects are also particularly exacerbated given that the system

operates with a cryogenic pressurised gas. In this context, and unlike room-temperature

incompressible liquid systems, a small variation in a gas �ow parameter can drastically de-

grade the global thermal performances � and vice-versa. A working cryogenic circulation

system must thus maintain a �ne balance between both processes. This is further con-

strained by practical limitations as the available cryocooler cooling power and circulator

�ow rate are typically limited. Therefore, one must carefully consider the inter-dependent

physical e�ects at play and the resulting design compromises it imposes.

The transport of the helium cryogen in a closed-loop cooling network is achieved by a

cryogenic circulator. From a �uid �ow perspective, the circulator provides the hydraulic



144

pressure di�erence that initiates the internal �ow of cryogen and then sustains its constant

motion against viscous forces. From a thermal physics perspective, the cryogen convectively

withdraws and stores heat from a trapped ion experiment via a heat sink. This constitutes

the primary source of cryogen temperature increases, which locally results in a reduction

in cryogen density. This variation in density must be kept within constraints such that

acceptable thermal performance is maintained. In addition, secondary heat loads from

undesired thermal leaks distributed along the circulation network also occur, but to a

lesser extent. The internal viscous forces opposing the circulating cryogen couple �uid

�ow and heat transfer. This corresponds to an energy dissipation by �uid friction and the

mechanical work supplied to the cryogen is fully converted into heat under steady-state

operation. This primarily takes place at locations of large �uid �ow resistance that are

distributed all along the circulation loop. After recirculation, the accumulated thermal

energy is removed from the cryogen by a crycooler via a heat exchanger. Overall, steady-

state system operation is reached under two conditions:

1. The supply of mechanical energy to the cryogen equates �uid friction losses.

2. The heat transferred to the cryogen equates to that removed by the cryocooler.

For a detailed theoretical time-dependent and steady-state analysis, the reader is redirected

to Ref. [296].

5.3.1 Fluid �ow considerations

Achieving cryogen �ow at a speci�c volume �ow rate throughout the circulation system

requires balancing the pressure head supplied by the circulator and overall pressure drop

from �uid friction in the circulation loop. To evaluate these characteristics one must �rst

understand the behaviour of the internal �ow which is either laminar or turbulent.

Fluid �ow regimes. In the laminar regime the kinetic energy of the �uid is dominated

by stabilising viscous e�ects. The velocity distribution of the �uid is such that it is parallel

to the duct boundaries. This results in �uid particles moving along weakly interacting

adjacent layers. In the turbulent regime, however, the �uid kinetic energy overcomes vis-

cous e�ects. Small �ow vortices emerge and interact, which lead to lateral mixing of �uid

particles. In a ducted system, this results in turbulences which are fully developed per-

pendicularly to the �ow.
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These regimes are quantitatively distinguishable from one another through the magni-

tude of the Reynolds number Re. This dimensionless number equates the ratio of inertial

over viscous e�ects. For a ducted �uid transported at a volume �ow rate V̇ , the Reynolds

number is expressed by [297]

Re = ρHe
DV̇

µA
, (5.1)

where ρHe is the density of the helium gas, D is the characteristic length � for instance,

an internal pipe diameter � A is the �ow cross-sectional area and µ is the helium dynamic

viscosity. For all practical purposes, the helium dynamic viscosity is considered to be

pressure and temperature independent with µ = 6.0× 10−6 Pa · s measured at 50K [298].

When engineering a cryosystem it is useful to consider the regions of smallest and largest

Reynolds number. These occur within portions of the circulation system which exhibit a

combination of extreme conditions: low (high) cryogen density, low (high) �ow rate and

small (large) characteristic length to cross-section area ratio. Internal �ows characterised

by Re < 2000 signi�es a laminar �ow regime while for Re > 4000 the �ow is turbulent and

fully developed [297]. Generally speaking, it is often reasonable to anticipate turbulent

�ow in the system given the low �uid viscosity of helium.

Pressure head. The pressure head is the pressure di�erence supplied by a �uid pump

which sets the �uid into motion. In the cryogenic system this is provided by the helium

gas cryogenic circulator.

� Cryogenic circulator: The cryogenic circulator provides a pressure head rise ∆PC.

It is often expressed as a �uid headH, given in metres. It is equivalent the hydrostatic

pressure resulting from an incompressible column of helium gas of height H and

converts to ∆PC via the expression

∆PC = ρHe · g ·H , (5.2)

where g = 9.8m/s2 is the gravitational acceleration. Since some of this energy

dissipates internally by �uid friction and because the helium �ow within the circulator

is turbulent, the circulator ∆PC is expected to decrease approximately quadratically

with increasing volume �ow rates. The maximum pressure head is given under no

�ow, V̇ = 0 (total �ow obstruction), and maximum volume �ow rate is given under no

pressure di�erence, ∆PC = 0 (unobstructed �ow). A range of commercial cryogenic

circulators is available across the industry, but in some cases it may be bene�cial to
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connect multiple circulators together to achieve custom pumping characteristics [299].

Connecting circulators in series provides the sum of their pressure heads under the

same �ow rate while connecting them in parallel provides the sum of the �ow rate

for an equal pressure head.

Although circulators are capable of accommodating a range of pumping requirements,

a centrifugal-style circulator operating with a low density �uid, such as gaseous helium, is

not suited to overcome arbitrarily large pressure di�erences. To sustain a su�cient �ow of

cryogen, a detailed account of the pressure drop sources in the system is needed to ensure

that the circulator appropriately quali�es.

Pressure drop. The pressure drop� is the pressure di�erence that is developed by the

internal viscous shear forces at the boundary walls that oppose the �ow. It depends both

directly and indirectly (via the Reynolds number) on the volume �ow rate. The expressions

used in this work to evaluate pressure drops under various conditions are compiled in

Appendix F. Indeed, as the �ow rate increases, the �ow regime transitions from laminar

to turbulent and results in a di�erent interaction with the boundary walls. This leads to

diverse �uid friction behaviours. In the laminar �ow regime the pressure drop increases

linearly with the volume �ow rate, while for turbulent �ow the pressure drop typically

increases with a 1.7�2 power-law dependency on the volume �ow rate [297]. It is generated

along every portion of the cryogenic system loop subject to the cryogen �ow. Major

losses usually stem from the cold head heat exchangers, the cryogen pipework and the ion

trap experiment heat sinks. Minor losses usually stem from ancillary elements such as

pipework bends, connections, junctions, corrugated pipe sections, valves, �owmeters and

other �ttings.

� Heat exchanger: The heat exchanger is directly mounted on a cryocooler. While it

is optimally designed such that the cryogenic gas stream encounters as little resistance

as possible, it still develops a pressure drop ∆PHX. When multiple cryocoolers are

required, the heat exchangers are either con�gured in parallel or series. A comparable

e�ect to that of the connected circulator on the volume �ow and pressure drop

occurs [299]. The parallel con�guration of heat exchangers is attractive as it lowers

the overall pressure drop for a prescribed �ow rate.

� Pipework: The pipework transporting the cryogen gives rise to a pressure drop ∆PP

along the pipe length that is calculated using Eq. F.1 and F.3 for smooth straight
�Sometimes referred to as "head loss", expressed in metres using Eq. 5.2.
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pipes. The pressure drop increases linearly with the pipe length, has a −0.75 power-

law dependency on the pipe diameter and has a 1.75 power-law dependency on the

volume �ow rate. Industry-standard pipes may also have an appreciable surface

roughness in which case Eq. F.5 is used to quantify the pressure drop.

� Heat sink: The heat sink develops a pressure drop ∆PHS speci�c to the custom heat

sink design used for the ion trap experiment. The pressure drop is typically deter-

mined from a combination of analytical and numerical models as well as experimental

characterisations.

� Ancillary elements: Ancillary systems introduce a pressure drop ∆PA,i where i

denotes the ith element out of a total number of elements n in the circulation system.

Pipework bends of 90° and connections introduce a one-o� pressure drop given by

Eq. F.8, F.11 and F.12. For connections and junctions, the direction of the �ow is

important such that a connection from a smaller to a larger pipe diameter presents

a di�erent pressure drop than in the reverse con�guration. For 90° T-junctions in

converging orientation with equal �ow in the branch and the straight section, the

loss coe�cient K is estimated to be 0.4 and 0.51 for the branch and the straight

section respectively [300]. In a diverging �ow orientation, K is equal to 1.02 and 0.0

for the branch and the straight section respectively [300]. If one of the T-junction

outputs is obstructed, then K becomes 1.1 for both an obstruction on the straight

and branch part of the tee [300]. K is converted into a pressure drop using Eq. F.7.

Additional junction con�gurations that may be useful are compiled and characterised

in Ref. [301]. Annular and helical-style corrugated pipes, which are used for �exible

pipe sections, have a pressure drop given by Eq. F.6. Corrugated pipes are more

resistive to the �ow than their straight smooth pipe equivalent. They should be used

seldomly and only when required. If the extensive use of corrugated pipes cannot

be avoided, their optimisation [302] may be of interest. The one-o� pressure drop

introduced by valves, such as globe- and ball-style valves, is derived from the loss

coe�cient provided by the manufacturer. Usually, valves employing a streamlined

passage to control the �ow are preferred as it leads to minimal head loss. Finally,

cryogenic �owmeters, such as turbine �owmeters, introduce a pressure drop which

depends on the technology used for volume �ow rate measurements.

Manufacturers usually provide the pressure di�erence vs. volume �ow rate data of cryo-

genic circulators, heat exchangers and �owmeters that are required for these calculations.
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Figure 5.2: Schematic graph used for the determination of the �uid �ow operating point
(∆Pop, V̇op), with arbitrary units. The operating point is found at the intersection between the
cryogenic circulator curve which provides the pressure head ∆PC and the circulation loop curve
which accounts for the pressure drop ∆PLoop.

In some speci�c cryogenic system designs, a pressure di�erence ∆Pg resulting from the

gravitational potential is introduced. Over a hight di�erence ∆z, a �uid of density ρ is sub-

ject to an hydrostatic pressure ρg∆z. However, because the system is operated in a closed

loop, one expects an equal and opposite pressure to be exerted as the �uid is recirculated

so that the e�ect dies o�. But in a cooling system using a gaseous cryogen, the �uid may

experience changes in density as a result of heat transfer. If a substantial change in density

takes place at di�erent elevations separated by ∆z = z1− z2, the overall e�ect is no longer

zero and a net pressure di�erence ∆Pg = (ρz1 − ρz2)g∆z arises in the loop. The e�ect is

nonetheless negligible in a well-designed system if e�ective �ow temperature homogeneity

is provided, along with similar elevations at locations where variations in density are the

most likely to occur.

Operating �ow performance. For analysis purposes, it is reasonable to assume that

�ow disturbances introduced by elements in the circulation loop do not propagate to other

elements located downstream. The associated pressure drops are thus calculated indepen-

dently and the total pressure drop ∆PLoop throughout a circulation loop as a function of

the volumetric �ow rate is given by the sum of the individual pressure drops

∆PLoop(V̇ ) = ∆PHX(V̇ ) + ∆PP(V̇ ) + ∆PHS(V̇ ) +
n∑
i=1

∆PA,i(V̇ ) . (5.3)

The operating cryogen �ow performance in the circulation system is then given by the

balance between the circulation loop total pressure drop and the pressure head under a
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similar �ow rate V̇ = V̇op. In the case of a unique cryogenic circulator, there is

∆PC(V̇op) = ∆PLoop(V̇op) . (5.4)

The resulting operating point (∆Pop, V̇op), where ∆Pop is the pressure di�erence at the

above equilibrium, is typically determined graphically or numerically at the intersection

between the cryogenic circulator curve (pressure head) and the circulation loop curve (pres-

sure drop) as shown in Fig. 5.2.

Helium cryogen operating pressure. Considering that the helium is an ideal gas

enclosed in a constant volume, its density ρHe as a function of the pressure P and the

temperature T is given by

ρHe =
P ·M
T ·R

, (5.5)

where M = 4.0026 g/mol is the molar mass of the helium gas and R = 8.3145 J/(mol ·K)

is the universal gas constant. In a �rst order approximation of equations provided in

Appendix F, it can be shown for the global balance between pressure head and losses

given by Eq. 5.4 that the dependence on the helium density vanishes. The circulator

therefore provides a volume �ow rate in the loop that is independent of the operating

cryogen density and overall helium pressure in the system. Thus, an increase in the system

helium pressure leads to a proportional rise in mass �ow rate. This is particularly useful

given that � as will be shown in the next subsection � the thermal performances of

the system improve with increasing mass �ow rate. The system pressure is therefore

best maximised, either to improve the overall thermal performances of an existing cooling

system or to achieve similar thermal performance utilising a system operating at reduced

volume �ow rate (lower circulator speci�cations, increase loop pressure drop, and reduce

costs). In practice, however, the helium gas pressure cannot be inde�nitely increased and

the system pressure is bound by technical limitations. That is the maximum pressure that

the weakest component in the circulation system can withstand, given an additional safety

pressure margin.

5.3.2 Thermal considerations

Operating at a cryogenic temperature THS at the ion trap experiment thermal interface re-

quires a calculation of the thermal balance between the heat supplied and removed from the

cryogen given the mass �ow rate established in the previous subsection. These characteris-
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tics are evaluated through a detailed account of the heat loads applied to the system. The

circulation system temperature homogeneity is then calculated from the mass �ow. The

cryocooler cooling power is �nally used to estimate the steady-state operating temperature.

Heat loads. The heat loads which are supplied to the circulation system originate from the

ion trap experiment via the heat sink, from thermal leaks, cryogenic circulator ine�ciencies

and through �uid friction.

� Heat sink: The heat sink conveys the ion trap experiment thermal load Q̇HS away

into the cryogen via forced convection. This thermal load combines both ion trap

experiment active and passive heat loads. The ion trap active heat load comprises

of thermal loads resulting from trap operation such as RF losses and power dissipa-

tion from CCWs or other power dissipating device (integrated atomic oven, on-chip

digital-to-analogue converters, etc.). The passive load comprises heat transfer from

conductive thermal leaks along the ion trap mechanical support, electrical DC, RF

and thermometry feedthroughs as well as radiation leaks. In addition, no heat sink

design has its temperature uniformly and exactly matching that of the cryogen as

previously seen. Given the �nite heat sink convective heat transfer coe�cient, heat

sinking geometry and material used, a thermal resistance will inevitably develop.

This thermal resistance results in a temperature di�erence between the cryogen and

heat sink cooling interface ∆THS which by design should be minimised. As previ-

ously seen, the pressure drop ∆PHS across the heat sink is also desired to be minimal.

However, these two minimisation problems require mutually exclusive characteristics

such that for an optimal design, improved thermal performances require a compro-

mise on �ow performances and reciprocally. Here, a suitable heat sink should deliver

an appropriate trade-o� between both performances. The subject of heat sink opti-

misation is discussed further in Chapter 6.

� Thermal leaks: All realistic cryogenic system designs are subject to thermal leaks.

These arise from the temperature di�erences between the room temperature and the

insulated cryogenic system operating temperature via either conduction or radiation.

Conductive loads may be mitigated by a vacuum insulation, minimal direct contact

points and by using low thermal conductivity materials. Radiation loads are typically

mitigated by using low emissivity material or thermal shields. Each element of the

circulation system introduces a heat leak Q̇L,i, where i denotes the ith element out of a

total n. The pipework transporting the cryogen introduces a heat load from radiation
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and conduction that is proportional to its path length. Its length is therefore best

minimised � this is also bene�cial to �ow performances. Instrumentation (heaters,

sensors, �owmeters, etc.) introduce an additional heat load from thermal conduction

along their connection leads and should therefore be used sparingly. Cryogen �ow

control devices, such as the cryogenic circulator and valves, are in direct contact with

the cryogen �ow and introduce a static heat leak by conduction. Their designs are

typically optimised by the manufacturer to minimise this load.

� Cryogenic circulator ine�ciency: No cryogenic circulator is perfectly e�cient,

although it is usually optimised by manufacturers to reach ∼50%. It therefore intro-

duces a dynamic heat load Q̇C,η that corresponds to the mechanical energy directly

dissipated at the circulator location and which does not participate in the �uid cir-

culation. The circulator ine�ciency is given by the manufacturer as a function of the

volume �ow rate. The latter being determined from the �uid considerations provided

in the previous subsection.

� Fluid friction: The heat load produced from �uid friction corresponds to the me-

chanical energy supplied by the circulator but which dissipates at regions of resistance

to �ow within the circulation loop. Given a local region of pressure drop ∆p and

under a �ow rate V̇ , the local dynamic heat load from �uid friction is given by

∆p · V̇ [269]. Throughout the entire circulation loop, whose �ow is characterised by

the operation point (∆Pop, V̇op) from Eq. 5.3, the total dynamic heat load from �uid

friction is simply given by ∆Pop · V̇op.

The total heat load Q̇Load that is deposited into the cryogen as it circulates within the

loop is then given by

Q̇Load = Q̇HS +

n∑
i=1

Q̇L,i︸ ︷︷ ︸
static loads

+ Q̇C,η + ∆Pop · V̇op︸ ︷︷ ︸
dynamic loads

. (5.6)

The corresponding enthalpy increase of the cryogen results in a change of its bulk tem-

perature. Thus the overall temperature homogeneity of the cryogen along the circulation

loop should be considered.

Temperature homogeneity. In the limit of negligible pressure variations the rise in

enthalpy due to a deposited heat load Q̇ equates to a rise in the cryogen's bulk temperature
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∆THe as given by [269]

∆THe =
Q̇

cpρHeV̇
, (5.7)

where cp is the helium speci�c heat capacity. For all practical purposes, the helium

speci�c heat capacity is considered to be pressure and temperature independent with

cp = 5517 J/(kg· K) measured at 50K and under 20 bar [303, 304]. Given the depen-

dence on the mass �ow rate ρHeV̇ in the above equation, the cryogen is expected to warm

up faster as the mass �ow decreases. This is problematic as for a low mass �ow rate,

the cryogen temperature may increase excessively in the ion trap experiment heat sink

resulting in an undesirably high heat sink temperature. Equally, the thermal leaks prior

the ion trap experiment may excessively heat the �uid such that it arrives too warm at the

heat sink inlet. Ensuring a substantial mass �ow rate is therefore critical to maintain the

temperature homogeneity in the system within a few degrees (∼10K).

Given the estimate on the total thermal load and temperature homogeneity in the cir-

culation loop, considerations on the required cooling power must now be made.

Cooling power. The cooling power is delivered by a cryocooler. The cryocooler is selected

to provide the appropriate cooling power such that the entirety of the heat load supplied

to the cryogen is removed from the circulation loop. Cryocooler performances are given by

the manufacturer as a cooling capacity curve such that for a cryocooler temperature TCC,

a cooling power Q̇CC(TCC) is provided. If multiple cryocoolers are added in the system,

the total cooling power is provided by the sum of their respective cooling capacity curves.

The ability of a cryocooler to e�ectively remove heat from the cryogen �ow then depends

on the cryocooler heat exchanger performance.

� Heat exchanger: The heat exchanger performance, as with a heat sink is joined

by its thermal resistance as well as the earlier mentioned �ow resistance. Under

a given mass �ow rate this results in a temperature di�erence ∆THX between the

bulk of the cryogen in the heat exchanger and the cryocooler. As with heat sink

considerations, the minimisation of both ∆THX and ∆PHX is a mutually exclusive

problem where there is ongoing research e�orts to develop improved cryocooler heat

exchangers [305, 306]. Current commercial heat exchangers are manufactured to

match a speci�c cryocooler and provide an acceptable compromise between pressure

drop and temperature di�erence. The temperature di�erence ∆THX is often given as

independent of the �ow rate and is typically <2K.

The operating point (Top, Q̇op) of a cryocooler, or combination thereof, is given by the
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Figure 5.3: Schematic graph used for the determination of the thermal operating point (Top, Q̇op)
of a cryocooler, with arbitrary units. The operating point is found at the intersection between the
cryocooler cooling curve Q̇CC (solid blue curve) and the thermal load Q̇Load (dashed black line) in
the circulation system.

balance between the total system heat load and cooling power delivered by the cryocooler(s)

Q̇op ≡ Q̇CC(Top) = Q̇Load , (5.8)

as shown in Fig. 5.3. However, the resulting total temperature di�erence between the

cryocooler and the heat sink thermal interface at the experiment due to the �ow of cryogen

is given by

∆T = ∆THX + ∆THe + ∆THS . (5.9)

The temperature THS of the heat sink thermal interface at the experiment is therefore at

worst given by THS = ∆T + Top and the thermal operating point at this location is thus

given by ((∆T + Top), Q̇HS).

The overall e�ciency η of the cooling system is then estimated by the ratio between

the usable cooling budget provided at the experiment to that provided by the cryocooler

given a similar operating temperature. It is expressed by

η =
Q̇CC(THS −∆T )− (Q̇Load − Q̇HS)

Q̇CC(THS)
, (5.10)

and is minimal when the cryogen �ow is as homogeneous as possible (small ∆T ) and when

the thermal losses in the circulation system are minimal (small (Q̇Load − Q̇HS)).
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Figure 5.4: Circuit schematic of an example circulation system with four experiments connected
in parallel. Solid lines represent resistive regions to the cryogen �ow as a result of the pipework,
valves, heat exchangers, etc. The network of transfer line is split into several sections: pipework
around the circulator carrying the total volume �ow rate V̇tot (black lines), the intermediary ram-
i�cation carrying a �ow rate V̇int,i (orange lines) and section accounting for each experiments and

connections subject to V̇i,j (blue lines).

5.3.3 Considerations for multiple systems

In large-scale trapped ion architectures many ion-trap modules or experiments may be

cryogenically cooled. When using a circulation system, these are best cooled in parallel

instead of in series. Indeed, connecting multiple set-ups in series results in each experiment

operating at an incrementally higher temperature as heat accumulates in the cryogen from

one experiment to the next. Additionally, the in series con�guration results in the linear

accumulation of pressure drops that cannot be easily sustained by a cryogenic circulator.

On the contrary, the in parallel con�guration allows each ion trap experiment to oper-

ate at approximately the same cryogenic temperature. The overall �uid �ow resistance

is also advantageously reduced such that a greater overall �ow rate becomes accessible.

From a practical perspective, the in parallel con�guration also allows for the independent

connection and disconnection of individual systems while minimally impacting the overall

system operation. As with the previous single experiment case, characterising the ther-

mal performances of such a system also requires an estimation of its �uid �ow performance.

Consider a general case where all ion trap experiments are connected in parallel to the

cryostat, which houses the circulator, via a consecutively branching network of transfer

lines. For instance, this can be a simple four-experiment circulation system in a parallel

con�guration as depicted in Fig. 5.4. This system employs a single degree of line rami�ca-

tion i.e. only one level of intermediary branching is used prior the �nal parallel distribution



155

of cryogen to each of the experiments. Note that in more complex systems more than four

experiments can be connected. For a network of arbitrary scale, there is a total number n

of intermediary rami�cations which are individually designated by a number i ∈ {1, ..., n}.

In turn, at an intermediary section i, a total number ni of experiments are connected in

parallel and are individually designated by i, j with j ∈ {1, ..., ni}. Under the assumption

that the temperature of the cryogen within the circulation circuit remains relatively ho-

mogeneous, the relation between the volume �ow rate V̇int,i within an intermediary branch

i and the �ow rate V̇i,j at each of the experiments (i, j) is given by

V̇int,i =

ni∑
j=1

V̇i,j . (5.11)

Each experiment section (i, j) of the circulation circuit, and subject to an arbitrary �ow rate

V̇ , develops a speci�c pressure drop ∆Pi,j(V̇ ). Given that within a loop of the circulation

circuit the sum of the pressure drops goes to naught, each of the pressure drop ∆Pi,j(V̇ )

within the same rami�cation are found to be equal to one another. Hence, within the same

intermediary branch i there is

∆Pi,1(V̇i,1) = ... = ∆Pi,ni(V̇i,ni) . (5.12)

The total intermediary loop pressure drop ∆Pi(V̇int,i) from the experiments (i, j) as well as

the intermediary branch section i that they are connected to prior and after the experiment

is then given by

∆Pi(V̇int,i) = 2 ·∆Pint,i(V̇int,i) + ∆Pi,j(V̇i,j) . (5.13)

At the �rst branching out of the main circulation loop (split between cryogenic circulator

and intermediary branches), the total volume �ow rate V̇tot that passes by the circulator

relates to the volume �ow rate V̇int,i in each of the intermediary branches i by

V̇tot =

n∑
i=1

V̇int,i . (5.14)

The pressure drops across each of the intermediary loops ∆Pi(V̇int,i) are then equal to one

another and the total system pressure drop ∆Ptot(V̇tot) matches the pressure head supplied

by the cryogenic circulator. Therefore, for i ∈ {1, ..., n} there is

∆Ptot(V̇tot) = ∆Pi(V̇int,i) . (5.15)
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Figure 5.5: Schematic graph of the �uid �ow performances in a circulation system with mul-
tiple experiments using arbitrary units. For clarity, a system of only two experiments ((1, 1)
and (1, 2)) connected in parallel is considered. Two pressure drop ∆P1,1 and ∆P1,2 arise from
the �ow resistance at each experiment. At the operating point, the total system pressure drop
∆Ptot(V̇tot) equates that of the individual parallel sections and ramifying connections ∆P1,1(V̇1,1)

and ∆P1,2(V̇1,2). The total �ow rate in the circulation system is then given by V̇tot = V̇1,1 + V̇1,2.

If the pressure drop as a function of the �ow rate is characterised at every portion of the

circulation system, then Eq. 5.11�5.15 provide a system of equations that can be solved

to determine the system global �ow rate V̇tot and local �ow rate V̇i,j at each experiments.

In some particular circulation system designs, the pressure drop ∆Pint,i(V̇int,i) associ-

ated with the intermediary branch is much smaller than that of the total intermediary loop

such that

∆Pint,i(V̇int,i)� ∆Pi(V̇int,i) . (5.16)

The intermediary rami�cation has therefore a negligible impact on the global �uid �ow

performances and Eq. 5.13 becomes

∆Pi(V̇int,i) = 2 ·���
���

�:0
∆Pint,i(V̇int,i) + ∆Pi,j(V̇i,j) . (5.17)

In this case, the entire system �uid �ow characterisation is de�ned by a set of two equations.

Rearranging Eq. 5.11�5.15 then gives for the �ow rate

V̇tot =

n∑
i=1

 ni∑
j=1

V̇i,j

 , (5.18)
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and for all i ∈ {1, ..., n} and j ∈ {1, ..., nl}, the total system pressure drop is

∆Ptot(V̇tot) = ∆Pi,j(V̇i,j) . (5.19)

In other words, the total �ow rate at the circulator is the sum of the local �ow rates at the

experiment location and the total pressure head matches the overall pressure drop which

is equal to that across all parallel experiments. An example of such a circulation system

where only two experiments, designated by (1, 1) and (1, 2), are connected is given in Fig.

5.5. For future large-scale ion trapping systems implementing identical modules, the �uid

resistance is expected to be similar across each branch. In this last speci�c case the result-

ing identical �ow rate V̇module across N modules is simply given by V̇tot = N · V̇module. The

pressure drop across the modules then matches the circulator pressure head ∆P (V̇tot).

From a thermal perspective, each additional parallel system brings an additional heat

load to the system that needs to be removed by the cryocooler. This added heat load also

has an impact on the overall temperature homogeneity of the system. There, the operating

temperature of each of the experiment heat sink thermal interfaces is deduced using Eq.

5.7 from the local heat load and volume �ow rate.

5.3.4 Cryogenic system design process

Because of all the interdependent e�ects that we have seen between thermal and �uid �ow

performances, designing a cryogenic helium gas circulation system is not as simple a task as

is acquiring a commercial cryocooler. Nevertheless, this di�culty is greatly simpli�ed using

a streamlined design process. This process consists in performing multiple design iterations

until a viable design solution that complies with the design speci�cation emerges. First, an

initial and educated cryogenic system design guess is formulated and is subsequently tested

and modi�ed if unsatisfactory. This iterative trial and error process may �nd con�icting

design choices and is not guaranteed to converge to a working solution in the case of

an excessively large ion trap heat sink pressure drop or thermal load. Yet, after several

iterations, i.e. alterations of design trade-o�s, a few satisfactory design options may be

successfully identi�ed. Each of these cryosystem designs then exhibit a distinctive set of

characteristics regarding projected thermal and �uid �ow performances, implementation

di�culty as well as associated costs. These provide a range of viable design choices among

which an optimal design solution is selected. There are two main design process approaches

that can be followed given the initial knowledge that one has of the ion trap experiment
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design:

1. The experiment speci�cations are fully characterised. This means that the heat sink

interface target temperature THS, thermal load Q̇HS, heat sink temperature di�erence

due its thermal resistance ∆THS and pressure drop ∆PHS as a function of the volume

�ow rate V̇ are all known.

2. The experiment speci�cations are minimally characterised. This means that only the

heat sink interface target temperature THS is known.

Both design process approaches are presented in a step-by-step �owchart in Fig. 5.6 and

5.7. One the one hand, approach 1 requires a circulation cryosystem which satis�es and ex-

ceeds the experiment's speci�cations. On the other hand, approach 2 delivers a circulation

cryosystem with a useful thermal and �uid �ow budget while establishing the constraints

that the experiment must be compliant to. For this latter approach to work, these con-

straints must be broad enough so that designing the appropriate experiment heat sink

within these limits remains an attainable goal. There also exist intermediary cases where

some, but not all, of the experiment speci�cations are known. Working design procedures

for this partial knowledge case are presented and implemented in these Refs. [294,303].

As explained, iterating on the cryosystem design means that di�erent design permuta-

tions are tried. In practice these permutations consist in shifting an optimal trade-o� either

in favour of some features and away from others. These are the thermal performances, �uid

�ow performances, design di�culty and costs. For instance, improved �ow performance

may be attempted by using a design with a greater number of cryogenic circulators. While

cryogen �ow is improved, this leads to detrimental consequences on the system thermal

performance where additional heat loads are introduced and the overall system cost is also

impacted. To compensate this reduction in thermal performance, it may then be bene�cial

to also add cryocoolers and heat exchangers to the system. In both cases careful considera-

tions must be made regarding the parallel or serial con�guration of the circulators and heat

exchangers. If this is of interest, the reader is redirected to this Ref. [299] for the quan-

titative study of an optimal circulator and heat exchanger arrangement which is helpful

during the design process. In addition, it may also be interesting to locate the circulator

prior the heat exchanger in the circulation loop in order to shield the application from the

circulator heat load. While this initially seems attractive from a thermal standpoint, it is

however extremely detrimental from a �uid �ow perspective. By locating the circulator

prior the heat exchanger, the circulator operates under warmer, lower density helium gas,
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Figure 5.6: Design process �owchart for approach 1. The experiment speci�cations are fully
known (orange). An initial cooling system design is proposed and its characteristics are calculated.
Eventually, a conditional step veri�es whether the provided performances are satisfactory. Failure
of the step (red arrows in subdiagram) requires a new cooling system design to be proposed. After
some iterations, the proposed system may pass the condition such that the desired performances
are matched and provide a safety margin (green arrows in subdiagram). Repeating the process
several times allows to investigate a range of viable design solutions.
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Figure 5.7: Design process �owchart for approach 2. Knowledge of the experiment speci�cations
is minimal (orange). Experiment design parameters are then deduced. Eventually, a conditional
step veri�es whether the provided performances deliver su�cient thermal and �uid �ow budget.
The cryogen temperature rise within the heat sink is ensured to be tolerable. After some iterations
on the design, a solution providing a satisfactory budget and constraints may be found. Repeating
the process several times enables investigation of a range of viable design solutions.
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Feature Trade-o�

Fluid �ow Laminar: Turbulent:

regime 3 Lower pressure drop 7 Higher pressure drop
7 Lower convective 3 Higher convective
heat transfer coe�cient heat transfer coe�cient
7 Costly (large dimensions) 3 Inexpensive (easily implemented)

Flow rate Direct (�owmeter): Indirect (temperature rise):

measurement 3 Precise and easily implemented 7 Di�cult to precisely implement
7 Costly 3 Inexpensive
7 High heat load 3 Negligible heat load

Circulator Before heat exchanger: After heat exchanger:

location 7 Low density cryogen 3 High density cryogen
3 Experiment protected 7 Experiment subject
from Q̇C,η to additional Q̇C,η

Multiple cryocooler In series: In parallel:

con�guration 7 High �uid 3 Low �uid
�ow resistance �ow resistance
7 Higher ∆THX 3 Lower ∆THX

3 Higher thermal perf. 7 Lower thermal perf.

Table 5.1: Table of the trade-o�s that were considered during the design of a closed-loop helium
gas cryosystem. The retained trade-o� options are shown in bold. Cross markers (7) denote
detrimental characteristics, while tick markers (3) denote bene�cial characteristics.

which leads to a lower mass �ow rate through the cooling system. This in turn leads to

an increased temperature inhomogeneity through the loop which lowers further the helium

gas density at the circulator intake. This triggers a positive feedback which leads to large

temperature instabilities. In light of this, sacri�cing a few watts of cooling power at the

application is an acceptable concession in exchange for stable thermal operating conditions.

As we have seen, making the appropriate trade-o� is therefore critical. As an example for

future design, the table of trade-o�s which were considered for the cryosystem that was

built in the laboratory are shown in Table 5.1. Overall, the selected trade-o�s favour lower

costs and improved �uid �ow performances.
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5.4 The Closed-loop helium gas cryosystem: laboratory pro-

totype

A cryosystem, using the propose closed-loop circulating cryogenic helium gas technology,

is built to provide cooling power to four independent ion trap experiments that are dis-

tributed across the laboratory. The cryosystem is speci�cally constructed as a proof-of-

principle and demonstrates the viable and novel use of this technology to cool trapped

ion applications. In addition, simultaneously providing cooling power to four independent

experiments demonstrates the suitability of this technology to cryogenically cool future

large-scale trapped ion quantum computing architectures.

During the design stage, the system was speci�ed to meet a target total useable cooling

capacity of 111W at 70K. This overall cooling capacity was also chosen to be inhomo-

geneously distributed across all four systems such that 75W were allocated to a �main�

ion trap experiment while 12W were allocated to each of the �secondary� ones. In rela-

tion to this thesis, the main ion trap experiment corresponds to the two-module ion trap

experiment. To demonstrate the full independent local control at each experiment and

yet simultaneous operation of the cryosystem, each ion trap experiment is connected to

the circulating helium gas �ow in parallel as proposed in section 5.3.3. The constructed

cryosystem was designed jointly with, and commissioned to, an external supplier3 who

oversaw the manufacture and installation of the cooling architecture. The full layout of

the cryosystem within the laboratory is depicted in Fig. 5.8 and consists of three main

sections:

� A cryostat vessel that houses two cryocoolers and a single cryogenic fan.

� A transfer line network distributing the circulating cryogenic helium gas throughout

the laboratory.

� Four ion trap experiments that house UHV compatible cryogenic heat sinks.

5.4.1 The cryostat

The cryostat vessel is located as centrally as possible in the laboratory, closest to the

main ion trap experiment and several metres away from the secondary ones. Labelled

photographs of the cryostat are shown in Fig. 5.9. Cooling power is generated by two

high-capacity single-stage GM cryocooler cold heads, which are the SHI cryogenics group

3A S Scienti�c Products Ltd.
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Figure 5.8: Overview of the closed-loop helium gas cryosystem. The cryosystem is divided into
three sections: the cryostat (blue), the transfer line network (grey) and the ion trap experiments
(orange and yellow). There are four ion trap experiments: the main (orange) and secondary
(yellow) ones. The main experiment corresponds to the one that is presented in the rest of this
thesis. Note that the design of the main ion trap experiment vacuum apparatus is greatly simpli�ed
at this stage for clarity. The cryosystem covers a signi�cant portion of the laboratory and the
transfer line network is supported by a similarly sized rigid steel frame (not shown).

CH-110 and Cryomech AL330. The cold heads are driven by their respective water-cooled

helium compressors: the SHI F-70H and Cryomech CP970. Intervals between maintenances

are expected to be 20,000 hours for the cold heads and 30,000 hours for the compressors

allowing for several years of uninterrupted operation. Note that the compressed helium

fed to the cold heads is a di�erent helium volume from the one used for the convective

cooling of the trapped ion experiments. These are connected to the cold heads by 20-

metre long �exible helium gas lines. Both compressors are located in a separate room

to minimise acoustic noise and vibrations at the ion trap experiment and overall laser

laboratory. Together, the cold heads deliver a total cumulated cooling power of 396W at

80K [307,308].

To e�ciently transfer the thermal load from the helium gas to the cryocoolers, custom-

built heat exchangers are used and brased onto the cold �nger of each cold head. Brasing

helps minimise the thermal contact resistance at their interface compared to a simpler

mechanically pressed joint.
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Figure 5.9: Photographs of the cryostat. (left) Overview of the key components of the cryostat.
Helium gas is supplied via a 300 bar helium cylinder which is regulated to 20 bar. The cooling
power is provided by two cryocoolers: CH-110 and AL330. A screen connected to the cryosystem
master computer is used to monitor the cryosystem performance. A pumping manifold (TMP,
control unit, and diaphragm pump) is used to evacuate the cryostat vacuum vessel and transfer line
network to mitigate conductive and convective heat leaks. (top right) Left-hand side view of the
cryostat. The cryocoolers and their low and high pressure gas lines can be clearly seen. A vacuum
Pirani/Penning gauge is used to measure the vacuum pressure and connects to the TMP control
unit. Instrumentation leads connect to the cryostat temperature sensors and heaters.(bottom
right) Right-hand side view of the cryostat showing the cryofan, helium supply port, safety PRV
set to 30 bar, and analogue gauge used to monitor the circulating helium gas pressure.

Helium gas cryo-circulation

The cold helium gas is circulated using a commercial cryogenic centrifugal pump4, com-

monly referred to as a cryofan. The cryofan features a 31mm wide impeller that can be

throttled between 6,000 and 21,000 revolutions per minute (rpm). Under a maximum im-

peller rotation speed of 21,000 rpm, the cryofan is capable of delivering a volume �ow rate

of up to 2.75m3/hr. At a similar rotation speed, it is also capable of applying a static

maximum �uid head of ∼60m [309]. The global helium gas �ow rate is thus controlled by

adjusting the rotation speed of the impeller. The impeller is connected to the cryofan room

temperature electric motor via a long and thin steel shaft which minimises conductive heat

leaks while making it unnecessary to use failure-prone cold bearings. Static thermal leaks

at the cryofan are speci�ed to be of 5W at 30K [309]. The circulating helium gas �ows to

both cold heads' heat exchangers in parallel and is then recombined prior to the cryofan

intake as presented in the schematics in Fig. 5.10. As seen in the previous section, this

4DH Industries B.V., Cryozone Noordenwind Cryofan
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Figure 5.10: Schematic diagram of the cryogenic cooling system cryostat constructed in the
laboratory. The cooling power is delivered by two cryocoolers connected to their respective water-
cooled compressors. The cryogenic helium gas circulates through both coldhead heat exchangers
and are recombined prior the cryofan intake. The cryofan provides the necessary pressure head to
circulate the cold helium gas. Five temperature sensors in the form of four Pt100 and one silicon
diode sensor provide temperature measurements at various locations within the cryostat.

parallel circuit con�guration at the cold head location reduces the overall pressure drop

across the cryostat. This also allows for a faster thermalisation of the helium gas as it

passes through the heat exchangers. Additionally, connecting the cryofan at this location

also ensures that the cryofan is supplied with cryogen at its highest density. This provides

an acceptable trade-o� where the mass �ow rate circulating in the system is maximised

although the cryofan introduces its heat load prior to the experiments rather than after.

Within the vessel, cryogenic helium gas is transported by a stainless steel pipework with

1⁄2 " outer diameter (OD) for an inner diameter (ID) of 11mm. The absolute roughness of

the pipework used throughout the circulation system is estimated to be of 0.03mm. Leak

tight connections are made using both VCR �ttings and welding. To assist in damping

vibrations caused by the cryocoolers, a 11 cm-long section of mesh-reinforced, stainless

steel �exible hose was installed at the cryofan intake (not portrayed in the schematics).

This �exible section consists in a standard pitch 1⁄2 " corrugated pipe (8mm pitch, 4mm

width and 4.5mm depth). Pt100 sensors and a silicon diode sensor5 were installed on the

helium pipework and cold heads within the cryostat vessel to provide local temperature

readings, their locations within the cryostat are shown in Fig. 5.10. Their installation is

such that it introduces insigni�cant thermal leaks. Electrical feedthrough to the cryostat

vessel link the sensors and a heater to a 4-channel temperature controller6. To minimise

thermal leaks, pressure drop and costs, a cryogenic helium gas �owmeter was not installed,

5Lake Shore Cryotronics, DT-670
6Lake Shore Cryotronics, Model 336 Cryogenic Temperature Controller
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instead the gas �ow was measured indirectly using relative temperature readings across a

region subject to a known rate of heat transfer, as per Eq. 5.7.

High purity helium gas (CP-grade 99.999%) is supplied to the cryostat at the 20 bar

operating pressure via a regulator connected to a 300 bar cylinder (supporting 2 years of

operation). The cryostat pipework is protected by a safety pressure release valve (PRV) set

to 30 bar. Reading of the helium pressure in the cryostat is given by an analogue gauge.

Together, the helium supply port, PRV and helium pressure gauge make up the room

temperature portion of the pipework as can be seen in Fig. 5.9. These are welded together

in a single manifold that connects via a long coiled pipe section to the rest of the cryogenic

pipework such that conductive thermal leaks are negligible at this location. The entirety

of the component making up the cryostat assembly are then mechanically mounted on a

large ISO630 vacuum �ange. The assembly is then lowered into a 0.7× �0.7m cylindrical

vessel to form a leak tight vacuum enclosure.

Cryostat evacuation and insulation

After closure and installation in the laboratory, the cryostat vessel is �tted with a 70 l/s

turbomolecular pump7 (TMP) to enhance thermal insulation. The TMP is directly and

permanently mounted onto a wide DN63CF �ange at the base of the cryostat vessel to

maximise the e�ective pumping speed, see Fig. 5.9. The TMP is backed by an oil-free

3.8m3/hr diaphragm pump8 connected via a �exible corrugated hose to mitigate vibration

transmission. The vacuum pressure is measured by a broad range dual Pirani/cold cathode

ionisation (Penning) gauge9 located on the topside of the cryostat vessel via a DN25KF

�ange and is acquired by the TMP control unit. Evacuation from atmospheric pressure to

the low 10−6 mbar range is typically achieved within one day. The cold heads, cryofan and

pipework are lined with multilayers insulation (MLI) to suppress heat leaks to the cryostat

via thermal radiation. The MLI superinsulator is constructed using layers of double-

aluminised Maylar sheets that re�ect out thermal radiations and which are interspersed

by a low thermal conductivity net. This netted interlayer prevents thermal shorts between

adjacent layers and also prevents residual gas entrapment during evacuation. Given the

low pressure, large distances between the cold heads and cryostat vessel wall (>20 cm)

along with the large number of MLI layers used (>30 ), thermal leaks via conduction and

7Pfei�er Vacuum, Hipace 80
8Pfei�er Vacuum, MVP 070-3
9Pfei�er Vacuum, PKR 361
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Figure 5.11: Side view of the connection between the cryostat (blue) and the transfer line network
(grey). A large sliding seal connection allows to connect both helium feed and return pipes from the
cryostat the the transfer line network. The connection is achieved using 1⁄2 " VCR �ttings. Because
vibrations may travels along the VJ transfer line, edge-welded bellows (green) are installed directly
past the connection to mechanically decouple the network from the cryostat. (inset) Detailed view
of the connection to the cryostat. The sliding seal termination is made transparent for clarity. The
connection is made leak tight using ISO 160 �anges which are secured using ISO clamps (not
shown).

radiation in the cryostat vessel are also considered to be negligible.

5.4.2 Transfer line network

A network of stainless steel vacuum-jacketed (VJ) transfer lines delivers the pressurised

helium gas from the cryostat to each ion trapping experiment. The helium gas transfer

network consists of a main VJ transfer line, which branches into four lines to deliver helium

to each experiment in parallel, as shown earlier in Fig. 5.8.

Each VJ transfer line section is comprised of two inner helium pipes: the helium feed

pipe and the helium return pipe. The inner helium pipes are made of wide 10mm ID

stainless steel pipes to minimise the pressure drop along the �ow of pressurised helium gas.

A low thermal conductivity glass-reinforced plastic (GRP) spacer is used to hold the inner

helium pipes in place. This prevents thermal bypass from one helium pipe to another as

well as conductive thermal leaks from the outer room-temperature line walls.
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Figure 5.12: Cutaway view of a typical VJ transfer line used in the transfer line network. Steel
struts form a rigid frame which is sturdily anchored to the laboratory concrete walls. Rubber
cushioned clamps are then attached to this load bearing frame and support the VJ transfer line
outer jacket. The rubber cushions help further damp vibration propagating along the jacket by
absorbing some of the mechanical energy. Both feed and return helium line carry the helium gas
in parallel within the vacuum jacket. These pipes are supported by a low thermal conductivity
GRP spacer. Wrapping the cryogenic helium pipes with 30 layers of MLI provides passive shielding
from thermal radiations. To mechanically decouple the inner helium pipes in both vertical and
horizontal planes, sections of �exible hoses are used at strategic locations. All vibration damping
and decoupling elements are shown in green.

Connection to cryostat

To connect the cryostat to the network of VJ transfer lines, an ISO 160 sliding seal con-

nection on the primary transfer line is used as shown in Fig. 5.11. This provides access

to the 1⁄2 " VCR �ttings linking the inner helium pipes of the primary VJ transfer line

with that of the cryostat. This convenient connection allows for maintenance or potential

future upgrades. To decouple the network of VJ transfer lines from vibrations originating

from the cold heads and propagating along the frame of the cryostat, custom edge-welded

bellows10 ( 50-diaphragm-pair, 10mm-wide, and with a 75mm travel range) are installed

on the primary VJ transfer line. The edge-welded bellows e�ciently decouple external

mechanical displacements along all three axes of motion. The rest of the network of VJ

transfer lines are installed in the laboratory section by section. Stainless steel sleeves are

added at each of the mating sections and welded together in position such that the trans-

fer line network forms a single rigid assembly covering a laboratory area of 6× 4m2. A

detailed cutaway view of the VJ transfer line construction is presented in Fig. 5.12.
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Transfer lines evacuation and insulation

In this con�guration, a single enclosed continuous volume of approximately 1m3 is formed

within the transfer line network and cryostat. The VJ transfer line network and cryo-

stat are also evacuated using the aforementioned TMP and diaphragm pump located at

the cryostat. The 100mm diameter of the VJ transfer lines results in a large vacuum

conductance. This attenuates the pressure gradient along the VJ transfer line network.

Insulation of the inner helium lines is provided by wrapping each line with 30 layers of

MLI. Together, the wide vacuum envelope and superinsulation minimise conductive and

radiative heat transfer from the environment to the helium inner lines. Thermal convection

e�ects are ignored under vacuum as the mean free path of gas molecules is of the same or-

der as the dimensions involved. In the 10−6 mbar range, the vacuum envelop has a thermal

conductivity kv = 5.5× 10−5 W/(m·K), as calculated from Ref. [310]. Given the inner line

outer diameter din = 12mm and the diameter dout = 100mm of the VJ transfer line, the

thermal conduction per unit length through the cylindrical vacuum envelop is estimated

as 2πkv(300− T0)/ln(dout/din) = 40mW/m. Using a worst-case estimate where the inner

lines are at 4K� T0, the background radiation heat �ux from the room temperature line

outer walls through the MLI is expected to be q̇rad = 275mW/m2 [311]. Note that the MLI

must be carefully installed as excessive compression, inadequate overlapping, and gaps be-

tween MLI seams rapidly deteriorate its insulating performance. If badly installed the heat

transfer density may be in the order of 5W/m2 [312]. Considering that the superinsulation

is approximately dt = 5mm thick and that it was appropriately installed, the heat leak

from thermal radiation is estimated to be π(din +dt)q̇rad = 15 mW/m. Assuming that the

vacuum envelop may be subject to some degradation over time, the VJ transfer lines are

expected to contribute to the total thermal load by 0.1W/m at worst across the network

each way.

5.4.3 Connecting to trapped ion applications

Close to the ion trapping experiment, the common transfer line carrying both feed and

return helium pipes splits into two distinct feed and return VJ lines each encasing a single

10mm helium pipe at their core as can be seen in Fig. 5.13. Each transfer line is then

terminated with a �exible mesh-reinforced VJ section. This �exible section consists in two

coaxial braided corrugated hoses. The inner corrugated hose11 carries the cryogen and is

10Allectra GmbH, 490-72757-1
11Witzenmann, DN10 vibra�ex
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Figure 5.13: Overview of the transition between the transfer line network (grey) and a typical
ion trap experiment (orange). The helium gas feed and return lines within the VJ transfer lines
separate to be routed independently to the experiment. The cryogenic helium gas �ow direction is
denoted by black arrows. A vacuum purge manifold and cryogenic valves are used for experiment
connection and disconnection and helium gas �ow control. A section of �exible hose is �tted to
the helium line to dampen vibrations propagating along the inner line. Flexible VJ sections then
connect to the experiment and minimise mechanical vibrations. The experiment is then rigidly
secured to the optical table using mechanical anchoring struts while vibration transmitted via the
�oor are e�ectively decoupled from the experiment via active optical table supports. All vibration
damping elements are shown in green.

wrapped in MLI while the outer one12 acts as a vacuum jacket for thermal insulation. Direct

contact between the inner and outer �exible hoses is prevented by GRP spacers. Each

�exible VJ section is tailor-made to accommodate the unique location of each experiment

and installation tolerances. These �exible sections minimise the mechanical coupling while

mitigating thermal expansion mismatches between parts at di�erent temperatures. They

also enable the rapid and practical installation of ion trapping experiments on the optical

table following UHV bake-out. The �exible VJ sections are connected to the ion trapping

experiment helium gas feedthroughs using 1⁄4 " VCR connections for the inner lines and

use ISO 63 sliding seal terminations to maintain the vacuum insulation. This ensures

that ion trapping experiments can be connected to, or disconnected from, the cryosystem

independently of one another. This feature is presented in greater details later in Fig.

5.15. To further suppress the transmission of mechanical vibrations along the �exible VJ

sections to the experiment, the ion trap experiment apparatus is sturdily anchored via

thick aluminium struts to its optical table13 which acts as an inertial �lter. The strong

mechanical coupling of the apparatus to the massive, 545 kg, optical table therefore result

in a down shift of the overall natural frequency of the set-up which is analogous to a mass-

12Witzenmann, DN32 vibra�ex
13Thorlabs, Inc., T1225CN
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Figure 5.14: Cutaway views of the cryogenic vacuum barriers which minimise thermal leaks while
providing distinct vacuums. (left) Example of a vacuum cryogenic barrier (red) separating the
VJ transfer line network and �exible VJ section. The MLI is not depicted for clarity. (right)
Cryogenic vacuum barrier �tted to the ion trap experiment apparatus. The barrier (red) separates
the UHV environment from that of the �exible VJ section.

spring system. Thus, instead of being directly transmitted to the apparatus, mechanical

vibrations are expected to be re�ected back along the transfer line network. Finally, the

optical table is supported by four pneumatic support legs14 which provide active vibration

isolation from mechanical excitations propagating via the laboratory �oor. These active

optical table supports have an ideally low ∼1Hz resonant frequency while the ability to

adjust the optical table height within a 18mm travel range enables good control over the

sti�ness of the �exible VJ sections as these are put under more or less tension/compression.

Cryogenic vacuum barriers

Cryogenic vacuum barriers are �tted prior to the �exible sections to preserve the integrity

of the vacuum and thermal insulation over the cryostat and VJ transfer line network. They

are also �tted after the �exible sections to protect the UHV environment of the ion trapping

experiments. The construction of both such vacuum barriers is shown in Fig. 5.14. Each

vacuum barrier consists in a 1mm-thick stainless steel sleeve which at one end connects

to the inner cryogenic helium pipe and to the outer vacuum enclosure at the other end.

Heat therefore conducts along the length of the resistive thermal path of this thin stainless

steel sleeve between the environment and inner pipe. With a length lb = 221mm and for a

diameter db = 28mm, the thermal load contribution from conduction along the cryogenic

14Thorlabs, Inc., PTS603
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vacuum barrier is estimated to be of (πdbwb/lb)
∫ TRT

T0
kss(T ) dT = 1.1W, where wb is the

barrier wall thickness and
∫ TRT

T0
kss(T ) dT is the integral of the temperature-dependent

thermal conductivity of stainless steel between T0 = 50K and TRT = 300K [259]. To

protect against radiative heat leaks, MLI is wrapped around the inner cryogenic helium

pipe either side of the barrier separating the transfer line network vacuum and that of the

�exible VJ sections. However, the MLI is not compatible with UHV operation and cannot

sustain the high temperatures of the bake-out process that are needed to reach such low

pressures. Thus, no MLI could be installed either side of the cryogenic vacuum barriers on

the ion trap experiment vacuum apparatus and radiative heat leaks are therefore expected

at these locations. The net heat exchange Q̇rad due to black-body radiation from the outer

room temperature vacuum envelope to the inner cryogenic pipe is estimated through a

grey-di�use model by Q̇rad = σ(T 4
RT − T 4

0 )/RF , where σ = 5.67 × 10−8 W/(m2·K4) is the

Stefan-Boltzmann constant and RF is the e�ective radiation resistance. This resistance is

a function of the emissivity of the materials, the geometrical arrangement of the radiating

surfaces and their surface areas. Here, the geometry either side of the vacuum barrier is

considered as two concentric cylinders and the e�ective radiation resistance is [269]

RF =
1
ε + r1

r2
(1
ε − 1)

2πr1L
= 1951 m−2 , (5.20)

where L = 440mm is the length of the inner cryogenic pipe around the barrier, ε = 0.07

is the emissivity for clean and well-polished stainless steel surfaces [259], and r1 = 3mm

and r2 = 21mm are the radii of the inner cryogenic pipe and outer vacuum envelope

respectively. Substituting back the value for RF suggests that the net rate of radiation

transfer is 0.23W at each of the cryogenic vacuum barrier either side of the ion trap

experiment.

Flexible VJ section evacuation

Three distinct vacuum sections are therefore created in this architecture: The UHV en-

vironment at the ion trapping experiment (10−11 mbar); the continuous vacuum in the

cryostat and transfer line network (10−6 mbar); and the separate vacuums in the feed and

return �exible VJ sections which act as airlocks. The simultaneous evacuation of the 1m-

long �exible VJ sections is achieved via DN16KF vacuum ports located on the side of the

sliding seal terminations, see Fig. 5.15. Viton-sealed plugs shut the evacuation ports and

are removed under vacuum using a custom plug pulling tool linked to a transportable pump

set-up (not shown in the �gure). This moveable pump set-up consists of a detachable 60 l/s
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Figure 5.15: Side view of the �exible VJ sections connected to the main ion trap experiment
(simpli�ed). The vibration decoupling elements are shown in green. The �exible VJ sections
connect to the experiment via sliding seal terminations. (inset) Detailed view of the sliding seal
termination (transparent). The experiment helium line is connected to that of the �exible VJ
section using 1⁄4 " VCR connectors. The VCR connectors are accessed by sliding the termination
vertically. The �exible VJ section vacuum space is then closed by mating ISO 63 �anges (the
ISO clamps are omitted for clarity) and by inserting a plug (not shown) in the the sliding seal
termination 16 KF evacuation port. To evacuate the �exible VJ section, a mobile pump set-up
can be connected at this location.

TMP backed by a scroll pump that is shared amongst all four experiments. Evacuation

of the �exible sections is carried out simultaneously using a vacuum hose manifold down

to low 10−5 mbar within a day. The �exible VJ sections have a nominal outer diameter

of 42mm and 16mm inner diameter, this results in conduction dominated thermal load

of 0.5W per �exible section. The inner �exible pipe uses standard pitch corrugations of

8mm pitch, 4mm width and 4.5mm depth.

Independent cryogen �ow control

While the global helium �ow rate can be controlled by the cryofan impeller speed, the local

�ow rate allocated to each ion trapping experiment is regulated by the local operator. Two

manual cryogenic globe valves15, which are �tted on the feed and return transfer line,

enable helium �ow adjustment or interruption to independently connect/disconnect an ion

trapping experiment, see Fig. 5.16. In its fully open position, the globe valve is expected

to impede the cryogen �ow with a �ow coe�cient Cv = 2.6. The globe valve features a

bonnet extension as well as a vacuum jacket to minimise thermal conduction. The thermal

load from the environment is speci�ed to 1.5W per valve. When cryogenic cooling is

15Cryocomp, C2041-M21 (equivalent)
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Figure 5.16: Cutaway views of the manifolds used for cryogenic helium gas �ow control, purging
and venting which are critical for the independent operation of each ion trap experiment. The MLI
is omitted for clarity. (left) Detailed view of the manual cryogenic globe valve used to regulate
the helium gas �ow. A bonnet extension and vacuum jacket minimise the conductive heat leaks
to the helium cryogen. The GRP spacers maintain the helium pipe a the center of the jacketed
line. (right) Detailed view of the helium purging manifold. The cryogenic safety PRV ensures
that the experiment side helium line is not subject the pressures exceeding 23 bar. A manual ball
valve can be connected to a pump set-up to purge the system of contaminants. The helium pipe
coil provide a long thermal path between the room-temperature and low temperature elements,
thereby minimising the conductive heat load from the environment.

discontinued (valves closed), the cold pressurised helium gas trapped in the experiment

heat sink warms up and expands. A cryogenic safety PRV16 set to 23 bar is �tted at the

experiment return VJ line to avoid over-pressure in the heat sink during thermalisation to

room temperature. Setting this local PRV to 23 bar also protects the global PRV located

on the cryostat vessel that is set to 30 bar. The thermal leak from conduction along the

PRV pipework is calculated to be of 0.2W. An additional manual ball valve17 and port

are connected in parallel to the PRV and allow for each experiment section to be vented,

evacuated (10−6 mbar range) and �ushed with helium before being cooled down. This

purge prevents the hazardous solidi�cation of atmospheric gases and water vapour on the

cryofan which may damage its impeller blades or choke the helium �ow by freezing in the

experiment heat sink. The layout of this purging manifold is also shown in Fig. 5.16.

5.4.4 Cryosystem monitoring and control

Because all the experiments are thermally linked to the same cryostat, the operating condi-

tions of one experiment will also have an e�ect on the other one. It is therefore critical that

the monitoring of the cryosystem performances is done centrally by a dedicated computer.

The temperature sensors in the cryostat, main and secondary experiments are acquired by

�ve local data loggers18 and the previously mentioned temperature controller19. This con-

16Herose GmbH, USS-06002.0200.5000
17Swagelok, SS-43GM4
18Pico Technology, PT-104
19Lake shore Cryotronics, Model 336 Cryogenics Temperature Controller
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Figure 5.17: Diagram of the cryosystem performance monitoring architecture. The temperature
data acquired, recorded and processed on a master control computer running LabVIEW. Cryogenic
helium gas �ow control, vacuum insulation and cooling power instruments are operated manually.

troller is also connected to the cryostat heaters and its heating feature is manually operated.

The main ion trapping experiment is �tted with temperature sensors as presented later in

Chapter 6. The sensors provide temperature measurements of the experiment helium gas

inlet and outlet temperatures as well as the temperature of the ion trap heat sink. Addi-

tional sensors are placed at locations where temperature monitoring is critical for the safe

operation of all the components integrated within the experiment. For secondary experi-

ments, a temperature measuring capability is required for the helium gas inlet and outlet.

All temperature data are routed to the master computer via Ethernet connections through

a network switch. The processing and storage of this data is done using LabVIEW20. This

monitors the cryostat and all experiments simultaneously. The code also makes estimates

of the local heat loads applied at various locations of the cryosystem using Eq. 5.7. This

allows the operator to be best informed of the overall state of the set-up and take the ap-

propriate actions for ion trap experiment connection, operation, and disconnection to the

20Written and maintained by PhD student D. Bretaud.
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cryosystem. A diagram presenting an overview of the cryosystem monitoring architecture

is shown in Fig. 5.17. At this stage, the set-up is exclusively used to monitor thermal

performance and the choice of analogue gauge and valves currently prevents the digital

monitoring of the �uid �ow performance. In addition, there is currently no possible digital

control over the cryocooler, cryofan, valves, helium gas pressure and vacuum insulation

(evacuation). However, this may be partially remedied in the future: a digital pressure

gauge could be used to monitor the helium pressure ; a digitally controlled power switch

could be used for the diaphragm pump and cold head compressors; an Ethernet interface

could be added to the cryofan speed controller21 and TMP control unit22. Finally, while

this is a more involved process, the manual cryogenic valves could be replaced by elec-

trically actuated ones. If all these modi�cations are completed, fully automated control

over the cold helium gas �ow rate at each ion trapping experiment along with automated

cool down and warm up sequences would then be possible. There are several advantages

in upgrading to a fully automated set-up. These are primarily the ability to maximally

decouple the thermal behaviour of each ion trap experiment by dynamically adjusting their

respective �ow rates as required along with minimising the risk of human error.

5.5 Cryosystem thermal and mechanical performances

Once fully constructed, the performance of the cooling system was evaluated through a

succession of cryogenic tests. These were carried out �rst with a single ion-trap experiment

(main), and then with two experiments (main and secondary) connected in parallel to

the cooling system. The tests investigated the minimum operating temperature of the

system, the time to reach steady state, the available cooling power provided at each ion

trap experiment, and the frequency spectrum and amplitude of vibrations at the ion-

trap locations. In this thesis, the tests, and their analysis, principally relating to the

characterisation of the performances at the main ion trap experiment are reported.

5.5.1 Main ion trap experiment cool down

The cooling system was connected to the main ion-trap experiment with both cryocoolers

already on and at a base temperature of 20K. The system was �lled with helium gas

and pressurised to 20 bar. To circulate helium to the experiment, the valves controlling

the helium �ow to the heat sink at the main ion-trap experiment were opened. The

21Maxon, DECV 50/5 305259
22Pfei�er, DCU 110
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Figure 5.18: Temperature pro�les upon the connection of the main ion trapping experiment to
the already cold cryogenic cooling system. The locations of the temperature sensors T1�T5 are
displayed on Fig. 5.10. See text for the analysis of the dynamics of this thermal system.

cryofan, which was initially o�, was switched on and set at its maximum rotation speed

of 21,000 rpm. The evolution of the temperature of the cooling circuit once the room-

temperature experiment is connected is shown in Fig. 5.18. The temperature sensors are

installed into the system as indicated in Fig. 5.10. Helium gas circulates from the cold

head heat exchangers to the cryofan and exits the cryostat vessel at the maximum �ow

rate. This resulted in cryogenic temperatures (≤100K) measured at the cryofan intake

and the cryostat outlet locations ∼5min after cryofan activation.

As the cold helium gas circulates through the transfer lines to the heat sink at the ion-

trap experiment, it displaces room temperature gas within the lines. As a consequence,

the cryostat inlet sensor measures a transient rise in temperature. This e�ect was also

measured to a lesser extent by the other sensors throughout the circuit. After ∼15min,

the rising temperature reaches a maximum and begins to decrease. Within 30min of

activating the cryofan, all sensor readings were below 40K.

Since the helium pressure decreases with temperature, additional `topping-up' of gas

was required to maintain a 20 bar operating pressure. These top-ups were performed four

times over the course of ∼90min, until the temperature and pressure stabilised. The

maximum cooling rate at the experiment heat sink was measured to be 23K/min. Full

control of the cooling rate is also possible by manually adjusting the inlet and return helium

valves. The highest cooling rate of all sensor locations was 150K/min, measured at the

cryofan intake. A steady-state base temperature of 32K was reached at the experiment
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Figure 5.19: Temperature pro�les of the cryosystem and secondary ion trap experiment for
increasing heater power in steps of 10W from 40W to 80W. A static heat load of 40W is applied
to the main ion trapping experiment. Note that there is a poor thermal anchoring of the ion
trapping experiment helium gas inlet temperature sensor.

heat sink after 3 hours of operation under no active heat load.

5.5.2 Cryogenic cooling capacity

At thermal steady-state, the total cooling capacity of the cryogenic system compensated

for the sum of the active and passive heat loads. The cooling power was measured directly

by applying an electric current to a heater installed within the main and a secondary ion-

trap experiment. This permits control of the active heat load delivered to the ion-trap,

which was increased in steps of 10W to a maximum of 80W. The temperature of the heat

sink outlet was monitored until steady-state was reached for a given heater power. This

procedure was reproduced separately for the main and secondary ion trap experiment as

well as when a heat load was applied to both experiments with the system operated under

23 bar. Fig. 5.19 shows an example of the heater power at the secondary experiment being

incrementally adjusted from 40W to 80W while the heater power applied to the main

experiment was held constant at 40W. With 80W of applied power, the temperature at

the secondary experiment remains signi�cantly under 100K.

The cold head capacity curves provided by the manufacturer [307, 308] establish the

dependency of the cooling power with temperature. Therefore, the total heat load can be

calculated from the temperature of the cold heads. By subtracting the known active heat

loads applied to the experiment heat sink, the passive heat loads were calculated. The

total passive heat load calculated on the cooling system was 86(3)W when connected to
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the main ion trap experiment and 78(4)W when only connected to the second. When the

two experiments were connected in parallel the total passive heat load was 108(3)W.

5.5.3 Mechanical performances

Vibrational requirements

Because the GM cryocoolers develop vibrations in the order of 1�10µm, vibration trans-

mission to the experiment can be a signi�cant source of concern. In existing cryogenic

ion trapping systems [52, 188�191, 195, 273], the amplitude of vibrations at the ion trap

are typically required to be less than 100 nm. This is because such systems have been

constructed to be operated in conjunction with laser-based quantum logic schemes. In

this context, precise control of the laser light phase experienced by the trapped ion is a

prerequisite to reach high �delity quantum gates. Consequently, such control over the laser

light phase necessitates an equally precise control of the trapped ion location with respect

to laser beam and broader optical set-up. This overall constitutes the primary obstacle

with regards to mechanical vibrations for this type of quantum computing scheme.

Conversely, laser-free quantum logic systems using the long-wavelength radiation, static

magnetic �eld gradient and o�set �eld approach to realise quantum operations do not su�er

from this bottleneck. In this scheme, this condition on the respective location of the laser

beams to the trapped ion is strongly relaxed as those are only used for photo-ionisation,

Doppler cooling, state initialisation and readout. Instead, one must consider the impact

of the location of the ion in the magnetic �eld gradient or with respect to the phase of

the microwave signal. For systems where the required magnetic �elds are generated by

components (permanent magnets or coils) that are mechanically decoupled from the trap,

this can be a challenge as the ion moves through a region of static magnetic �eld gradient

which is equivalent to the ion experiencing a dynamically �uctuating magnetic �eld o�set.

In the set-up presented in this thesis, however, the structure generating the magnetic �eld

gradient as well as magnetic �eld compensation o�set are directly integrated within the

ion trap microchip as CCW as presented earlier in Chapter 3. Any motion of the ion due

to vibrations is thus matched to the motion of the magnetic �eld such that this system

inherently precludes �uctuations in magnetic �eld gradient and �eld o�set.

Indeed, the ion and trap are equivalent to an undamped mass-spring system where

the harmonic trapping potential provides the restoring force and the ion oscillates syn-

chronously with the mechanical vibration of the trap. The natural frequencies of this
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analogue linear mechanical system equate that of the axial (100 kHz) and radial (1MHz)

secular frequencies. When forced oscillations are applied at frequencies much lower than

those (driven far from resonance), the ion and trap are expected to be sti�y coupled. Com-

mon vibration sources in laboratories have typical excitation frequencies around 50Hz. At

this frequency, the gain associated with the increase in the vibration amplitude at the ion

is approximately of 0.0002 dB23. In the trap frame of reference, this translates into the ion

oscillating with an amplitude that is ∼5×104 times less than the 50Hz excitation ampli-

tude. Even for large oscillations of the trap with amplitudes of 10µm, only a negligible

oscillations of the ion within the trapping potential, in the order of 0.2 nm, are expected.

These displacement amplitudes in a large static magnetic �eld gradient lead to a magnetic

�eld �uctuation that dephases the trapped ion qubit. However, at this amplitude, the

resulting e�ective dephasing noise is comparable, or smaller, to ambient magnetic �eld

�uctuations [314]. Therefore, there should be no discernible performance reduction with

regards to magnetic �eld �uctuations during either vibration-free operation or under forced

mechanical oscillations. Additionally, magnetic �eld o�sets in all three Cartesian axes may

also be provided externally by Helmholtz coils. While not mechanically coupled to the

trap, the nil magnetic �eld gradient provided by the Helmholtz con�guration over a region

typically spanning a few millimetres ensures that the ion is also not subject to �uctuations

in magnetic �eld owing to vibrations over this region.

In laser-gate schemes, optical qubits have typical wavelengths of 700 nm and the quan-

tum gate is executed in the order of 100µs. During this time interval, the stringent

requirement on the vibration amplitudes of the trap ensures that the ion position drifts

by less than 5 nm. This leads to the qubit being subject to a laser light phase �uctuation

less than 0.5% and yields in�delities in the order of 10−3. Constraining further the ion

to qubit laser light displacement to 0.7 nm (0.1% phase shift) would contain the in�delity

to 10−5 [315]. Comparatively, achieving a similar phase stability by limiting the phase

shift to within a 0.1% of the coherent 12.6GHz microwave signal would require a maxi-

mum relative ion to microwave �eld displacement of ∼23.7µm. In addition, the two-qubit

gate time is expected to be shorter than 10ms, such that, for mechanical vibrations with

frequencies below 100Hz, much larger vibrational amplitudes can be tolerated. From a

quantum operation perspective, the laser-free approach using static magnetic �eld gradi-

ent and microwave is therefore particularly resilient to mechanical vibrations.

23Calculated for a sinusoidal driving force at 50Hz using the mechanical analogue case. The steady-state
solution is found using methods presented in Ref. [313].
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Additional limitations on vibrational amplitudes are then speci�c to the experimental

set-ups. These stem from considerations on the module-to-module alignment, imaging op-

tics and laser beam alignment. Because the ion trap experiment presented in this thesis

aims at demonstrating module-to-module ion shuttling as a practical approach to scale up

a trapped-ion quantum computer, it is imperative that mechanical vibrations do not hinder

this feature. Three factors may be considered for this analysis: mechanical interference

(impact), trap depth reduction and motional heating increase (RF pseudopotential barrier).

Mechanical interference only applies for displacement occurring along the module sur-

face plane directions. Given that shuttling is considered to be reliable for separations of

up to 10µm [80], vibrations are considered to be excessive if amplitudes exceed this gap

separation such that module-module edge impact may occur. In practice, the desired sep-

aration is set to 5µm. To reliably transport a trapped-ion qubit between two modules it is

important to maintain a su�cient trap depth along the shuttling path. Numerical simula-

tions regarding ion trapping module misalignment [173] further suggest that misalignment

e�ects on the trap depth are most pronounced given an increasing vertical separation as

well as an increasing separation along the trap axial direction while it is relatively insensi-

tive to misalignment along the direction parallel to the module's edge. This is attributed

to the direct exposure of one of the microchip ground plane to the rf surface electrodes

of the other microchip module. With an initial separation of 5µm, the reduction in trap

depth along these directions is approximately linear and decreases by 0.4meV/µm and

0.8meV/µm for the vertical and planar direction respectively. Thus, for an optimal trap

depth in the order of ∼100meV the reduction in trap depth from vibrations is anticipated

to be negligible for all practical purposes and the constraint on the vibration amplitude is

much larger than 5µm. However, the pseudopotential barrier is a parameter much more

sensitive to module misalignment. Having a non-zero barrier also leads to an increase in

motional heating of the shuttled ion. As a result, a greater Doppler cooling time is required

which is particularly detrimental as laser cooling remains the slowest trapped ion opera-

tion. This reduction in the overall quantum computer clock cycle may then adversely a�ect

the �delity of the total operation as it becomes more susceptible to decoherence. Here,

the pseudopotential barrier increases most rapidly with increasing vertical misalignment

at an approximately constant rate of ∼1meV/µm for small separations. For a vertical mis-

alignment of 15µm, the rf barrier is expected to be of 1meV. By comparison, X-junctions
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exhibit pseudo-potential barriers in the order of 300meV [316]. A large-scale trapped ion

quantum computer based on the architecture proposed by Lekitsch et al. is thus not likely

to be subject to a severe drop in overall �delity as a result of vibrations between trap mod-

ules as the dominating ion heating factor remains that of ion transport through X-junctions.

With regards to the trapped ion imaging optics, the principal limitation stems from

the small depth of �eld resulting from the large 0.6 numerical aperture of the imaging

objective lens. This wide numerical aperture is used in this set-up to provide maximal

photon collection e�ciency which in turn yields high qubit state detection �delities. De-

tails of this set-up are extensively discussed in Chapter 7. For this set-up, the depth of

�eld is estimated to be of 0.8µm which therefore sets the limitation along the vertical axis.

Secondarily, the spatial resolution of the trapped ion on an imaging sensor also constitute

a limiting factor. Under a magni�cation of × 24.7 and using the sCMOS camera chosen

for this set-up, two ion distinguishability would be hampered for lateral motions exceeding

3.2µm, i.e. half the spatial resolution.

Finally, the laser beam alignment to the trapped ions are also subject to some con-

straints in order for the ion to continuously be exposed to stable laser light intensities during

cooling, state preparation and read-out. The relevant beams to consider are the 369 nm and

935 nm laser lights which each have a measured beam waist diameter of 134µm and 300µm

respectively. The intensities follow a Gaussian pro�le and the beams are aligned such that

the trapped ion is located at the center of the overlapped beams. A precisely located achro-

matic lens placed before the vacuum system laser viewport ensures that the ion sits at the

waist of the diverging Gaussian beam. A full description of the laser set-up implemented

for this experiment is later described in Chapter 7. Because the waist diameter wd of the

369 nm beam is smaller than the 935 nm beam, trapped ions are most susceptible to its

alignment. At the waist, the laser light intensity on the beam propagation axis is at its

maximum I0. Moving a small distance r along the beam cross-section results in an intensity

drop. Given that the Gaussian intensity pro�le is I(r) = I0 exp
(
−2r2

(wd/2)2

)
, a reduction of 1%

in 369 nm intensity is expected from a displacement r0 = wd
√
−ln(0.99)/(2

√
2) = 4.7µm.

In addition, the laser light intensity is much less sensitive to spatial variations along the

light propagation axis and it is reasonable to only consider radial displacements at the

waist. From the perspective of the trapped ion, the variation in laser light intensity due

to spatial displacements is indistinguishable from power �uctuations in the laser set-up.
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Category Sub-category Maximum vibrational
amplitude [µm]

Laser-free Magnetic �eld gradient
gate scheme dephasing noise >10

Microwave radiation
phase shift 23.7

Module-to-module Mechanical interference 5
alignment Trap depth reduction >5

Motional heating increase 15

Imaging optics Depth of �eld 0.8
Spatial resolution 3.2

Laser beam alignment 369 Gaussian beam 4.7

Table 5.2: Table summarising the maximum vibration amplitudes that are accepted in the main
cryogenically cooled trapped-ion experiment. The requirements are organised by categories. The
limitation stemming from the imaging optics' depth of �eld is found to be the most stringent.

In this experiment, 369 nm power �uctuations are compensated by an AOM feedback loop

which stabilises the power of the light sent to the trapped ion to within 1%. This is found

to be su�cient for Doppler cooling, state preparation and read-out operations. Thus, vi-

brations amplitudes of less than 4.7µm are not expected to lead to a reduction in the

experiment performances.

In summary, the vibration amplitudes requirement for this cryogenically cooled trapped

ion set-up are much more relaxed than in other state-of-the-art cryogenic ion trapping

systems. This is due to the implementation of a laser-free gate scheme which lifts the

stringent vibrational requirements imposed by typical optical qubit approaches. In this

experimental set-up, the most sever limitation is expected to stem from the imaging system,

closely followed by other engineering limitations, while vibrational constraints imposed by

quantum logic operations are amongst the least demanding. The overall requirements on

the vibration amplitudes can be found summarised in Table 5.2.

Heterodyne Michelson interferometer set-up

The measurement of the vibrations at the ion trap experiment is done by a heterodyne

Michelson interferometer set-up [194,195]. It is particularly useful because it measures dis-

placements with nanometre resolution over a large bandwidth. A Michelson interferometer

constitutes two arms along which light, originating from a common coherent monochro-

matic source, propagates. Each arm is terminated with mirrors which re�ect back the
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incident light. The back propagating light beams are then recombined by a beam splitter

and their combined intensity can be measured by a photodiode. Because the optical path

lengths along each arms are unequal, the phase of one of the monochromatic plane waves

is expected to lag behind the other one. This creates an interferometric pattern which pro-

vides information on the phase shift between the two signals and thus information about

the relative variation in length between both interferometer arms. As the measurement is

only relative, one of the arm's path length must be �xed with its mirror used as a reference

while the other one is used for measurement with its mirror acting as a probe. In such an

interferometer, the information on the relative time-dependent optical path length change

φvib(t) is then encoded in the phase shift as φvib(t) = 4πδ(t)/λ, where λ is the wavelength

of the coherent source. In practice, information about the phase can be acquired by count-

ing alternating destructive and constructive interference fringes, however this drastically

constrains the spatial measurement resolution of the instrument to only half the wavelength

of the coherent light. Adding a second monochromatic source to form a heterodyne scheme

allows to overcome this limitation. The second coherent source is typically detuned by an

RF frequency in the range of 10�200MHz to the �rst one. This can be achieved using an

AOM set-up in a double pass con�guration along one of the interferometer arms [315,317].

If the interferometer arms are at rest, this results in an interference beat pattern that is

driven at a frequency equal to that of the detuning between the two beam frequencies.

If there is a dynamic path length change in the measurement arm of the interferometer,

the resulting time-dependent phase di�erence is then added to the oscillating beat carrier

signal. While acquiring this optical signal with a photodiode is relatively straightforward,

executing phase demodulation on a >MHz signal is more challenging. This issue can be

circumvented by down converting the acquired phase-modulated signal to a more manage-

able frequency in the 100 kHz range. At this frequency, retrieving the information on the

phase evolution through phase-demodulation can be readily achieved in post-processing.

This RF frequency down-conversion is also not expected to suppress any information on

the displacement-dependent phase evolution since mechanical oscillations at the ion trap

experiment are expected to be well within this frequency range.

As the two-module ion trap experiment will be used to investigate ion shuttling between

two distinct microfabricated ion traps, characterising the vibrations for both modules was

considered. However, as is presented later in Chapter 6, one of the two ion trap modules

is mounted onto a structure which is anchored to the cryogenic heat sink, while the other
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Figure 5.20: Heterodyne Michelson interferometer set-up used for vibration measurement of the
main ion trap experiment. (left) Schematic diagram of the interferometer layout used vibration
measurement along a single direction. A �ip mirror can also be used to either measure vibrations
between the vacuum chamber walls and the optical table. (inset) Depiction of the AOM in a
double pass con�guration. The 0th order return beam is used such that the frequency detuning of
the reference arm to that of the measurement arm is only ωAOM.(top right) Diagram of the instal-
lation of the probe and reference mirrors in the main ion trap experiment. The vacuum viewports
are not depicted for visibility. Displacement along the x, y, and z directions are measured consec-
utively. (bottom right) Photograph of the probe mirrors epoxied on a custom mounting piece
itself anchored to the ion trap experiment heat sink. AMP�ampli�cation stage, AOM�acousto-
optic modulator, BS�beam splitter, FM��ip mirror, M�mirror, PD�photodiode, PM�probe
mirror, RM�reference mirror.

one is mounted to a platform that is mechanically decoupled from the heat sink. This

second platform is then rigidly attached to the experiment vacuum enclosure. Vibrations

are therefore expected to be signi�cantly worse on the experiment heat sink side as the

latter is directly connected to the cryogenic helium pipework which is a likely vibration

transmission path. Thus, it was deemed su�cient to only measure the vibrations on this

side of the experiment. To measure these vibrations, three broadband dielectric probe

mirrors are epoxied on a custom copper piece directly mounted to the heat sink in place of

an ion trap as shown in Fig. 5.20. The mirrors are mounted such that they allow relative

displacement measurements in the x, y and z directions. Each probe mirror is optically

accessible via viewports on the experiment vacuum chamber. The reference mirrors of

the Michelson interferometer are then mounted to the vacuum chamber walls such that

the displacement of the experiment heat sink is measured relative to the vacuum chamber
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walls. The remainder of the interferometer set-up is then placed on an elevated breadboard

which allows optical alignment to the mirrors. The breadboard is then rigidly anchored

to the vibration isolated optical table. This prevents the contamination of the vibration

measurements from other sources such as the excitation of the breadboard's natural fre-

quency. A �ip mirror is also installed along the interferometer measurement arm and is

mounted on the elevated breadboard. This is used to gather additional information about

the relative motion between the optical table and the experiment vacuum apparatus. This

is relevant for the estimation of the relative motion of the whole experiment with respect

to laser beams as well as the imaging set-up. Each interferometer set-up is installed one

after the other due to access restriction. Therefore, vibration measurements along each

Cartesian direction is taken consecutively.

The coherent light necessary for the Michelson interferometer is provided by a 650 nm

laser. An AOM24 is installed on the interferometer reference arm. It is provided with

a RF signal at frequency ωAOM/2π = 110MHz which is delivered by the Artiq-operated

Urukul RF module. The AOM is con�gured such that the reference beam is recombined

on the 0th order when exiting the AOM during the second pass, the schematic of the

interferometer set-up is given in Fig. 5.20. In order to have a high contrast interferometric

signal, it is best to operate the AOM with an input RF power of 24 dBm that is close to its

maximum rated input. This ensures that the intensity of the di�racted beam is maximal.

The RF input power requirement is met by the consecutive in-software attenuation and

ampli�cation by an external ampli�er25. This creates a beat signal after recombination

of both interferometric beams at the angular frequency ωAOM. This 110MHz beat signal,

which includes the phase evolution φvib(t), is then acquired by a high-speed gigahertz

photodiode. However, the acquired signal is typically weak due to the multiple transmission

losses on the measurement arm and ine�ciency from the double-pass AOM con�guration.

This therefore requires the ampli�cation of the photodiode voltage signal prior down-

conversion. This ampli�cation stage uses a bias-tee to eliminate any DC baseline o�set,

while the oscillating component of the signal is subject to multiple RF ampli�cation steps.

The ampli�ed signal is then combined via a RF mixer26 to an external RF signal at a

frequency ωRF/2π = 109.05MHz. This results in the overall down-conversion of the carrier

frequency of the interferometric signal down to ∼50 kHz. The voltage signal, which is of

24Isomet, 1206C-833
25Mini circuits, ZFL-1000VH+
26Mini-circuits, ZX05-1L-S+



187

Figure 5.21: Frequency spectrum of the vibration in the main ion trap experiment at room
temperature. The cryogenic fan is o� i.e. the helium gas is not circulating. (left) Vibration
spectrum under various con�gurations: all known potential vibration sources turned o� (Black),
only the air�ow canopy turned on (blue), only the CH-110 cryocooler turned on (green), and �nally
with both CH-110 and AL330 cryocoolers activated (red). Measurements are solely presented
along the x axis as it is the direction which exhibits the largest vibration amplitudes. (right)
Vibration spectrum of the in-vacuum heat sink with respect to the vacuum system enclosure. In
this con�guration both CH-110 and AL330 cryocoolers are on. The overpressure laminar air�ow
canopy is also turned o�. Measurements are performed along each axis consecutively.

the form cos((ωAOM − ωRF)t+ φvib(t)), is then collected by an oscilloscope operated at

1MSPS acquisition rate. To recover the phase evolution φvib(t), it is useful to precisely

know the frequency of the down converted carrier beat signal. A mock reference beat signal

is arti�cially generated by mixing the RF input signal used at the AOM with the RF signal

used for down-conversion. Phase recovery is then done in post-processing by comparing the

phase di�erence between the acquired interferometric signal and reference beat signal. The

time-dependent distance information δ(t) is then obtained from δ(t) = λφvib(t)/4π, and

the direction of the phase evolution is tracked such that every 2π shift participates towards

the accumulation of half wavelength (325 nm) displacements. A numerical simulation of

this set-up, which account for the limitations of the acquisition instruments, showed that

micrometre wide vibrations remain detectable up to 5 kHz while nanometre wide vibrations

can be detected up to 50 kHz.

Vibration measurement results

Vibration measurements were taken under various environmental conditions to determine

how each of them in�uences the ion trap experiment vibrational response. These measure-

ments determine the best conditions under which the system should be operated. Firstly,

the main ion trap experiment vibrational response was �rst characterised at room tem-

perature, in the absence of helium gas circulation. Under these conditions, the factors

that most likely contribute to the vibration of the experiment are the overpressure laminar

air�ow canopy and both cryocooler cold heads.
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Vibrations originating from the laminar air�ow canopy above the optical bench are a

potential concern because parts of the steel frame that support the cryogenic transfer line

network are also mechanically attached to the frame which supports the air�ow fan units.

Vibrations may therefore propagate from the air�ow units to the ion trap experiment via

a solid mechanical path. To ensure that vibration measurements were not the result of

the coupling between the interferometer optics and air�ow, the optical set-up was covered

when the measurements were taken. Vibration transmission from the cold heads through

the entirety of the cryosystem architecture is also of clear concern although many actions

were taken to mitigate their propagation as previously presented. After the laminar air�ow

tests and with the air�ow canopy fans turned o�, the coldheads were activated one after

the other, starting with the CH-110 cold head and then with both cold heads operated

simultaneously. The vibration spectra presenting the results of these three tests along the

x axis (largest displacement direction) is presented in Fig. 5.21. For comparison purposes,

the spectra are also presented alongside a spectrum of the vibration measurement at the ion

trap experiment at rest, i.e. nobody moving by, quiet laboratory and all known vibration

sources switched o�. Even in the absence of clear vibration sources, the ion trap heat

sink remains subject to displacements with amplitude of 250 nm at 49Hz and 130 nm at

52Hz with respect to the vacuum chamber outer walls. Measurements with the �ip mirror

engaged along the measurement arm presented much lower vibration amplitudes. This

suggests that displacements occur locally at the heat sink rather than in the entirety of the

experiment vacuum chamber. This further indicates that the main experiment vacuum

chamber is indeed well anchored to the massive optical table which indeed acts as an

inertial �lter. Finally, this also supports the hypothesis that a second ion trap module

solidly anchored to the vacuum chamber is expected to experience much lower vibration

levels. The identi�ed vibration peaks are well isolated and are likely natural frequencies

of the heat sink and in-vacuum mounting structure which are excited by either a unique,

or a set of, unknown sources. Remarkably, the combination of both cold heads provides a

strong excitation of the 52Hz eigenfrequency.

Vibration measurements at room temperature along all three Cartesian axes (taken

consecutively), are then also given in Fig. 5.21. Amplitudes of oscillations remain greatest

along the x axis and reach up to ∼1200 nm at 52Hz. Along the other axes, vibration

amplitudes remain below 300 nm. The unequal distribution of the vibration amplitudes

likely originates from the asymmetric in-vacuum mounting structure design along with

unequal mounting torques applied to its fasteners. The design and construction of this
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Figure 5.22: Vibration measurements in the main ion trap experiment at 40K. (left) Time
evolution and (right) frequency spectra along all three Cartesian axes. In this con�guration both
CH-110 and AL330 cryocoolers are on, the cryogenic fan is also on, the helium gas cryogen is
pressurised to 20 bar and is circulating. The overpressure air�ow canopy is o�. Measurements
along each axis are taken consecutively.

structure is later presented in detail in Chapter 6. Vibration amplitudes also stay below

50 nm at frequencies exceeding 120Hz and continue to drop as 1/f at increasing frequencies

such that vibrations at frequencies close to the trap secular frequencies have negligible

amplitudes.

The cryofan was then activated and cryogenic helium gas was circulated to the main

ion trap experiment. Measurements of the heat sink at 40K with respect to the main

experiment vacuum chamber, as presented in Fig. 5.22, show a signi�cant reduction of the

52Hz peak along the x axis while the main natural frequencies are also identi�ed at 44Hz,

52Hz, 56Hz, 74Hz and 109Hz. This brings the vibrational amplitude below 600 nm along

all three Cartesian axes while the time dependent recording of the displacement shows

that vibrations are not expected to exceed 2.3µm. The relative suppression of vibra-

tions at 52Hz is attributed to likely changes in sti�ness of the in-vacuum structure as it

cools down as well as a likely tightening of partially loose joints due to thermal contraction.

Because helium is much denser at higher pressures and at cryogenic temperatures, a

potential worry is that a portion of the vibrational energy is transmitted to the experiment

via acoustic waves propagating within the �ow of helium cryogen. In addition, the inner

pipes carrying the cold helium gas are also cooled down to cryogenic temperatures. This

may result in a change in sti�ness of the inner �exible sections connecting the experiment to

the transfer line network thus potentially compromising some of their vibration decoupling

characteristics.

To assess whether the �ow of helium enables vibrations at the experiment at 40K, the

system was operated under four di�erent helium pressures: 20, 15, 10, and 5 bar. If the
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Figure 5.23: Investigation of the impact of di�erent experimental conditions on the main ion
trap experiment vibration performances at 40K. Both CH-110 and AL330 cryocoolers are on, the
cryogenic fan is on and the helium gas is circulating. The overpressure laminar air�ow canopy is
o� and the optical table is �oating. Measurements are performed along the x axis only. (left)
Vibration measurements are performed consecutively with incrementally reducing helium gas cryo-
gen pressure: 20 (black), 15 (blue), 10 (green) and 5 (red) bar. No clear change in the vibration
characteristics of the experiment are observed as the cryogen gas pressure is varied. (right) Vi-
bration measurements are performed with the optical table �oating height unoptimised (blue) and
optimised (red). Optimising the optical table height leads to a halving of the vibration amplitudes
at the main experiment natural frequencies. This is attributed to improved mechanical decoupling
performances of the �exible sections in the cryosystem that are used to connect to the ion trap
experiment. See text for further details.

e�ect was present, a degradation of the mechanical coupling would be clearly identi�ed as

the pressure, and thus helium density, is lowered. The results of this test, for vibration

measured along the x axis, are given in Fig. 5.23. As can be seen, there is no discernible

trend (steady shift in natural frequency and amplitude) correlating a variation in helium

gas pressure with remarkable changes in the main experiment vibration characteristics. To

assess, whether the �exible sections connecting the ion trap experiment to the transfer line

network provided the optimal mechanical decoupling, the optical table �oating height was

changed. This results in a change of the �exible sections tensile conditions. As shown in

Fig. 5.23, it was found that there is an optimal height for which the experiment is best

isolated. However, if the table height is not optimised, vibration amplitudes at the ion

trap experiment may be expected to be twice as worse than in the optimal case.

Vibration transmission paths identi�cation

Measuring the vibrations at several sections of the cryogenic system and laboratory using

piezo-electric accelerometers27 investigated the vibration transmission paths to the exper-

iment. Measurements showed that the cryostat vessel is subject to signi�cant vibrations

as a result of the rigid mechanical link to the GM cryocoolers which it houses. Vibrations

are largest at 2Hz with displacement amplitudes of 50µm and a second resonance peak is

given at 50Hz with amplitudes of approximately 3µm. By comparing all the measurements

27Dytran Instruments, Inc., 3143M1
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taken at a multitude of sections and under the previously presented variety of conditions,

the GM cold heads are found to be the largest vibration sources in the laboratory. A

strong resonance on the laboratory �oor at 2Hz is also identi�ed and is excited by the

cryostat oscillations. The pneumatic optical table support legs have horizontal and ver-

tical natural frequencies of 1Hz and 1.25Hz. This leads to ∼90% vibration transmission

from the laboratory �oor to the experiment. Furthermore, these vibrations are also found

to be transmitted to the steel frame supporting the overpressure air�ow canopy and trans-

fer line network, but to a lesser extent. The likely cause of this vibration transmission, is

that the rubber cushioned clamps supporting the transfer line network may not provide

enough vibration isolation in this very low excitation frequency range. On the other hand,

vibrations at 50Hz seem to propagate directly from the cryostat vessel onto the transfer

line network and appear to be continuously attenuated along the lines outer wall down to

the experiment vacuum chamber. At the experiment vacuum chamber, no vibrations could

be measured at this frequency, which is in good agreement with vibration measurements

realised with the interferometer set-up. By overlapping the measurement data given by the

interferometer set-up, it is deduced that the 50Hz vibrations are likely transferred from

the transfer line network outer walls to the inner helium pipe, which in turn excite the ion

trap experiment in-vacuum support structure.

Overall, the main ion trap experiment is subject to vibrations with amplitudes of

2.3µm at a primary low resonant frequency of 52Hz. By comparison to other state-of-

the-art cryogenic ion trapping experiments, which are typically in the 10�200 nm range

[52,188,194,195,273], vibrations within this experiment are orders of magnitudes greater.

However, as future coherent operations within this system will use long wavelength radi-

ations and given that on-chip current-carrying structures will be used for magnetic �eld

gradient generation, vibrations are not as high an impediment to quantum logic and en-

tanglement distribution between trapped ion modules. This system is therefore inherently

resilient to vibrations, and satisfy the requirements laid out in the previous section to the

exception of the limitation set by the imaging optics' depth of �eld. This limitation can,

however, be easily circumvented by reducing the objective numerical aperture. In future

ion trap generations, the use of on-chip single photon detectors will inherently render this

requirement redundant.
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Suggestions for further vibration suppression

Despite this, such a level of vibrations remains undesirable as long term experiment perfor-

mance may degrade faster as a result of accelerated mechanical deterioration (loosening of

mechanical joints, wearing of wirebond welds, etc). Several avenues with the potential to

further suppress vibrations are therefore proposed. This may also be of interest to exper-

imentalists willing to implement this cooling architecture to Raman laser-based quantum

logic systems necessitating extremely low vibration levels (<100 nm).

Suppressing further the vibrations can be done by improving the mechanical decoupling

between the ion trap experiments and vibration sources as well as enhancing vibration

damping along the identi�ed transmission paths. Firstly, to suppress the transmission of

vibration through the laboratory �oor, vibration damping mats may be used for the com-

pressors and vacuum pumps. However, vibrations can still be transmitted to the cryostat

from the compressor via the helium gas lines (although in a separate room). Similarly,

vibrations may also propagate through the �exible hose connecting the diaphragm pump

to the cryostat TMP. There, guiding the helium gas lines and vacuum hose through heavy

sand boxes can be used and is proven to be an e�ective damping method [195]. Secondly,

the cryostat vessel can also be mounted onto a speci�cally tuned vibration-insulating plat-

form. By tuning this platform to the 2Hz resonant frequency of the cryostat and cold

head, a substantial reduction of the vibration amplitudes can be expected as the mechan-

ical energy is absorbed by the damper. Not only would this help decouple vibrations to

the laboratory �oor, but it would also dissipate some of the vibrational energy otherwise

transmitted to the transfer line network.

To also assist cancelling vibrations directly at the source, active countermeasures can be

used in the form of active vibration suppressors rigidly mounted to the cold heads. There,

vibrations resulting from the impact of the cold head displacer are locally measured by an

accelerometer. The acquired signal is fed back to electromagnetic transducer connected

to a small inertial mass such than an opposing force is produced. This reaction results in

a zero net acceleration of the cold head such that only a minimum amount of vibrations

are generated within the crysostat. While this active vibration cancelling technology has

already been used for cryogenic application [318], its retro�tting on an already operational

cryostat is a signi�cant task that would require the partial redesign of the cryostat vessel

and mounting �ange.

In addition, surrounding the cryostat vessel with and acoustically insulating box would
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help reduce noise coupling through the air and laboratory walls. Indeed, the laboratory

noise due to cold head operation is currently measured to be of 79 dB one metre away.

If an acoustic insulation box is well installed, a noise reduction of approximately 20 dB

can be anticipated which is attractive to experiments where laboratory noise and acoustic

coupling to the optics is an issue. For research groups where this is particularly critical,

the cryostat should be installed in a separate room with acoustically insulated walls.

Finally, vibrations may be damped further as they make their ways to each experiment

via the transfer line network. Suspended sand boxes or optimally tuned vibration absorbing

spring connectors can be mounted at strategic locations of the transfer line network in

addition to the already present rubber cushioned clamps. To also decouple the vibration

stemming from the overpressure air�ow canopy, connections to the canopy and the steel

frame supporting the transfer line network may be rerouted to the wall. For the speci�c

suppression of the 50Hz vibrations, a speci�cally constructed tuned mass damper can also

be installed on the transfer line network to further absorb the vibrational energy prior it is

transmitted to the inner helium pipe. If vibration transmission through the inner helium

pipe remains problematic, part of the pipework may be modi�ed to include an increased

number of �exible sections. If this option is considered, particular care must then be taken

such that their impact on the cryogenic helium gas �ow performances is minimised.
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Chapter 6

The cryogenic two-module

experimental set-up

In the previous chapter, the closed-loop helium gas cryosystem was described but consid-

ered only minimal aspects of the two-module ion-trap experiment. This chapter provides

an extensive description of the two-module experiment in-vacuum set-up and surrounding

vacuum apparatus. The system is constructed to address the speci�c challenge of cryogenic

operation over two ion-trap modules that must be precisely aligned. Speci�c attention is

therefore paid to the following design features and devices: ion-trap die-bonding and ther-

mal anchoring; the UHV-compatible cryogenic heat sink; an insulating support structure;

and the wiring and in-vacuum cryogenic PCBs used for signal delivery to the ion traps.

This is then followed by a description of the atomic sources used for ion loading along with

the in-vacuum patch antenna used for the generation of the coherent microwave �elds. Fi-

nally, a description of the assembly of the two-module experiment in the vacuum chamber

is given along with the bake-out procedure that was used to reach UHV pressures.

6.1 Die-bonding for high-power cryogenic ion traps with in-

tegrated CCWs

In this experiment, the ion-trap microchips are required to be attached to a copper mount-

ing block, which provides a thermal path to a cryogenic heat sink (presented later in

this chapter). Standard microchip ion-trap die attachment methods have consisted of

using either adhesives [147, 168, 225, 319�321], or clamps to realise a mechanically pressed

joint [194,322,323]. On the one hand, adhesives such as UHV-compatible epoxies (with low
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low outgassing rate1) have signi�cantly di�erent coe�cients of thermal expansion (CTE)

to that of the trap substrate and mounting block such that there is a mechanical mismatch

under cycling temperatures. For instance, silicon has a CTE of 2.3× 10−6 K−1 and copper

has a CTE of 16.7 × 10−6 K−1 at room temperature. This mismatch forms cracks at the

adhesive interface or within the ion trap during cooling, a problem which is commonly

encountered in the �eld [322, 325]. This is the leading failure mechanism of the joint.

In practice, this is prevented by attaching the microchips on a single corner [320, 325].

This allows the material to contract and expand away from a single reference point, there-

fore avoiding material rupture. But since the mount and microchip are only thermally

connected at this single location, the thermal anchoring is extremely poor. In addition,

adhesive die attachment is an irreversible process which prevents the microfabricated trap

from being removed; and although adhesives may be advertised as thermally conductive,

their conductivities at room temperature are often constrained to the 0.5�1.5W/(m·K)

range, that is, orders of magnitude lower than metals. On the other hand, using mechani-

cal mounting clamps to compressively hold the microchip results in additional constraints

on laser access and only small clamping forces can be applied to the chip without in�icting

mechanical damage. These methods may also be used in conjunction with a cryogenic

grease such as Apiezon-N (in the absence of bake-out) [322]. Nevertheless, in both cases,

the poor thermal conductivity of adhesives or conductance of the pressed assembly mean

that these approaches result in a detrimental thermal contact resistance at the microchip-

mount interface. Finally, because this speci�c experiment does not operate at 4K but

instead <70K, reaching the UHV pressures required for ion trapping requires the entire

apparatus to be baked-out. This means that the die attach method must withstand ex-

treme temperature variations (hundreds of K) in both directions without failure, which is

a substantial challenge.

6.1.1 Die-bonding background

To alleviate these speci�c issues, alternative die attach methods such as the use of solders,

as is common for cryogenic applications, were considered. The quality of solder joints is

a critical factor for reliable thermo-mechanical operation. When used as a thermal inter-

face, the solder joint quality is typically characterised by two parameters: wettability and

joint interface thickness. The wettability describes the ease at which an intermetallic bond

between the two metals is formed. This is achieved as the molten solder forms an alloy

1Total mass lost < 1%, collected volatile condensable materials <0.1% as stated in Ref. [324]
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by dissolving the material of the surface which it attaches to. This chemical interaction

at the microscopic level ensures a strong mechanical connection and e�cient heat transfer

between both solder and bonded surface. The thickness of the solder joint interface is then

desired to be minimal. This ensures that the relatively lower thermal conductivity of the

solder, compared to that of the bonded materials, does not signi�cantly contribute to the

overall thermal resistance.

The metallic solders that are available fall into two broad categories: �hard� and �soft�

solders. Hard metallic solders are usually eutectic alloys whose melting point lies within

the 250�400◦C temperature range. Such solders are UHV-compatible Au-Sn, Au-Ge and

Au-Si gold eutectics [326,327]. These hard solders have high mechanical strength and low

ductility. These features confer this family of solders with excellent thermal fatigue char-

acteristics [326]. However, an undesired consequence of this low ductility is that signi�cant

stress is conveyed to the attached die. Therefore, while the bond is durable, its inability

to compensate for potential CTE mismatches may lead to the more fragile bonded device

failing �rst. This is an unacceptable risk and the potential use of hard solders for ion-trap

microchip attachment was not studied further.

Soft metallic solders can take the form of either a single chemical element metal such

as tin or indium or can be an alloy such as Pb-Sn or In-Sn. Their �soft� quality is given

with regards to their low melting point that is in the 50�250◦C temperature range and

high ductility compared to the hard solder counterpart. Owing to this quality, soft solders

can deform under stress without rupture, making them an advantageous and practical

bonding interface for devices experiencing extreme thermal conditions, even in the case

of large CTE mismatch. However, such a feature also has its limitations. While the die

remains protected from excessive stress, the soft solder may undergo signi�cant degrada-

tion as a result of stress relaxation where the bond gradually weakens over several thermal

cycles [326]. Additionally, an interesting property of soft solders is that their ductility

decreases at lower temperatures [328]. For soft solders such as indium alloys, this ductility

reduction remains acceptable down to cryogenic temperatures [329].

The CTE and relative contraction during thermal cycling from room temperature down

to 40K for a range of materials used for ion trapping applications (ion trap substrate and

mounting material) is summarised in Tab. 6.1. The adhesives that have been commonly

used in the �eld are also detailed and an analysis of the soft solder suitability is also
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given. Overall, it is found that the pure indium bonding method has the greatest poten-

tial to alleviate the drawbacks associated with typical soft solders: it is not subject to a

ductile-to-brittle transition in the relevant cryogenic range; has excellent fatigue resistance

characteristics (low stress relaxation); and delivers a highly thermally conductive interface

of about 70W/(K·cm2) at 50K [259] (Cu/In/Cu interface) � orders of magnitude higher

than competing adhesives and mechanically pressed contacts.

In line with these motivations, previous investigations2 carried out in the labora-

tory [325] used pure 99.999% indium solder for the bonding of a low-power (dissipation

due to the trapping RF only) silicon ion trap onto a copper block. The method imple-

mented 100µm thick indium sheet and used a speci�cally developed bonding temperature

pro�le on a commercial die-bonder3. The die attached adequately to the mount to al-

low wirebonding of the trap electrodes as well as subsequent operation in a 4K cryogenic

ion-trap experiment. However, simple manual room temperature pull tests have shown

that the chip could be removed from its mount with ease. Observations of the mount and

microchip post-separation showed that only a small amount of indium remained attached

to the underside of the ion trap. This suggests that the adhesion of the chip to the mount

following this procedure is mostly due to the inherent �tackiness� of the malleable indium

metal as it �lls surface irregularities. In turn, this highlights the poor ability of this par-

ticular process to ensure the reliable wetting of the indium solder to the silicon ion-trap

substrate and, to a lesser extent, the copper mount. The reduced wetting is attributed

to the negligible alloying of the silicon by the molten indium (re�ow temperature >900◦C

required for 1% alloying [337]), together with the rapid formation of an oxide layer on the

copper mount during die-bonding. An alternative indium bonding process was therefore

developed to deliver the desired thermo-mechanical performance required for the cryogenic

operation of microchip ion traps integrating CCWs.

6.1.2 Indium die-bonding procedure

The alternative indium-based soldering approach that was developed establishes good ma-

terial wettability by minimizing the e�ect of oxidation during the formation of thin inter-

metallic compounds. The method is split into two distinct processes. In this procedure,

the commercial die-bonder still plays a major role in providing the accurate 5-µm chip-to-

mount alignment capability as well as die attachment reversibility.

2by previous Ph.D. student A. Grounds
3Finetech GmbH, FINEPLACER pico ma
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Step one. The �rst process consists in the �uxless coating (for UHV compliance) of the

copper mount with a thick layer of molten indium. Referring to the copper-indium phase

diagram, see Fig. 6.1, one may see that for a temperature of 300◦C, approximately 4%

per weight of the copper dissolves into the molten indium to form an intermetallic layer

of Cu11In9. This allows for a strong solder connection while preventing an intermetallic

compound overgrowth which could lead to a brittle fracture [338].

To do this, the copper mount is initially polished to remove the copper oxide layer and

create a �at mirror �nish surface that minimises the joint thickness. The indium wire and

mount are �rst cleaned in isopropanol alcohol and then submerged in an aqueous solution

of hydrochloric acid (10% dilution) for one minute. Both wire and mount are then washed

with deionized water, followed by isopropanol alcohol to remove the mild acid. They are

then dried with the nitrogen gun. The entire copper mount is heated simultaneously by

a heat gun and soldering iron to a temperature of ∼300◦C. The indium is applied to the

surface and is distributed evenly using the soldering iron which helps break through the

developing indium oxide layer as hot indium and copper are directly exposed to air. The

method allows to uniformly coat the entire bonding surface.

Step two. The second process circumvents the challenge of high temperature bonding

onto silicon by coating the chip underside with a thin layer of gold. To ensure reliable

bonding, it is critical that the underside of the microchip substrate be polished. After

fabrication and dicing of the ion trap, the underside of the die is covered with a 20 nm

thick chromium adhesive layer onto which 1µm of gold is evaporated4. In contrast to

silicon, gold has the advantage of being resistant to oxidation and corrosion while provid-

ing a surface which is well wetted by most solders. As a result, gold coatings have been

used as a standard process for the soldering of electronic components where �uxes cannot

be used [335]. An analysis provided in Ref. [339] of the gold-indium system between the

melting point of indium of 156.6◦C and 200◦C suggests that alloying starts to occur as

shown in Fig. 6.1.

An inconvenience with the �rst step of this process is that the copper surface of the

mount readily oxidises as it is brought beyond the melting point of indium. In this case,

4The gold coating process was developed by Dr R. Puddy



200

Figure 6.1: Equilibrium phase diagrams. (left) For the copper-indium system as reproduced
from Ref. [340]. (right) For the gold-indium system as reproduced from Ref. [339].

electroplating the copper mount with a 3µm gold layer solves this problem while it also

brings additional bene�ts: it ensures a larger thermal conductance with the heat sink,

allowing for improved thermal management of the ion-trap microchip, and its low emissiv-

ity minimises the heat load due to black-body radiation. The indium coated gold-plated

copper mount that is used in the experiment is presented in Fig. 6.2.

A study of the gold-indium system has shown that the gold metallisation begins to dis-

solve in the molten solder within seconds to form the compound AuIn2 above the 156.6◦C

melting temperature of indium [341]. This gold-indium alloy is found to generate an e�ec-

tive di�usion barrier to the further erosion of the gold coating over time. The thickness

of this interfacial layer is found to solely depend on the bonding temperature. For a sol-

dering temperature of 220◦C, the gold coating is expected to dissolve by less than 2µm.

However, the literature reports that gold-indium solder joints can potentially be subject to

embrittlement depending on the soldering conditions [342]. For indium-based solder joints

on gold coatings where the volume ratio of indium to gold is less than 2:1 an additional

intermetallic compound, Au9In2, is formed. In contrast to AuIn2, this additional inter-

metallic compound, which results from the saturation of the indium by the dissolved gold

metallisation, is likely to result in the adverse embrittlement of the joint [342]. If the gold

coating thickness is signi�cantly smaller than that of the indium, no degradation of the

joint performance is to be expected. This allows to take full advantage of the outstanding

thermal fatigue resistance associated with pure indium solder joints [343,344].
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Figure 6.2: Die-bonding assembly process. (left) Two (3µm) gold-platted mirror polished copper
mounting blocks supporting the ion-trap microchip module, which are without treatment (bottom),
and following indium coating (top). (right) Photograph of the test silicon microchip-indium-mount
assembly sandwiched between the die-bonder placement head and base plate. Excess indium solder
is forced out of the interface as the system temperature crosses the indium melting point. The
excess indium can be removed with ease using a scalpel once at room temperature.

Before bonding the gold-coated ion-trap microchip onto the indium coated copper

mount in open air, the indium layer is pressed against a smooth piece of aluminium that is

polished to a mirror �nish. Using a vice, this mirror �nish surface is transferred onto the

indium coating. The indium coating and microchip are then cleaned with isopropanol to

remove the bulk of hydrocarbon contaminants. The mount and indium coating are then

submerged for one minute in the 10% HCl solution. The parts are �nally UHV cleaned

following the UHV cleaning procedures previously described and then dried under nitro-

gen. The purpose of the polishing and mild acid cleaning of the indium solder is to remove

the native oxide layer and prevent its future growth by minimising exposure to air through

gaps as the indium interface is brought to its melting point. Indeed, the literature has

shown that the thickness of InO2 plays an important role in preventing the wetting of the

gold metallisation [345]. The bonding temperature pro�le which was found to be the most

successful under these conditions is presented in Fig. 6.3.

The bonding process is executed on the die-bonder as follows. The microchip and cop-

per mount are aligned through the high accuracy optical system of the die-bonder. These

are sandwiched between a vacuum base plate and vacuum placement head each incorpo-

rating heaters. Throughout the entire bonding process both the base plate and placement

head are programmed to achieve similar target temperatures to minimise thermal stress.

A homogeneous compression force of 10N is applied to the microchip-mount system such

that there is a good contact pressure during bonding. The temperature is progressively

ramped up at a rate of 1◦C/s until the pre-soaking temperature of 150◦C is reached. This
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Figure 6.3: Temperature pro�le for the indium bonding of a gold coated silicon microchip onto
a gold-plated copper mount. To allow for the full system to thermalise while minimising the
oxide growth, the temperature is progressively ramped up at a rate of 1◦C/s until the pre-soaking
temperature of 150◦C is reached. The pre-soaking temperature is held for 30 s to distribute heat
evenly. The sample is then brought at a rate of 1◦C/s to a re�ow temperature of 220◦C, where it
is subsequently held for 1min. The bonded system is then cooled back down to room temperature
at a cooling rate of −2◦C/s. The prescribed temperature pro�le (solid black) is closely followed by
the measured vacuum base plate temperature (dashed blue) and vacuum placement head (dashed
red).

allows for the full system to thermalise while minimising oxide growth. The pre-soaking

temperature, which is below the 156.6◦C indium melting point, is held for 30 s to allow for

the heat to be distributed evenly. To realise the metallurgic bond, the sample is brought at

a rate of 1◦C/s to a re�ow temperature of 220◦C, in agreement with Ref. [345]. It is subse-

quently held at this temperature for 1min. During the temperature increase to 220◦C, the

indium undergoes a solid to liquid phase transition as it crosses 156.6◦C. Excess molten

indium solder is then ejected cleanly in the form of solder beads either side of the joint as a

result of the 10N die-bonder compressive force. The bonded system is �nally cooled back

to room temperature at a cooling rate of −2◦C/s and excess solder beads are manually

removed using a scalpel.

Incidentally, note that indium-based bonding under protective atmosphere (inert gas)

would allow to fully mitigate the e�ect of indium oxidation. In this environment, the

improved solder wetting would deliver bonds with joint strength up to four times superior

to that produced in open air [345]. However, such capabilities were not available for this

work.
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Figure 6.4: Microscope images (100× magni�cation) of the gold-plated underside of an indium
(grey) bonded test silicon microchip following a mechanical pull test. (left) Focus on the top of the
indium interface. (right) Adjusting the focusing height brings the granular gold metallisation of
the polished silicon substrate into focus. Using this method, the indium layer thickness is suggested
to be 13µm.

Mechanical tests

Simple manual pull tests on gold-plated test silicon microchips showed excellent results.

The chips could not be removed from the mount without applying excessive force which

systematically resulted in the fracture of the device's substrate. Observation under a

microscope of lifted pieces of silicon substrate showed that the indium bonded extremely

well to both gold coated surfaces. This is particularly clear as indium remained attached

to both chip and mount leaving complementary positive and negative imprint on either

side. Fig. 6.4 shows the indium imprint on the gold-deposited chip and Fig. 6.5 shows the

imprint on the mount. After an assessment of the topography of this imprint, the thickness

of the indium solder joint is evaluated to be in the 13�16µm range. This is ideal from a

solder joint fatigue life standpoint [344].

Thermal shock and temperature cycling tests

To ensure that the ductility of the indium still provides a robust mechanical joint over

a large temperature window, thermal shock tests between ∼50◦C and −196◦C were con-

ducted and repeated over several cycles. The copper mount with the mounted test chip was

submerged entirely into liquid nitrogen so that the temperature drops down to −196◦C in

approximately 1min. After thermalisation to the liquid nitrogen temperature, the mount

and chip are heated with a heat gun set to 350◦C and is directed onto the silicon surface of

the test chip. Within 1min, the mount and chip warm up to ∼50◦C after which the cold

cycle is repeated. Following a total of �ve thermal cycles, no fractures or partial separation
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Figure 6.5: Microscope images (100×magni�cation) of the complementary residual indium (grey)
portion on the mount following a mechanical pull test. (left) Focus on the copper surface where
scares result from the polishing process. (right) Adjusting the height by 16µm brings the top of
the indium interface into focus. The yellow-beige coating on the top indium layer is identi�ed as
the AuIn2 intermetallic compound.

from the mount could be identi�ed while destructive pull tests delivered similar results to

that of room temperature tests. The joint is therefore considered to qualify for use in the

ion-trap experiment.

Overall, this method was found to be the most suitable die attach method for ion

traps integrating CCWs where a high thermal contact conductance and strong mechanical

anchoring are required. It is extremely reliable, fast, clean, and reversible, even for the

bonding of low-power ion traps such that it is now applied as the standard die-bonding

procedure within the laboratory.

6.2 Cryogenic heat sink assembly

Heat removal from the ion-trap microchips is done by a custom heat sink assembly capable

of reaching the desired cryogenic temperatures. This assembly consists of a heat sink that

is cooled by the 20 bar cryogenic helium gas �ow circulated by the cryosystem, together

with a copper support block, which is pressed between the microchip copper mount and

heat sink. Here, the copper support holds the thermometry (sensor and heater) required

for temperature control of the heat sink and ion-trap microchips. The following sections

provide a description of both components.



205

6.2.1 A UHV compatible cryogenic helium gas heat sink

Typically, a heat sink in a duct consists of an enclosure within which a coolant, such as

cryogenic helium gas, �ows and heat is transferred from a heat exchanging interface. A

diagram of a simple heat sink with a ducted helium gas �ow is presented on the left-hand

side of Fig. 6.6. As with all heat sink designs, it is desirable to have a large coolant �ow

rate. The helium gas mass �ow rate must therefore be maximised in the device. This en-

hances the convective heat transfer coe�cient between the �uid and solid heat exchanging

interface, thereby minimising the �uid-solid thermal resistance. A large mass �ow rate also

maintains the cryogenic helium gas temperature homogeneity throughout the circulation

loop as was shown in the previous chapter by Eq. 5.7. Furthermore, minimising the ther-

mal resistance in the heat sink can also be achieved by increasing the surface area of the

heat exchanging interface such that heat is removed more e�ectively. This is achieved by

modifying the topology of the heat exchanging interface, and common practices make use

of �ns, pins and channels to enlarge this surface area. However, a problem that arises from

this is that the viscous interaction between the �owing cryogenic gas and solid interface

leads to a large friction factor, i.e. �uid �ow resistance. In other words, the mass �ow rate

of the cryogen is reduced given constraints on the acceptable pressure drop. Consequently,

there is an increase of the thermal resistance as the convective heat transfer coe�cient

is reduced. From a heat sink engineering perspective this creates a dilemma where the

minimisation of both pressure drop and thermal resistance objective is unachievable as

these are functions of mutually exclusive parameters. Today, the optimisation of heat sink

geometries remain an active area of research and consists in determining topologies that

deliver the most favourable compromise between both objectives or under additional con-

straints. This is a useful consideration for the construction of future heat sinks directly

integrated within a trapped ion quantum computer module as proposed by Lekitsch et

al. [80].

For practical near-term applications, however, the heat sink geometry is not necessarily

required to be optimal. Often, a heat sink design which meets a target thermal resistance

threshold given constraints on the available pressure drop is considered su�cient. In pre-

vious personal work, UHV cryogenic heat sink designs based on pins and spiral topologies

were proposed [296]. However, while these designs o�ered low thermal resistances (in the

order of 0.1K/W) between the �uid-solid interface, they also incurred a substantial pres-

sure drop penalty. As was shown in the previous Chapter, particular care must be taken to
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Figure 6.6: Cross-section diagrams of two heat sinks using helium gas as coolant. The helium gas
�ows within a duct and s directed to a heat exchanging interface from which heat is removed. (left)
Heat sink design with the a heat exchanging interface presenting an arbitrary surface topology.
(right) Jet impingement heat sink design. The helium gas coolant is ducted perpendicular to the
heat exchanging interface and spreads either sides.

prevent additional �ow restrictions from taking place in the cooling circuit. To make these

heat sink designs more suited to this application, pins and spiral features were removed to

the create a smooth heat exchanging interface. This ensures that the pressure drop due to

the interaction with the interface is much less than 5 kPa at 0.25m3/hr given by numerical

simulations of the original heat sinks [296]. To also improve convective heat transfer, the

cryogenic helium gas �ow is made to impinge the center of the surface as shown on the

right-hand side of Fig. 6.6. A small protrusion is then used to equally distribute the helium

gas �ow while also minimising the pressure drop that would otherwise result from vortices

generated by the sharp 90◦ change in �ow direction. In addition, designing a heat sink

using pressurised cryogenic helium gas as coolant for operation under a UHV environment

requires speci�c considerations to mitigate the risk of helium leaks. This was found in

other studies to be a particularly challenging task [138]. The following sections therefore

focus on presenting ways to address this speci�c challenge along with, in the interest of

other researchers, presenting construction methods that did not yield the desired results.

6.2.2 Unsuccessful heat sink design attempts

Since the investigation of an optimal heat sink topology to e�ciently cool an ion-trap

module was originally of interest, modular heat sink designs were proposed to provide a

test bench to experimentally characterise the thermo-�uid performance of these optimal

topologies. The proposed modular designs consisted of a set of demountable parts such

that a variety of heat exchanging interfaces could be easily swapped and tested. How-
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Figure 6.7: Evolution of the temperature (solid black curve) and vacuum pressure (solid blue
curve) during a cryogenic test of the heat sink closed using a con�at knife edge seal. Cryopumping
e�ects start occurring below 100K (orange region). A sharp rise in the vacuum system pressure
can be observed as the cooling system is repressurised to 20 bar (green region) and is indicative of
a helium leak in the vacuum enclosure. See text for further details.

ever, this demountable feature increases the likelihood of helium leaks within the UHV

environment and speci�c attention was therefore paid to the sealing method to employ

between parts. Here two sealing methods where proposed. However, none were found to

be successful within the time-frame of this project as leaks systematically developed under

cryogenic conditions. The investigated sealing methods were as follows:

Con�at style knife edge seal. The �rst method investigated used a stainless steel

�ange (DN40CF) incorporating a knife edge that was compressed into the softer copper

heat exchanging interface to form a demountable seal. Although using con�at-style �anges

is not a common method to seal a vessel subject to a positive internal pressure, it has

already been used by other researchers. In this Ref. [346], a vessel that was sealed using

6" con�at �anges sustained several thermal cycles under 15 bar between room temperature

and <10K without detectable leaks. This appeared encouraging. However, tests with

this detachable sealing method found that leaks rapidly developed following cool down,

although the vessel was leak tight at room temperature. Indeed, at room temperature, no

leak was detected using the RGA (integral helium leak testing method with helium partial

pressures <10−9 mbar). The heat sink was installed in a vacuum chamber evacuated to

1.1×10−8 mbar, connected to the circulating helium gas cryosystem, pressurised to 20 bar,

and cooled down to 50K. The transient evolution of the heat sink temperature and vacuum

system pressure is presented in Fig. 6.7. Remarkably, below ∼100K, the pressure in the
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vacuum chamber drops rapidly under 10−8 mbar. This coincides with the cryopumping

of H2O and CO2 vapors in the vacuum chamber [265], after which the vacuum chamber

reached a pressure of 4.5×10−9 mbar. Following cool down, the pressure in the cryosystem

had decreased due to the increased density of the helium gas at this temperature. However,

topping up the system to 20 bar led to a sharp increase in the vacuum system pressure (up

to 6.2×10−9 mbar), indicating a leak. The origin of the leak was attributed to a mismatch

in the coe�cient of thermal expansion between materials during the temperature change,

which was then exacerbated by the helium gas top-up. A possible way to remedy to this

issue is to increase the clamping torque provided by the �ange bolts. Thus bolts of di�erent

stainless steel grade and material (titanium) were tested to deliver the compressing sealing

force. Using high-strength grade A4-80 stainless steel M4 bolts, the maximum torque that

could be used without irreversibly damaging the fastener was found to be 5.5N·m. But to

ensure a leak tight joint, it is desirable to provide a clamping torque of at least 12.5N·m

according to recommendation in Ref. [347]. This can only be achieved using M6 bolts or

larger. However, the dimensions of the heat sink did not permit to use bolts larger than

M4 without a complete redesign of the assembly, and, given the high risk of failure, it was

decided to not investigate this speci�c demountable sealing method further.

Indium compression ring seal. The second method that was investigated used an in-

dium compression ring to realise a demountable seal. This method is attractive as indium

is already extensively used as a sealant for vacuum apparatus operating at cryogenic tem-

peratures [270,348�350]. It has also been used to seal a vessel with positive internal helium

pressure of up to 1.5 kbar, which was thermally cycled between 150K and 4.2K [351]. For

the demountable seal to be successful over many pressure and thermal cycles, it is critical

that there is su�cient compression of the indium by the surfaces to seal. Additionally, ade-

quate compensation for the thermal contraction e�ects in the seal assembly during thermal

cycling must be provided [350]. Here, the indium compression ring is realised by wetting

the perimeter of the copper heat sink interface with a thick indium layer (∼0.6mm). The

part is then compressed on the stainless steel con�at �ange system that was presented

in the previous paragraph. Compression of the indium seal is ensured by tightening the

M4 bolts to 5.5N·m. To compensate for the thermal expansion mismatches between the

copper and stainless steel parts during thermal cycling, the bolts are �tted with a stack

of stainless steel belleville spring washers. As with the previous demountable seal system,

the assembly was tested at cryogenic temperature for leak tightness. There, intermittent
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helium leaks occurred as the heat sink temperature was modulated, this is also consis-

tent with leaks resulting from a thermal expansion/contraction mechanism. However, it

remains unclear whether the leak originated from the pipe connectors to the heat sink or

from the demountable indium seal.

After successive attempts at eliminating leaks in this last system it was decided to

discontinue the demountable seal approach. Note, that there isn't an inherent impossibility

to its realisation and a mechanical engineering solution may be found with further research

allowing. Instead, the heat sink was redesigned such that its heat exchanging interface is

solidly and irreversibly attached to the rest of the heat sink body. This delivered a heat

sink capable of operating at cryogenic and under UHV and its construction is presented in

the following section.

6.2.3 Retained heat sink design and construction

Design and materials

The non-demountable heat sink design is constructed from four distinct sections, as pre-

sented in Fig. 6.8, which are either brazed or welded. The four distinct sections are: the

heat exchanging interface; the heat sink main body and cap (responsible for ducting the

helium gas �ow); the inlet and outlet helium pipes (used to supply and return the helium

gas); and 1⁄4 " VCR assemblies to connect the heat sink to the cryogenic system.

For the heat exchanging region, the choice of of the correct OFHC copper is critical to

ensure a high bulk thermal conduction along with good machinability. Here, OFHC cop-

per with a RRR = 100 is used5. Note, that using higher purity copper6 may be attractive

given its improved thermal conductivity at low temperature. However, such high-purity

copper is soft, ductile and di�cult to machine. Because of this, it will easily deform under

compression and can fail to provide the appropriate thermal contact between pressed com-

ponents. In addition, copper purities with RRR above 100 only have a signi�cant impact on

the thermal conductivity at temperatures <20K. Conversely, they provide only marginal

improvements in the 50�70K temperature range such that using copper with RRR�100 is

indistinguishable from RRR = 100 from a thermal conduction perspective. The remainder

of the components are constructed from 316L stainless steel. Ensuring a close �t between

parts is essential to prevent the formation of cracks, and consequently helium leaks. Parts

5BS C110 copper grade is used and ensures a RRR = 100 or better.
6RRR > 200 is achieved only with the BS C110 grade after it has been temperature annealed and after

which it must be constantly kept under protective atmosphere.
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Figure 6.8: Diagrams of the non-demountable UHV-compatible cryogenic heat sink. (left)
Exploded view of the heat sink. These are welded and brazed to one another to create a leak
tight assembly. The bolts included in the assembly are only used for connecting to the rest of the
in-vacuum ion trapping system. The heat exchanging interface is plated with 1.5�3µm of gold
to increase thermal contact conductance. These are silver plated threads to prevent galling and
each tapped hole is vented. Additional parts within the diagram belong to the cryogenic support
structure. (right) Sectional view of the heat sink once fully assembled. the section in the assembly
reveals the inner design where the helium gas cryogen is directed perpendicularly to the center of
the heat exchanging interface.

are manufactured by CNC machining and match tolerances <50µm. The inlet and outlet

helium pipes are made using 1⁄4 " stainless steel tubes7. 1⁄4 " VCR stainless steel connec-

tors are used to connect the heat sink to the cryogenic system. The connectors are silver

plated to prevent galling and ensure reliable, repeatable connections. A metal-to-metal

face seal is formed using a copper gasket, it supports internal pressures of up to 370 bar

while also being compatible with UHV operation if well assembled. Two detachable helium

pipe extensions (not shown) are used to facilitate assembly and connection to the helium

line provided as part of the cryosystem.

UHV compatibility

Helium permeation analysis. One concern with operating with pressurised helium at

cryogenic temperatures is the permeation of the gas through the heat sink pressure vessel

into the UHV environment. With a pipe wall thickness of 0.88mm, permeation of cold

pressurised helium is most likely to occur within the helium inlet and outlet pipes. To

operate under UHV, the maximum acceptable leak rate is typically of 2.0×10−10 mbar·l/s

[352]. This is consistent with the vacuum pump speci�cation used to maintain UHV

7Swagelok 316L-T4-S-035-20
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pressures in this set-up. Here, for a tube of length L, tube inner radius rin and outer

radius rout, subject to a pressure di�erence ∆P = 20 bar across the helium pipe wall, there

is a leak rate Qperm from the permeation such that

Qperm = 2πkp
L∆P

ln(rout/rin)
, (6.1)

where kp is the helium permeation rate. The helium permeation rate is de�ned by the

properties of the helium gas and solid stainless steel system being permeated. However,

there are no mention of this speci�c property in the literature for austenitic stainless steels.

A good approximation of this property at room temperature is made by using the values

provided for nickel8 [353]. At room temperature and under 20 bar, the permeation rate

can be calculated to be kp = 3.0 × 10−84 cm2/s following derivations in Ref. [353]. At

cryogenic temperature this permeation rate is even lower. The total helium leak rate is

then calculated using Eq. 6.1 and is in the order of 10−80 mbar·l/s at room temperature

(worst-case). Helium gas leak through stainless steel is therefore negligible and is not a

source of concern for UHV operation (Qperm � 2.0× 10−10 mbar·l/s).

Joining methods. In this heat sink the joining of stainless steel to stainless steel part

is done via fusion tungsten inert gas (TIG) welding. TIG welding is known for being a

standard for the development of UHV systems and pressure vessels [354]. In addition,

because no �ller material is used in this joint, no stress is expected to be generated from

thermal expansion mismatches when cooling down to cryogenic temperatures. However,

for this speci�c reason, joining dissimilar materials with the intent to operate at cryogenic

conditions is otherwise more complex. Successful joining methods include electron-beam

welding and brazing. Here, the brazing method is employed.

Brazing consists of joining dissimilar materials by the �ow of a �ller metal through

capillary action. The di�erence between brazing and soldering is that brazing uses �ller

metal alloys with melting temperatures exceeding 450◦C. For UHV applications it is critical

that the brazing �ller metal is also UHV compatible. Therefore, zinc and cadmium-based

�llers cannot be used [354]. Brazing for UHV application is typically realised under vacuum

to prevent the adverse formation of an oxide layer between the parent materials and �ller

metal that would otherwise compromise the quality of the metallurgic joint. Chemical

�ux should not be used. Brazed joints are also suitable for operation under cryogenic

8While nickel only constitute 10% per weight of the 316L stainless steel alloy, it has a similar density
and crystal structure to that of stainless steel, thereby conferring nickel with similar permeation properties
to helium as stainless steel.
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conditions.

For this joint to be successful, it is imperative that mating parts are manufactured

within small tolerance and following speci�c geometries. Indeed, tighter joint clearance

is known to increase the joint strength as the �ller metal is unable to undergo ductile

deformation under stress. As a result, brazed joints have strength that are larger than

the �ller metal and often lower than the parent material. Typically, high quality brazing

joints have strength in the order of 90% as that of the parent material [355]. For this

heat sink, a maximum joint clearance of 50µm is speci�ed and matches the 10�50µm gap

clearance that is used for vacuum brazed parts at CERN [356]. The brazing joint between

the copper and stainless steel part follows a single V-groove butt con�guration. For the

welded stainless steel parts, the design follows standard lap and tee weld con�gurations.

This design is compatible with UHV as the brazed and welded sides of the joints are directly

exposed to vacuum and prevent the entrapment of solvents and contaminants within small

crevices.

The surface �nish of the parent materials also has a major impact on the quality of the

brazed joint. It is typically accepted that, up to a point, a smoother surface �nish with

minimal lay, waviness and �aws increases wettability and improves the resulting strength

of the joint [357]. In practice, an average surface roughness of Ra = 0.8µm is recommended

to realise brazed joints [356]. This level of average surface roughness is used in the heat

sink for both brazed joint and weld joints between stainless steel parts.

Finally, a high temperature brazing �ller metal9 is used. This �ller metal has a com-

position of 87.84%Ni�0.1%Co�0.06%C�12%P with a melting point of 875◦C and is UHV

compatible. The joint is realised by holding the assembly at 980◦C for 10min, bringing the

�ller material well above the melting point such that it can freely �ow throughout the seam

to form a leak-tight seal. During cool down of the assembly back to room temperature a

thermal-stress relieving treatment is applied such that it is assumed that no stress remain

within the construction at room temperature.

Thermal cycling

While minimal residual stress is expected in the heat sink following the thermal treat-

ment, the copper heat exchanging interface of the heat sink will then be subject to thermal

contractions as it is cooled down to cryogenic temperatures. The thermal contraction of

materials from room temperature TRT = 293K to a cryogenic temperature T0 = 40K

9Metal-Braze 4310 (ISO 17272:2016 grade NI 700)
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is de�ned by ∆L/L = (TRT − T0)/TRT. For copper this is of 0.322% and for stainless

steel it is of 0.296% [259]. Given the dimensions of the heat sink, the total contraction

from room temperature to 40K amounts to 178µm for the OFHC copper part and 164µm

for the stainless steel part. This gives a contraction mismatch of 14µm between copper

and stainless steel heat sink parts such that copper is under tensile stress during cool

down. At 40K, the Young modulus E for OFHC copper is expected to have increased to

138GPa [259] and the tensile strain from the mismatch is of 0.00025 [unitless]. Using the

relation between stress σ and strain ε given by E = σ/ε, the tensile stress experienced by

the OFHC copper part at the end of the cool down is therefore of 35MPa. At cryogenic

temperature, the tensile yield strength of OFHC copper is expected to remain relatively

the same to that of room temperature [358] and is twice as large as the calculated tensile

stress within the copper part. Therefore, the heat sink is expected to undergo a reversible

elastic deformation and the metallurgic bond resulting from brazing is not expected to fail

or wear during thermal cycles between room and cryogenic temperatures.

To verify that this is the case, the assembly was subject to 8 thermal shocks between

77K and ∼150◦C by being submerged in liquid nitrogen and heated by a heat gun. Each

cycle took approximately 10min. The heat sink was then pressurised to 27.5 bar (well above

its 20 bar operating condition) with helium and a leak search was carried out using a sni�er

leak detection set-up. This set-up has a minimum detection threshold of 1× 10−8 mbar·l/s

and no leaks were found. Overall, the heat sink is considered to be suitable for reliable

and long term UHV operation at cryogenic temperatures.

Recommended cooling rate

The desired cooling rate is determined by the thermal di�usivities and the characteristic

distances of the copper heat exchanging interface region and surrounding stainless steel

body. For copper and stainless steel, the thermal di�usivity is assumed to be of 1.16 cm2/s

and 0.0352 cm2/s [359]. The characteristic distance is estimated for both to be of ∼1 cm.

The characteristic times are therefore of 0.8 s and 28.3 s respectively. A rate of 2K/min

therefore allows for the heat sink to have a temperature homogeneity of ∼1K which is

acceptable.
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Figure 6.9: Diagrams of the mechanically pressed assembly which ensures a reliable thermal
contact between the ion-trap microchip module with CCWs and the cryogenic heat sink. (left)
View of the the mechanically pressed assembly when fully installed on the heat sink. Silver plated
M4 screws provide an overall contact pressure of ∼1MPa between the copper support and heat
sink heat exchanging interface. A �U� shaped stainless steel part is used as a retainer and also
provide a mounting platform for the in-vacuum PCB presented later in this Chapter. (right)
Exploded view of the assembly into its three principal components: the copper mount which hold
the ion-trap microchip; the intermediary copper support which provide thermal anchoring; and
the heat sink heat exchanging interface. All parts are polished and plated with a 1.5�3µm layer
of gold to maximise the thermal conductance between parts are cryogenic temperatures. See text
for further details.

6.2.4 Microchip-to-heat sink mechanically pressed assembly

To ensure that there is a minimal temperature di�erence between the ion trap and cryo-

genic heat sink, the mechanically pressed assembly linking the chip's copper mount and

heat sink heat exchanging interface must have a small thermal resistance. Diagrams of this

mechanically pressed assembly are presented in Fig. 6.9. Since the bulk of the parts are

made of high conductivity copper, the primary source of thermal resistance results from

the thermal contact conductance between the parts. As was shown in Chapter 4 in Eq.

4.25, this thermal contact conductance can be a limiting factor to the maximum current

that can be safely applied to CCWs. Thus speci�c attention is paid to its estimation and

maximisation. The thermal contact conductance of this assembly is a function of three

primary factors: the contact pressure provided by the fasteners, the operating temperature

of the joint, and the surface �nish of the parts.

Contact pressure. The mechanically pressed assembly is attached to the heat sink with
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four M4 socket cap head screws. These screws are manufactured from high-strength A4-80

stainless steel. Galling of the screws in the stainless steel heat sink part is prevented by

plating them with a layer of silver. The relation between the tensile force F provided by

each screw and the torque T applied is given by [360]

T = K · F · d(1− l/100) , (6.2)

where d = 4mm is the nominal bolt diameter, l is the lubrication factor10, and K is the

unitless constant from torque. K is typically set to 0.2 for stainless steel. Stainless steel

A4-80 M4 screws are manufactured to withstand a maximum torque before fracture of

4.3N·m [361]. Applying ∼90% of this torque ensures that the stress applied to the screw

remains below its yield strength and that only a reversible elastic deformation of the fas-

tener occurs. If exceeded, the tensile stress applied to the screw will bring it past the yield

strength and into the plastic deformation region where the screw will permanently distort

and potentially fracture. Here, an acceptable tightening torque of 4.0N·m is used and

deliver a tensile force of 5.0 kN according to Eq. 6.2. Given that four M4 bolts are used to

secure the assembly, the total clamping force applied at the heat exchanging interface is

of 20 kN. Given a total contact interface between the two parts of 19.2 cm2 and assuming

that the force is homogeneously distributed across the surface, the total expected contact

pressure applied to the heat sink cooling region is of 1.04MPa. A potential risk is then

that this contact pressure will diminish during thermal cycling to cryogenic temperatures.

Here, the thickness of the copper support is of 2mm and will contract 6µm during cooling

from room temperature to 40K (this is calculated using the integrated thermal expansion

values in Ref. [259]). The stainless steel M4 screw, however, is expected to contract only

by 5.5µm. This leads to a 0.5µm strain relaxation on the fastened screw. This is a negli-

gible loosening of the mechanically pressed assembly during cool down11 and therefore the

contact pressure is assumed to vary only marginally over the entire operating temperature

range.

Joint temperature. Using this ∼1.0MPa contact pressure parameter, the thermal con-

tact conductance between the parts was experimentally determined at room temperature12.

This was done on a replica of the assembly whose parts have a surface roughness Ra

10In the context of a UHV system the bolt is dry, therefore l = 0%.
11During a bake-out the opposite phenomenon occurs. According to the linear coe�cient of thermal

expansion for OFHC copper and stainless steel at room temperature given in ref. [259], a relative tightening
of 0.5µm is expected during bake-out at 150◦C.

12Characterisation tests carried out by Dr Q. Bodart and analysed by myself.
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= 1.6µm. A surface mount heater was epoxied in place of a microchip and temperature

sensors were �tted within each part. From the applied heat load and steady-state tem-

perature readings, the thermal contact conductance between the bare copper-copper joint

is calculated to be of 0.86W/(K·cm2). A projection of this thermal contact conductance

for operation at cryogenic temperatures was then made using models available in the lit-

erature [362]. It is estimated that in the 40�100K temperature range that the thermal

contact conductance is approximately constant, and is 0.28W/(K·cm2).

Surface �nish. To further enhance the thermal contact conductance, each part in the

assembly was then polished and electro-plated with 1.5�3µm gold. Here, gold plating is

known to help increase the thermal contact conductance between copper-copper pressed

joints by a factor ×2 compared to bare contact surfaces [363,364]. The polishing of the heat

sink heat exchanging interface yields an average surface roughness of Ra = 0.07µm with

minimal lay, waviness (< 5µm) and �aws. This is an improvement from the initial surface

roughness of Ra = 1.6µm such that the thermal contact conductance is also expected to

be doubled [362].

Overall, the thermal contact conductance at cryogenic temperature is projected to be

1.12W/(K·cm2). The total thermal resistance of the assembly can then be calculated using

the model developed in Appendix C, where it is a function of the contact conductance,

bulk copper thermal conductivity, and geometry of the parts and their contact interface.

It is evaluated in Section 4.5.3 for the thermal model of the on-chip CCWs. To ensure that

the thermal model remains conservative, the model in Chapter 4 uses a smaller contact

interface A1 = 3.14 × 10−4 m2 than the 19.2 × 10−4 m2 that is actually provided. In

addition, only the contact conductance h = 0.28W/K·cm2 is used and does not account

for the e�ects of improved polishing and gold plated contacts. The developed thermal

model projects that the microchip can operate under 14A with a CCW temperature of

∼55K and dissipates 9.8W. With a power of 9.8W, the heat sink should remain below

50K, and a magnetic �eld gradient of 155.7T/m can be reached. At steady-state, the

onset of thermal runaway would be shifted from 12.5A to 27A which sets the electrical

current limit at which the CCWs can be used.
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6.3 A UHV cryogenic support structure

In typical cryogenic ion trapping experiments, the structure supporting the ion trap is

directly anchored to the cold plate of the cryostat. From a thermal perspective, it is desir-

able for the anchoring structure to have a large cross-section and to be highly conductive

such that there is a small temperature gradient between the ion trap and cryostat. From

a mechanical perspective, it is also desirable for the support structure to have a large

cross-section, which maximises the rigidity of the assembly. Overall, both objectives are

easily satis�ed by using large machined pieces of strong and highly conductive materials

such as OFHC copper. In this experiment, however, this direct connection cannot be done.

Indeed, by itself the in-vacuum heat sink presented in the previous section is so far only

supported at two points by the helium pipe VCR connectors. This does not provide the

stable and rigid mechanical anchoring that is required. To use the heat sink cold interface

as a mounting platform for the ion-trap microchips, a rigid support structure attaching to

the vacuum system body must therefore be constructed. As with other ion-trap experi-

ments, this structure is required to be strong and to minimise the propagation of vibrations.

However, because the vacuum system is at room temperature, the support structure must

also be thermally insulating (instead of being thermally conductive) to prevent excessive

thermal leaks to the heat sink. In addition, the structure must be designed to satisfy

additional requirements that are speci�c to the two-module ion-trap experiment. Overall

these are:

� Thermal insulation. The UHV cryogenic support structure must provide a high

thermal resistance during cryogenic operation at 50K. The heat load contribution

through conduction and black-body radiation to the structure must be no worse than

5W.

� Mechanical rigidity. Materials with high strength and high sti�ness must be

used to ensure the mechanical rigidity of the structure and a high natural resonant

frequency.

� Alignment capabilities. The structure must be compatible with automated and

manual microchip alignment capabilities.

� Thermal cycling. During thermal cycling, materials are susceptible to expansion

(during bake-out) and contraction (during cool down). The thermal properties of the

materials used should ensure that this does not lead to the collision between both

ion-trap microchips during thermal cycles.
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6.3.1 UHV cryogenic support structure design

Several UHV compatible materials were considered when constructing the support struc-

ture. These materials were assessed with regards to their thermal conductivities, mechan-

ical yield strength, coe�cient of thermal expansion at room temperature, and thermal

expansion integrals to cryogenic temperatures. Metals provide the best mechanical prop-

erties, among which stainless steel and titanium alloys were found to be the most suitable.

Stainless steel grade 316, which is widely employed in UHV system construction, has a

yield strength of 240MPa. Titanium grade 5 alloy (Ti6Al4V) is also UHV compatible but

has a much larger yield strength of 830MPa [259]. From a room temperature thermal

expansion perspective, stainless steel has a CTE of 15.2 × 10−6 K−1, while for grade 5

titanium it is of 8.5 × 10−6 K−1 [259]. From room temperature down to 40K, titanium

also contracts half as much as stainless steel [258]. Remarkably, although these materi-

als are metals, they are poor thermal conductors. With 14.7W/(m·K) and 7W/(m·K)

respectively for stainless steel and Ti6Al4V, these are orders of magnitudes lower than

OFHC copper, which is of ∼ 400W/(m·K) at room temperature [259]. In addition, and

unlike OFHC copper, these metals become more thermally insulating as the temperature

is lowered down to 50K. This reduction is approximately of one order of magnitude, with

titanium remaining a substantially better insulator than stainless steel [258]. However,

well-polished stainless steel is found to have a marginally lower emissivity than titanium,

which are 0.07 and 0.09 respectively [259]. For this experiment it is also highly desir-

able that the support structure be as compact as possible while maintaining accessibility.

Therefore, the titanium alloy is preferred as it o�ers thermo-mechanical performance that

cannot be matched by stainless steel under the same size constraints. To further enhance

the thermal insulating property of the structure, UHV compatible plastic polymers can be

used. Here, Polyetheretherketone (PEEK) � a UHV compatible semi-crystalline polymer

� is used because of its low thermal conductivity. At room temperature, the thermal

conductivity of PEEK is of 0.25W/(m·K), while down to 4K it is of 0.012W/(m·K) [365].

It can therefore be used at speci�c locations of the mounting structure to further assist

insulating parts of the assembly.

To align both ion-trap microchips under UHV conditions, a set of UHV-compatible

piezo actuators were included. The selection, operation and characterisation of these piezo

actuators are presented in detail in Ref. [366]. These piezos are arranged to form a three
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Figure 6.10: Diagrams of the UHV cryogenic support structure once fully assembled and with an
exploded view of the sub-assemblies. (left) Fully assembled diagram of the UHV cryogenic support
structure. Silver coloured parts denote titanium alloy (Ti6Al4V), brown parts denote insulating
PEEK components, and orange parts denote OFHC copper used for temperature homogeneity.
They are also located such that they do not make contact with the heat sink cryogenic helium
pipework (a clearance space is left for the pipes). (right) Exploded view of the UHV cryogenic
support structure into its four sub-assemblies (from bottom to top): the global support base;
the piezo actuator sub-assembly; the heat sink insulation structure; and the alignable insulation
structure.

axes linear translation stage13 and have a large travel range of 600µm with a precision of

1.5 nm. The piezo stages operate in open-loop as the feedback system includes capacitive

sensors that are not compatible with UHV operation. The piezo actuators are also limited

to an operating temperature range of −20◦C to 150◦C. This means that one of the mi-

crochips, which the piezo stages support for alignment, must be well thermally insulated

from the piezo stages such that these remain at room temperature.

The in-vacuum support structure was then designed to adhere to several additional

guidelines. The structure must have a plane of symmetry that passes through the linear

trapping RF potential. This ensures that contraction of parts in the structure do not result

13Physik Instrumente Ltd, P62512 and P625.2



220

in a lateral misalignment of the microchips. The thermal insulation of each microchip is

done through three insulating stages. This allows the temperature at each stage to be

largely homogeneous to minimise propagating contraction mismatches along the structure.

A schematic of the in-vacuum support structure is presented in Fig. 6.10. All custom in-

sulating metallic parts in the design are made of 2-mm-thick Ti6Al4V titanium alloy. The

parts are fabricated by electrical discharge machining (EDM)14 and are TIG welded when

necessary. The �nal parts have also been electro-mechanically polished after manufacture.

The design can be split into four sub-assemblies: a global support base; a heat sink in-

sulation structure; the piezo actuators sub-assembly; and an alignable insulation structure.

Global support base. The global support base is comprised of four long and thin ti-

tanium struts, which are attached to the vacuum system at one end. The other end of

these struts connects to a ring-shaped base platform. This platform provide the common

anchoring point for the insulation structure that supports the heat sink and platform to the

piezo actuators. To connect to the heat sink insulation structure, three smaller bracket-

shaped struts are used. These include a set of through holes that make it possible to adjust

the height of the subsequent insulation structure by steps of 0.25mm up to 2mm. The

piezo actuators are then anchored to a copper plate (for thermal homogeneity), which is

thermally insulated from the rest of the structure by rectangular PEEK spacers.

Heat sink insulation structure. The heat sink insulation structure is then constructed

of three titanium stages (stages 1�3). Each stage is separated from the next by a set of four

titanium brackets and/or PEEK spacers. A �nal set of four brackets provide a connection

point for the UHV cryogenic heat sink.

Piezo actuator sub-assembly. The piezo sub-assembly consists of an x, y piezo stage

connected to a z piezo stage via an aluminium bracket. Here, the use of aluminium is

tolerable since the entire sub-assembly remains at the same temperature. The alignable

insulation structure is then connected to the z piezo stage and is sandwiched by another

14An issue that can arise during EDM is the deposition of brass on the machined parts. Brass partic-
ulates originate from the electrode wire used to erode the part. However, brass contains zinc that is not
compatible with UHV operation and must be removed. A procedure was developed to remove brass from
contaminated titanium and stainless steel parts. The procedure consists in the following: submerge the
parts in an aqueous nitric acid solution (HNO3) solution for 3�5min depending on the thickness of brass
to remove. Remove the parts from the solution and clean them in deionised water. The parts are then
submerged again in HNO3 for another minute and cleaned again in deionised water. After this, submerge
the parts in aqua regia (1:3�HNO3:HCl) for one minute and clean them with deionised water. Placing the
parts in an ultra-sonic bath with deionised water for one hour can also be done as a �nal step to remove
the �akes of oxide.
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copper plate (not visible on Fig. 6.10 from this perspective). Both copper plates, are

therefore located at both the extremities of the piezo stage sub-assembly. To ensure that

they remain at the same temperature, both ends are thermally shorted using an OFHC

copper braid15.

Alignable insulation structure. The alignable insulation structure is then also

constructed from three titanium stages (stages A�C) separated by PEEK spacers. The top

of the structure provides an anchoring point for a manual alignment system that will be

described in the next section.

6.3.2 Thermal modelling

Conduction. The conductive heat transfer in this complex geometry is modelled using

COMSOL16. This is done to verify that only a minimal heat load is transferred between

the room temperature vacuum system and the heat sink. The model consists of a 3D

�nite element model (FEM) where the titanium alloy parts are assigned a temperature-

dependent thermal conductivity kTi(T ). The thermal conductivity as a function of the

temperature is taken from Ref. [258]. A steady-state analysis is then implemented using

the Heat Transfer in Solids (ht) interface. To formulate a worst-case scenario, other parts in

the system such as PEEK (insulating spacers) and stainless steel (bolts) are associated with

room temperature thermal conductivities. Only the thermal resistance from the bulk of

the materials is taken into account so that the thermal contact resistances between joining

parts are assumed to be negligible. The model accounts for no internal heat sources and the

distribution of the temperature in the geometry stems solely from temperature boundary

conditions applied to the model. Here, temperature boundary conditions are prescribed at

three interfaces: where the heat sink insulation structure connects to the heat sink; where

the alignable insulation structure connects to the manual alignment system; and where the

struts on the global support base connect to the room temperature vacuum chamber. The

model is then solved for the steady-state conductive heat transfer equation

∇(k∇T ) = 0 , (6.3)

where k is the local thermal conductivity in the 3D geometry. The temperature distribu-

tion resulting from this simulation are presented in Fig. 6.11. To maximise the thermal

15Tranect Ltd., 1412
16COMSOL Multiphysics 5.5
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Figure 6.11: Conductive heat transfer simulation results at steady-state.(left)Surface plot of the
temperature distribution on the UHV cryogenic support structure. The FEM model is computed
using a �ne tetrahedral mesh. A mesh convergence analysis was carried out to ensure that the
results are physical. The thermal resistance between the room temperature strut connection and
the connectors to the cryogenic heat sink is estimated to be of 146K/W. (top right) Sectional
views of the thermally insulating metal-polymer-metal joint. (bottom right) Simulation results of
the temperature distribution within the metal-polymer-metal joint. The joint is highly insulating
and provide a temperature di�erence >70K.

insulation between the stages 2�3 and A�B, metal-to-metal connections between titanium

parts via a stainless steel bolt are avoided. This is done by using two 2mm PEEK washers

and a PEEK spacer which are inserted at the joint. This realises a metal-polymer-metal

joint such that heat must be conducted through the low thermal conductivity PEEK in-

sulator. The spacers are vented to prevent the formation of a trapped volume between the

bolt and spacer. Overall, the thermal resistance between the room temperature strut con-

nection and the connectors to the cryogenic heat sink is estimated to be of 146K/W. For

a heat sink operating at 50K, this translates to a worst-case thermal leak from conduction

of 1.71W.

Black-body radiation. Heat transfer as a result of black-body radiation from the outer

room temperature UHV vacuum chamber to the UHV cryogenic support structure must

also be considered. Learning from the previous heat conduction model, it is reasonable to

assume that the radiative heat transfer will only signi�cantly take place with the heat sink

support structure and the alignable support structure. Indeed, it was shown that these

are at a much lower temperature than the global support base. Here, these two structures

have surface areas AHSSS = 0.035m2 and AASS = 0.025m2 respectively. In a worst-case
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scenario one can also assume these sub-assemblies to be homogeneously at T0 = 50K,

while the outer vacuum chamber is at TRT = 300K. As will be shown at the end of this

chapter, this structure is installed within a UHV chamber, the primary component which

surrounds the UHV cryogenic support structure is a 6-way cross (see Section 6.9.1) with

internal surface area A6W = 0.12m2. Thus, there is AHSSS � A6W and AASS � A6W.

The radiative heat transfer between the vacuum chamber and each sub-assembly can then

be calculated using a grey-di�use model. Under the current assumptions, the equation for

a small convex object in a large cavity is also suitable such that the radiative heat load

to the heat sink support structure Q̇HSSS and alignable support structure Q̇ASS is given

by [269]

Q̇HSSS = σε(T 4
RT − T 4

0 )AHSSS ,

Q̇ASS = σε(T 4
RT − T 4

0 )AASS ,
(6.4)

where σ = 5.67×10−8 W/(m2·K4) is the Stefan-Boltzmann constant and ε is the emissivity

of well-polished titanium (Ti6Al4V). Recalling from earlier in this section, the emissivity

ε = 0.09 according to Ref. [259]. Substituting back in Eq. 6.4, the radiative heat loads are

Q̇HSSS = 1.44W and Q̇ASS = 1.03W.

In total, the heat transferred to the UHV cryogenic support structure to the heat sink

operating at 50K from the cumulative e�ects of conduction and radiations is estimated

to be Q̇ = 4.18W. This is within the target objective of maintaining the thermal load

through the structure to <5W.

6.3.3 Thermo-mechanical e�ects

As discussed later in Section 6.9.1, the experiment is required to undergo a bake-out to

reach the UHV pressures necessary for ion trapping. A bake-out is typically carried out

at baking temperatures of 200◦C17. Due to the CTE of the materials, the sub-assemblies

are expected to be slightly displaced as the temperature increases. This posses a potential

collision issue for two ion-trap microchips that are precisely aligned at room temperature.

A coupled thermo-mechanical FEM model of the assembly was then made to estimate of

the displacements that can be expected during bake-out.

The model is constructed with COMSOL using the Thermal Stress (ts) interface. This

interface consists two physics interfaces, the Heat Transfer in Solids (ht) interface and

Solid Mechanics (solid) interface, that solve for the temperature distribution and displace-
17However, because of several constraints from the indium melting point and maximum piezo actuator

operating temperature range, the system may be required to be baked at lower temperatures.
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Figure 6.12: Simulation results of the coupled thermo-mechanical model of the UHV cryogenic
support structure at steady-state for a bake-out temperature of 200◦C. A dummy rectangular
block is located in place of the heat sink. The simple geometry allows to simplify the meshing
process. This minimises the computational time to the cost of a negligible reduction in the model
accuracy. (left) Trimetric view of the displacement distribution as a result of thermal expansion.
A signi�cant displacement results from the elongation of the four thin struts attaching the global
support base to the vacuum system. This displacement is compensated in the other direction
in the subsequent parts of the assembly. (top right) Sectional views of the thermally insulating
metal-polymer-metal joint. (bottom right) Top-down view of the thermally induced displacement
distribution. The heat sink and alignable support structure sub-assembly move away from another.
This displacement is minimal at the location where these sub-assemblies are closest to one another.

ment respectively. The outputs from each analysis are then iteratively coupled to one

another using the Thermal Expansion (te1) multiphysics interface. The problem is studied

in the stationary regime. The thermal expansion interface provide a coupling between

temperature distribution and displacement given by εth = α(T − TRT), where εth is the

mechanical strain resulting from the temperature change, α is the CTE, and (T − TRT) is

the temperature change from room temperature. Here, this model operates under the as-

sumption that only Ti6Al4V parts contribute to the overall thermal expansion from room

temperature. This is acceptable as the rigid frame of the assembly is mostly constructed

from this titanium alloy, while stainless steel contributes marginally to the overall length

as it is only used for the fasteners. For the bake-out process, the CTE is considered to

be temperature-independent and is α = 8.5 × 10−6 K−1. The model is simulated for a

prescribed temperature boundary condition of 200◦C, which provide an overestimate on

the displacement that can be realistically anticipated. The distribution of the displacement

is shown in Fig. 6.12 and it can be seen that there is a signi�cant elongation of the four

thin struts that attach the global support base to the vacuum system. However, because

the following sub-assemblies are attached in the other direction, the elongation of these
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parts compensate for the initial expansion of the struts. This ensures that the ion-trap

microchip will not move excessively in the vertical direction during bake-out. From the

top-down view, a plane of symmetry in the support structure can be clearly seen and

translates into a symmetry of the displacements from thermal expansion. This ensures

that lateral displacements between two microchips edges are minimised. In addition, mi-

crochips located above the heat sink and alignable support structure will move away from

one another during the bake out, thus preventing collision of the ion-trap edges. In prac-

tice, the system is baked at 140◦C, as detailed later in this chapter. Since the thermal

expansion coe�cient is linear in this temperature range, a simple proportionality rule can

be used to deduced the displacement at this temperature given the known displacement for

a bake-out at 200◦C. A similar numerical model is also constructed for the thermal cycling

down to 50K. However, in this model the CTE of Ti6Al4V is no longer considered to

be temperature independent. Instead, the thermally induced strain follows a temperature

dependency of the form εth = (−171.1−0.30640T +0.0087960T 2−0.000007202T 3)×10−5

as recommended by Ref. [258].

Expected displacements

The following displacements due to thermal contraction and expansion during bake-out

and cryogenic operation are expected to be such that:

� 140◦C bake-out. A relative displacement of ∼90µm between ion-trap microchips

in the vertical direction (heat sink side microchip moving above the piezo side mi-

crochip). A relative displacement of ∼100µm of the microchips away from each

others edges (increase in gap separation between the microchips).

� 50K cryogenic operation. A relative displacement of ∼240µm between ion-trap

microchips in the vertical direction (heat sink side microchip moving below the piezo

side microchip). A relative displacement of ∼60µm of the microchips towards each

others (decrease in gap separation between the microchips).

In either cases, no displacement is expected in the lateral direction. Displacements

were then measured following bake-out and are presented later in Section 6.9.1.

6.3.4 Manual alignment system

Position control and rough alignment of the ion-trap microchips are provided by the custom

manual alignment system shown in Fig. 6.13. This manual alignment system is constructed
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Figure 6.13: Diagrams of the manual alignment system. (left) The manual alignment system
provides three translational degrees of freedom (x, y, and z) and two rotational degrees of freedom
θ and ψ. The travel range is of 3, 10 and 4mm along the x, y, z directions respectively, while the
rotation range is of 0�5◦ and 0�3◦ for θ and ψ respectively. (right) Exploded view of the assembly.
See text for further details.

from stainless steel and is attached to the alignable support structure. It connects to a

single ion-trap microchip and provides �ve degrees of freedom, i.e. three translational and

two rotational, which permit the alignment of the microchip relatively to a �xed one an-

chored on the heat sink side.

The three translational degrees of freedom are provided by three custom linear stages.

Each linear stage consists of a small platform which translates along guiding V-shaped rails

that are built into a base. All three stages are a�xed in series such that the base of one

stage is used as a platform for the consecutive one. The available travel distance is of 3, 10

and 4mm along each of the x, y, z translation directions respectively. The translation of

the platforms is achieved by adjusting long M2 control screws. The �ne thread pitch of the

screws gives a displacement of 0.4mm per revolution, which allows for accurate position

control. Since a close sliding �t between the translating platform and static base is desired,

tight geometrical tolerances must also be met during manufacturing. The acceptable target

tolerances were set to 10µm for the platform cross-section and 15µm for the guiding rails
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on the base while maintaining a clearance of at least 15µm such that any perceptible play

or mechanical interferences between parts is prevented. Following construction, however,

the Y translation stage was found to exceed these speci�ed tolerances. This was solved

by retro�tting M2 cone point grub screws into the base guiding rails, which e�ectively

reduced the play. Further tightening of these screws allows to strongly secure the stage

into position. Using this system, the manual position control of the piezo side microchip

is achieved with an accuracy of about 50µm.

The two rotational degrees of freedom are provided by pivots located directly below the

three linear stages and act as small angle rotation stages. The �rst one provides rotation

along the y axis and controls the microchip �pitch� angle θ. It is provided by the �exure of

a 1.5mm thick PTFE sheet. The second one provides rotation along z axis and controls

the microchip �yaw� angle ψ. It is provided by rotating around the central bolt, which

supports the translation stage assembly. The rotation angle θ and ψ are then adjusted

through a set of dedicated screws which apply static forces to levers linked to each of the

pivot. The rotation ranges are 0�5◦ and 0�3◦ for θ and ψ respectively.

6.4 Instrumentation for temperature monitoring and control

Monitoring and control of the temperature within the experiment is done using a set of

temperature sensors and heaters. The temperature sensors are platinum resistance ther-

mometer, Pt100s, whose resistances depend reliably on the temperature. These sensors

consist of a Platinum winding surrounded by a high temperature alumina powder in a ce-

ramic tube. The lead wires are composed of platinum 95% and rhodium 5%. The sensors

were tested for UHV compatibility in a separate experimental set-up. The location of all

the sensors in the experiment is shown in Fig 6.14. To ensure that the temperature of

the linear piezo actuators does not fall below −20◦C, class A Pt100 sensors18 are placed

on the copper plate of the z piezo stage and the x ,y piezo stage. Class A Pt100 sensors

have an accuracy of ±0.15◦C at room temperature, which is suitable for the purpose of

piezo temperature monitoring. However, at cryogenic temperatures, standard uncalibrated

Pt100 sensors are unreliable with an accuracy of ±0.55◦C at 77K. Below this temperature

and down to 30K, calibrated Pt100 sensors must be used. Here, calibrated Pt10019 are

used to monitor the temperatures of three locations: the cryogenic helium gas inlet20; the

18RS Components Ltd, 293-8468
19Lake Shore Cryotronics Inc., PT-103-2S-LN
20Device P43521
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Figure 6.14: Diagram and pictures of the location of the thermometry within the in-vacuum set-
up. (left) Diagram of the UHV cryogenic mounting structure, heat sink, and thermal anchoring
structure with labelled position of each Pt100 temperature sensor (blue lines for cryogenic sensor,
red lines for room temperature sensors) and 50Ω heater (orange lines). Note that the sensors are
not actually visible on the diagram, only their locations. (right) Pictures of (top) the copper plate
mounted on the z piezo stage and Pt100 sensor that is attached to it, and (bottom) copper plate
mounted under the x, y piezo stage onto which a temperature sensor and heater are mounted.

heat sink temperature21; and the cryogenic helium gas outlet22. These calibrated sensors

provide temperature readings with a certi�ed accuracy of ±0.25◦C at 40K. In practice, the

dominating systematic error associated with the temperature reading stems from improper

installation of the sensors. Here, the sensors are mounted using custom spring loaded cop-

per clamps. Electrical insulation between the sensors leads is done using a thin sheet of

Kapton insulator.

Two 50Ω cryogenic heaters23 are then used for the additional temperature control of

the experiment24.The heaters are capable to provide up to 50W of power. One heater is

located on the copper plate under the x, y piezo stage and is used as an emergency heater

to stabilise the piezo temperature to within its operating temperature range. The second

21Device P43522
22Device P43520
23Lake Shore Cryotronics Inc., HTR-50
24The primary means of temperature control of the experiment being the regulation of the cryogenic

helium gas through the heat sink by the cryogenic valves.
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one is slotted in the heat sink gold-plated copper support. It provides local temperature

control of the trap. This can be useful for either �ne temperature stabilisation of the ion

trap or to degas its surface. Considerations regarding the electrical connections to the

temperature sensors and heaters are discussed in Section 6.6.4.

6.5 In-vacuum PCB with on-board DC �ltering

To deliver the required electric signals to the ion trap, it is common to interface the ion-

trap microchip using either commercial chip carriers or custom made in-vacuum PCBs.

Commercial chip carriers that are typically implemented for ion trapping experiments are

ceramic pin grid arrays (CPGA) [167, 188, 367, 368], which were originally designed for

integrated circuit (IC) electronics applications. These are practical in the context of an

ion-trap experiment because they allow DC and RF trapping signals to be routed within

close proximity to the microchip. Their small, high-density, connectors are also similarly

sized to that of the ion trap bond pads which then facilitates wire bonding. However,

CPGAs also impose constraints on laser and atomic beam access, and require modi�cation

to provide the suitable thermal anchoring required in a cryogenic system [369]. In its

unaltered form, a CPGA would fully surround the ion-trap microchip, thereby making

it incompatible with an experiment requiring the precise edge-to-edge alignment of two

surface ion-trap modules.

Alternatively, custom in-vacuum printed circuit boards (PCBs) provide a modular and

e�ective workaround to a number of these drawbacks. They can be designed from the

outset to meet the desired speci�cations regarding optical and atomic beam access, thermal

anchoring, RF impedance matching and DC �ltering as well as compactness and increased

reliability.

6.5.1 In-vacuum PCB design, construction and installation

For this experiment, two in-vacuum PCBs were constructed. Each PCB is exclusively

dedicated to its ion-trap microchip module as it incorporates di�erent features. One is

located on the cryogenic heatsink side of the experiment while the other one is located

on the piezo side. Pictures of the PCB designs are shown in Fig. 6.15. Having one

PCB per ion trap, instead of one for both, allows for independent movement of each

microchip. The PCBs25 are upgrades of previous work presented in Ref. [366]. However,

these are distinguishable from previous iterations as they are designed for two linear ion-

25Designed by, and built in collaboration, with PhD student N. Johnson.
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Figure 6.15: Pictures of both fully-assembled heat sink side and piezo side PCBs. (left) The
heat sink side PCB incorporates high-current wiring and traces to power on-chip CCWs, surface
mount components for DC �ltering along with the wiring for CCW thermometry are also visible.
Custom 36-pin PEEK D-sub connectors deliver the DC voltages while the RF signal is acquired via
the SMP connector. (right) The piezo side is relatively simpler than its heat sink side counterpart.
Surface mount D-sub and electrical components for DC signal acquisition and �ltering are shown
on the underside while the RF SMP connector is located on the topside.

trap microchip modules while the PCB on the heat sink side of the experiment additionally

provides high-current connections for the operation of on-chip CCWs.

Both PCBs are constructed from copper layers deposited onto Rogers 4350B insulator.

The Rogers material is a UHV-compatible hydrocarbon and ceramic laminate which has a

thermal conductivity kRo4350B = 0.69W/(K·m), a small loss tangent tan δ = 0.0031, and

has a similar thermal expansion coe�cient as copper. It is manufactured without silkscreen

or solder masks to ensure UHV compatibility and can be constructed as either a single- or

multi-layer board. The heat sink side PCB is built with 4 conductive layers (2 external, 2

internal) while the piezo side PCB comprises only 2 conductive layers. The 2 additional

internal copper layers on the heat sink PCB ensure that the trap DC and RF signals are

shielded from the high electrical current delivered to the CCWs. Further minimisation of

electromagnetic interference on the DC and RF signals from the high electrical current

is achieved by routing on di�erent layers of the PCB where possible, and orienting their
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respective traces at an angle from one another such that their capacitive coupling is also

strongly reduced. Given a 0.76mm insulator thickness, the overall thickness of the heat

sink and piezo side PCBs are of 0.94mm and 0.85mm respectively, which needs to be

accounted for during PCB installation in the vacuum system so that laser access to the

trapped ion is preserved. Electrical connections between the topside and underside PCB

ground layers are realised using through-hole vias, that are randomly distributed on the

ground plane to minimise noise pick-up. A copper weight of 35µm was chosen, onto which

was applied an electroless nickel immersion gold (ENIG) �nish. The ENIG surface �nish is

fully lead-free and is composed of 3�6µm coating of nickel onto which a thin 0.1-µm-layer

of gold is deposited. It is selected because it protects well the copper layer from corrosion

and o�ers ideal soldering and wirebonding conditions.

To prevent the noise picked up by the in-vacuum DC cables and feedthroughs from

reaching the ion-trap electrodes, it is desirable to �lter the analogue DC signals from

inside the vacuum system and as close as possible to the ion traps. The �ltering electronics

proximity with the cryogenic microchip modules also means that they are also expected

to be operate at low temperature, thereby strongly suppressing their Johnson noise. The

in-vacuum DC �ltering comes in addition to the four-stage low-pass �lters located outside

the vacuum system. This outer vacuum DC �lter unit provides a 4th order low-pass

�ltering with a cuto� frequency of 72 kHz, which strongly minimises noise pick-up from

the laboratory environment as is presented in the next Chapter. On the underside of the

in-vacuum PCB, �rst order RC low-pass �lters are added to each of the analogue DC

trace. Each �lter consists of a 1 kΩ surface mount resistor26 connected in series with the

DC electrode, and a 620 pF surface mount capacitor27 which is connected in parallel to the

PCB ground. The surface mount components were demonstrated to be UHV-compatible

through a separate bake-out in a test chamber that reached a �nal pressure of 10−11 mbar.

Although only speci�ed to work down to −55◦C, the surface mount ceramic capacitor

is made of class C0G dielectric material which has been demonstrated to operate down

to cryogenic temperatures (4K) while incurring a negligible variation of its capacitance

(<1%) [370]. A NASA study [371] also concluded that similarly constructed 1 kΩ resistors

based on thick �lm technology exhibited a change in resistance from room temperature

to 70K contained to under 1%. This low-pass �lter has a theoretical cuto� frequency

fc = 1
2πRC of 257 kHz, where R and C are the resistance and capacitance respectively.

This cuto� frequency is higher than that of the external DC �ltering, but remains low

26KOA Speer Electronics Inc., RK73Z2ATTD1001C
27KEMET Corp., C0603C621J5GACTU
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enough so that any noise picked up from the high-current, RF and microwave sources is

substantially attenuated. Importantly, the cuto� frequency of 257 kHz does not prevent

the use of DC waveforms required for fast ion shuttling operations.

On the underside of the piezo side PCB, two 15-pin D-sub surface mount connector

sockets28 are attached and support all the necessary ion trap DC voltage connections. The

connectors are manufactured using liquid crystal polymer (LCP) insulation and stainless

steel casings. They are part of the same product range as other connectors previously

tested for UHV compatibility [168]. For the heat sink side PCB, two custom-made 36-pin

D-sub connectors are also installed on the reverse side of the PCB. It is machined from

PEEK and accepts 36 gold-plated crimp pins29 which are soldered onto the PCB. Full

details relating to the engineering of this connector are given in Ref. [366].

The RF connections to both PCBs are made using 50Ω gold-plated SMP surface mount

connectors30 which are soldered onto the topside of each PCB to thin RF traces. To ensure

similar electrical properties along the RF traces, the geometries and path lengths of both

traces are made similar. However, the di�erent dielectric thickness between conductive

planes due to the 4-layer and 2-layer PCB constructions means that the heat sink side RF

trace is expected to be slightly more capacitive than that of the piezo side. The RF trace

is e�ectively a transmission line, and given its geometry, it can be modelled as a grounded

coplanar waveguide [372]. The RF trace is therefore analogue to a strip of 0.9mm width

separated by 0.5mm gaps from ground planes either side. These are insulated from a

common ground plane located 0.45mm and 0.76mm below for the heat sink side and piezo

side PCB respectively due to the dissimilar board constructions. Given the thickness of

the copper weight, loss tangent and relative permittivity εr = 3.5 of the dielectric Rogers

substrate, the trace capacitances per unit length are calculated to be of 0.11 pF/mm and

0.08 pF/mm for the heat sink side and Piezo side PCB respectively. Given the similar

trace length of 46mm, these translate into capacitances of 5.0 pF and 3.7 pF. However,

these dissimilar capacitances can be easily compensated outside of the vacuum system by

either increasing the coaxial RF cable length of the piezo side microchip or by tuning a

variable capacitors in the resonant RF circuit. Using the same model, the RF traces are

also calculated to have impedances of 50.8Ω and 63.5Ω respectively. Additionally, for

a trapping RF signal in the 10�100MHz range, there is a negligible signal attenuation

on both PCBs, with losses <0.01 dB. This is because the dissipation of electromagnetic

28ERNI Electronics GmbH, 194278
29Mac8, PD-10
30Rosenberger GmbH, 19S101-40ML5
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energy in the Rogers dielectric substrate is e�ectively prevented owing to its loss tangent

characteristic. Finally, the coplanar waveguide geometry minimises the radiation of the

RF energy in the vacuum chamber as the electric �elds are primarily concentrated in the

dielectric substrate.

On the heat sink side PCB, the high currents required to drive the on-chip CCWs are

delivered through modi�ed beryllium-copper (Be-Cu) push-on connectors31. The push-on

connectors are �led down to form custom high-current sockets which are then soldered

to the underside PCB pads for mechanical and thermal anchoring. Instead of routing

long high-current copper traces along the entire length of the PCB, 1-mm-wide kapton-

insulated copper wires32 deliver the high current from the connectors to small corresponding

traces located on the PCB side closest to the microchip. This helps signi�cantly reduce

resistive power dissipation on the PCB due to a larger cross-section while also reducing the

capacitive coupling between the high-current signal and surrounding analogue DC voltages.

The high current is then carried from the underside to the topside using multiple vias which

vary in number from 14 to 26 per trace.

In addition, the heat sink side PCB features two un�ltered DC connections which

enable on-chip temperature measurement of the CCWs at the two-qubit gate location.

These consist of two male D-sub crimp pins33, which are soldered on the underside of the

PCB. As with the high-current routing, the electrical connection to pads close to the ion

trap is made by wires instead of long PCB traces. Here, two thin 0.4-mm-wide kapton-

insulated copper wires34 are used. The small wire diameter is chosen because a negligible

current is expected to be drawn while it also help minimise the thermal conduction to the

ion trap. Each of the two underside thermometry traces is then connected to a topside

PCB pad by a single through-hole via.

All of the electrical components, wires and connectors are soldered with lead-free tin-

silver-copper solder following guidelines laid out in a technical note [373] developed for

the LIGO project. Surface mount devices use solder in paste form35 while the on-board

electrical wiring is connected using solder wire36. Although no �ux or rosin is used during

soldering, possible trace contaminants and residues are cleaned by precaution using an

aqueous �ux remover37. Both PCB assemblies are then UHV cleaned, by being rinsed in

31Allectra GmbH, 360-PPO-1.3
32Allectra GmbH, 311-KAP-100
33Allectra GmbH, 212-PINM-10
34Allectra GmbH, 311-KAP-040
35Henkel, LOCTITE LF 318
36Kester Inc., 24-7068-7601
37Chemtronics, ES132
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de-ionised water, dried, immersed in IPA and ultrasonically cleaned for 30 minutes.

At this point both PCBs are installed onto the gold-plated copper mounts, each sup-

porting an indium die-bonded ion-trap microchip module. For this, each PCB incorporates

a 20×14mm2 cut-out at its edge which allows the microchip and part of the copper mount

to be slotted through. The dimensions of the cut-out are chosen such that the microchip

edge �overhangs� from the PCB by ∼0.5mm to facilitate ion-trap module alignment while

the other three sides of the microchips are 1.5�2mm away from the PCB. Pairs of socket

button M2 screws, located either side of the microchips, then secure each PCB to its

respective mount. The proximity between the screws and trap maximises mechanical sta-

bility while the small screw dimension is chosen such that its head height does not impede

laser access. Importantly, su�cient thermal contact is achieved between the PCB and the

gold-plated copper mount. The contact force achieved by the screws is estimated to be

of ∼1.5 kN. It is lower than the contact force within the mechanically pressed assembly

down to the heat sink (see Section 6.2.1) as a result of the reduced number of fasteners,

smaller screw dimensions and lower applied torque. A small fastening torque of ∼0.25Nm

is required to prevent damaging the stainless steel 316 screws or PCB. However, because

the total contact interface area is only of 54mm2, there is a substantial 27MPa contact

pressure. This is approximately 25 times greater than that in the rest of the mechanically

pressed assembly which is attached to the heat sink. Given that the thermal contact con-

ductance has a power law dependency with the contact pressure P of the form∝ P 0.75 [362],

the previously calculated conductance of the mechanically pressed assembly can be scaled

to infer that of the contact interface between the PCB and mount. This thermal contact

conductance is hence estimated to be in the order of 13.4W/(K·cm2).

Wirebonding

The ion-trap modules are then wirebonded to their respective PCBs. Pictures of the

overall wirebonding result are presented in Fig. 6.16. This is realised by a manual wedge

bonder38 �tted with 25-µm aluminium (doped with 1% silicon) bond wire that connects

the microchip DC and RF electrodes bond pads to their respective PCB traces. During

wirebonding, both ion trap and PCB are kept at room temperature (no heating) and the

wedge bonder settings are optimised such that each bond attaches well to the gold layer of

the microchip and PCB ENIG material. When possible, multiple bonds are made between

38Kulicke & So�a Industries Inc., 4523A
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Figure 6.16: Pictures of the wiredonded PCBs and microchips as viewed through the wedge
bonder eyepiece. (left) Focused view of the wirebonds on a corner of the heat sink side microchip
module. The double bonding of some of the DC electrodes is clearly visible and a thermometry
wirebond to a CCW aluminised pad is also visible. (right) Broad view of the wirebonds on the
piezo side microchip module.

each PCB trace and corresponding trap electrodes as a fail-safe. However, this can not be

achieved for all connections due to the small space and access available on the chip, high

density packing of the thin PCB traces or requirements on laser access. Critical ion-trap

electrodes are bonded to two separate PCB traces (�double bonded�). This importantly

allows for one trace to send the analogue signal while the other one is used as a signal

probe such that the integrity of the DC connection to the ion trap can be veri�ed.

In addition to the wirebonds for DC and RF signal delivery to the traps, two wirebonds

are used for the thermometry of the two-qubit gate region on the heat sink side module.

These wirebonds probe the voltage drop across a single CCW loop during gate operation

and, given a constant CCW current applied through the clamps, the temperature is inferred

from the variation in the CCW loop electrical resistance (see Chapter 3). The wirebonds

are located at the aluminised pad of the outer CCW loop. This is e�ectively a 4-wire sensing

method, which eliminates the resistance contributions from the wireing, wirebonds, and

contact resistance of the clamps during the measurement of the CCW loop resistance.

High-current Be-Cu clamp connection

The electrical connections between the high-current traces on the topside of the PCB and

the chip CCW pads are made using custom Be-Cu clamp connectors. However, metal

ribbons were also considered as they may withstand large currents while introducing a

minimal heat load to the system if kept short, and given a su�ciently large cross-section

[168]. Metal ribbons made of gold or aluminium are also preferred to copper as they make

more reliable ultrasonic weld connections to di�erent metals while copper only bonds well
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Figure 6.17: Labelled images of the heat sink side PCB and high-current beryllium-copper (Be-
Cu) clamps. (left) Side view of the closely-packed 6 gold-plated clamps that deliver a current of
14A from the high-current PCB traces to the CCW pads on the microchip.(right) Front view
of the clamp connections. The clamps are well aligned to the small ∼1.0 × 2.0mm2 CCW pads
without shorting to the surrounding electrodes. The thermometry wirebonds connect to the outer
CCW pads and probe the CCW potential di�erence without having to account for e�ect of contact
resistance from the clamp connection.

with itself and is prone to oxidation. However, the implementation of gold ribbon would

have required a signi�cant investment in the upgrade of the wirebonder and the option was

not taken. Be-Cu clamps were chosen as an alternative to the ribbon bonding method as

shown in Fig. 6.17. However, because of their small size and wide operating temperature

window, particular care must be taken for their design. Here, beryllium copper grade

C17200 is selected as it o�ers a good electrical conductivity of 14.5MS/m (at 20°C) while

also o�ering a high Young's modulus of ∼120GPa and good hardness properties. This

makes this copper alloy more machinable than traditional OFHC copper which is critical

when manufacturing small parts. This copper alloy also has a high tensile strength of

1.2GPa such that a high clamping force can be maintained without failure over many

thermal cycles to cryogenic temperatures. The clamp connectors are plated with a 3-

µm-thick gold layer to minimise the electrical contact resistance between the clamp and

PCB ENIG coating as well as between the clamp and chip CCW aluminised pads. They

are secured to the heat sink side PCB using stainless steel 304 M1 bolts and nuts. The

bolts �t into small elongated slots on the PCB such that their position with respect to

the trap is easily adjusted. The tip of each clamp is approximately 0.7�0.8mm wide and

connects to the chip CCW aluminised pads, which have a target area of ∼1.0 × 2.0mm2.

The installation of the clamps is a delicate operation as the tips should not make contact

with the surrounding microchip ground plane or electrodes. The clamps have been tested

separately and were shown to maintain an electrical connection over several thermal cycles

from room temperature down to 50K.
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Installation of the PCB and ion trap sub-assemblies

The combined PCB, copper mount, and microchip for each side of the experiment can

then be considered as two rigid microchip interface sub-assemblies which are installed to

the in-vacuum support structure as follows. First, a �exible 60-mm-long OFHC copper

braid39 is �tted to the copper mount on the piezo side sub-assembly. The braid attaches

to the mount using M2 screws and connects to copper support on the heat sink assembly

using another pair of M2 screws.

The braid has a total cross-sectional area of 4mm2 and is constructed from 71-µm-

wide copper strands, which result in high �exibility. This high �exibility is critical in

ensuring that the piezo actuator do not have to oppose a strong elastic force during module

alignment. The thermal resistance across the copper braid is Rbraid = lbraid/(2kbraidAbraid)

where lbraid is the braid length, Abraid is the braid cross-sectional area and kbraid is the

braid thermal conductivity. Assuming a copper purity of RRR = 100, and given that the

copper support is at 60K during CCW operation (see Chapter 4), the thermal conductivity

is estimated to be kbraid = 749.5W/(K·m) [258]. This results in a minimal braid thermal

resistance of 2K/W that ensures the appropriate thermal anchoring of the piezo side copper

mount and microchip.

The piezo side sub-assembly is then attached to the moving mounting structure at

three mechanical anchoring points, i.e. two at the gold-plated copper mount and one at

the PCB, using M2 screws. With the piezo side sub-assembly securely fastened and well

thermally anchored, the heat sink side sub-assembly is then attached. Again, a set of three

M2 screws are used in equivalent positions to connect to the stainless steel piece above

the heat sink. Because this part is slightly recessed below the top surface of the heat sink

copper support, both mount and support become strongly mechanically pressed against one

another as the two M2 mounting screws are tightened. The single screw a�xing the PCB

to the stainless steel piece then not only provides additional mechanical support but also

additional thermal anchoring. Here, the thermal contact conductance between the PCB

ENIG �nish and stainless steel is considered to be an order of magnitude lower than that of

the previous PCB contact to the gold-plated copper mount i.e. ∼1.3W/(K·cm2). Following

the mechanical connection of both sub-assemblies, the ion-trap microchip modules can be

manually aligned. This alignment is done right prior to vacuum system closure and should

be realised to meet the alignment requirements previously set out in Section 6.3.3. A

dedicated access hole through the piezo side PCB is located such that a small Allen key

39Tranect Ltd., 1412
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Figure 6.18: Pictures of the installed ion trap and PCB sub-assemblies on the in-vacuum mount-
ing structure. The heat sink side PCB is the one supporting the high-current Be-Cu clamps. (left)
Global view of the installed two-module set-up. The RF cabling was left disconnected from the
PCB SMP connectors at this stage. (right) Focused view on the two �nely aligned microchips
showing the location of the M2 fasteners and PCB through-hole to access the Z translation stage.

can access the Z translation stage control screw and adjust its position. Control screws for

the remainder of the manual translation and rotation stages also remain accessible from the

side of the system. Pictures of the fully assembled PCBs and manually aligned ion-trap

microchips are visible in Fig. 6.18. The results of the alignment process are presented

later, at the end of this Chapter, in Section 6.9.1.

6.5.2 In-vacuum PCB thermal model for cryogenic operation

Cryogenic ion-trap experiments operating at 4K typically only have a scarce amount of

cooling power at their disposal (limited to a few W). To ensure that the target cryogenic

temperature is reached, an inner chamber attached to the �rst stage of a cryocooler cold-

head [315], or thermally anchored to a liquid nitrogen bath [188], is used both as a radiation

shield as well as a mean to temper the electrical wiring prior to reaching the trap. Such an

inner chamber reaches a typical working temperature of ∼77K and sinks the thermal load

away from the application, thereby ensuring that minimal heat leaks from the environ-

ment to the ion-trap experiment. In this experiment, however, no radiation shield is used

given the (relatively high) ∼70K target operating temperature of the ion trap and large

available cooling power. Instead, to help further mitigate the overall thermal load trans-

ferred to the heat sink, the two PCBs are proposed to be used as thermal resistances. In

addition, the thermal anchoring of the PCB, that is delivered by the mechanically pressed

contact around the ion-trap microchip modules, is aimed at thermalising the PCB traces.

This should ensure that the heat load is e�ciently diverted away from the trap such that

only a minimal heat load remains conducted via the wirebonds and high-current clamp
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connections.

To verify this hypothesis, a thermal model of the PCBs was constructed using a nu-

merical approach. A simple analytical model of the PCBs would not be su�cient because

of their complex geometries. Moreover, the complex PCB geometries mean that signi�cant

time must be dedicated for the preparation of the 3D CAD for modelling. Hence, because

of time constraints, only the heat sink side PCB is chosen to be numerically modelled as

it incorporates high-current features which make it the most likely worst-case thermal sce-

nario. From this result the thermal behaviour of the piezo side PCB can then be inferred.

Heat sink side PCB thermal model

To reduce the computational time during numerical simulation, geometric simpli�cations

of the heat sink side PCB �rst need to be made. Complex hole geometries are approxi-

mated to rectangles, small details minimally impacting the thermal model are defeatured

and the internal ground plane shielding layers within the PCB are omitted. Surface mount

electronics devices are removed from the model as their thermal conductivities are compa-

rable to that of the insulator while solder connections are approximated to have the same

properties as that of the copper layers. Inconveniently for the thermo-electrical model, the

copper layer is much thinner (∼20 times) than that of the PCB insulator. A similar aspect

ratio is preserved by increasing the copper layer to 250µm, thereby greatly simplifying the

meshing of the geometry for the numerical analysis. The increase (∼6 fold) in thickness

is compensated by an equivalent decrease of the electrical and thermal properties of the

materials such that the model remains physically accurate.

The thermo-electric numerical �nite element modelling of the PCB is realised using

COMSOL Multiphysics 5.5. The 3D model is �rst divided into two separate domains to

reduce the overall computational resources required during simulation.

� Domain A. The �rst domain accounts for the regions subject to the electrical current

which is used to drive the microchip CCWs. These regions are the thick conductive

wiring and thin conductive copper traces. This domain is modelled using the Electric

Currents (ec) and Heat Transfer in Solids (ht) interfaces which solve for the electric

potential and current distribution in the conductor and heat conduction respectively.

Both physics interfaces are coupled by the Electromagnetic Heating (emh) multi-

physics interface such that the heat generated via Joule heating in the conductor is

used as an internal heat source for the thermal model.

� Domain B. The second domain accounts for the remainder of the 3D geometry
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which is made of the PCB insulator and thin copper traces. It is solely modelled

by the Heat Transfer in Solids (ht) interface as no substantial electrical currents are

expected in this region.

The electric current distribution is modelled using Ohm's law, the principle of conservation

of current, and the de�nition of the electric potential as given by

J = σE ∇ · J = 0 E = −∇V (6.5)

where J is the electric current density, E is the electric �eld and V is the electric potential,

and σ is the electrical conductivity.

The steady-state heat transfer is then modelled by the thermal conduction equation

∇(k∇T ) + Q̇∗ = 0 , (6.6)

where Q̇∗ is the supplied internal heat source per unit volume (in W/m3). In Domain A, the

coupling between the electric and thermal models by Joule heating is formally expressed

as Q̇∗ = J · E. In Domain B, however, there is no supplied power density, Q̇∗ = 0, such

that equation 6.6 to solve for reduces to that of Fourier's law, i.e. q̇ = −k∇T where q̇

is the local heat �ux density. Given, that di�erent materials are used in the model and

given the above simpli�cations on the 3D geometry, the local electrical conductivity σ and

thermal conductivity k used in equations 6.5 and 6.6 respectively are de�ned such that

σ =


σETP(T ) Domain A, copper wiring

(1/6)σETP(T ) Domain A & B, copper traces
(6.7)

k =


kETP(T ) Domain A, copper wiring

(1/6)kETP(T ) Domain A & B, copper traces

kRo4350B Domain B, Rogers inulsator

(6.8)

where the 1/6 factor stems from the choice to enlarge the PCB conductor thickness to

facilitate the meshing routine. The electrical conductivity σETP and thermal conductivity

kETP for ETP copper (RRR = 100) are temperature dependent and are calculated from

expressions provided in Ref. [196] and [258] respectively.

The initial electric potential and temperature conditions in the entire 3D model are set

to 0V and 70K respectively. The boundary conditions for the electric current model are
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Type of Heat load CCW Quantity Total heat load
connection [mW] status [mW]

DC cable 16 � 72 1152
RF cable 50 � 1 50
Thermometry 1 � 2 2
Passive high- 140 OFF 6 840
current cable ON 2 280
Active high- 380 OFF 0 0
current cable ON 4 1520

Table 6.2: Conductive heat load contributions to the heat sink side PCB originating from di�erent
connections. A high-current cable is �Passive� if it is not subject to an electrical current. A high-
current cable is �Active� if it is subject to a current of 14A.

de�ned by an insulating boundary condition surrounding Domain A such that no current

normal to these boundaries is possible i.e. n ·J = 0. During nominal CCW operation only

two CCW loops will be used, therefore only speci�c boundaries at the end of the relevant

PCB traces and wiring are set to 14A at one end and 0V at the other end (depending

on the desired current �ow direction). For the thermal model, the entire 3D geometry

is surrounded by adiabatic boundaries with the exception of speci�c surfaces. Firstly, a

temperature of 70K is prescribed at the boundaries and represents connection between the

gold-plated copper mount and stainless steel parts. The temperature of 70K is chosen to

agree with previous numerical results regarding heat transfer through the copper mount

as presented at the end of Chapter 4. Then, the thermal contact conductance between

PCB and copper mount and PCB and stainless steel piece are set to 13.4W/(K·cm2) and

1.3W/(K·cm2) respectively to match the previous estimates. Finally, several prescribed

heat �ux boundary conditions are set to re�ect the thermal load to the PCB due to

conductive heat leaks from the environment along the DC, RF and thermometry cabling

as well as heat conduction and Ohmic dissipation in the high-current cabling to the PCB.

The thermal loads relating to each of these contributions are detailed in Table 6.2 which

compiles calculation results that are provided later (Section 6.6) in this chapter.

A mesh convergence study is carried out by successively reducing the size of the mesh

elements until it leads to a negligible change in the numerical results. The selected mesh

which provides an acceptable compromise between model accuracy and computation time

consists of an �extra �ne� swept mesh for the CCW wiring and tetrahedral mesh in the

remainder of Domain A along with a �normal� tetrahedral mesh in the rest of the geometry.

The numerical model is then executed for two scenarios. The �rst scenario consists

of a �passive� case where the on-chip CCWs are not driven. No thermal load resulting

from Joule heating is expected and the inhomogeneous temperature distribution on the
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Figure 6.19: Surface temperature diagrams of the heat sink side PCB given two of the CCW
loops operated under 14A (active case). (top) The temperature distribution on the PCB shows
that the DC connector temperature is in the range of 120�158K.The green arrows point at the
location of the three M2 screws which are used to mechanically press the PCB to the 70K gold-
plated copper mount and stainless steel piece. (bottom) Focused view on the region of the CCW
wiring, high-current PCB traces and vias (Domain A). The red arrows denote the 14A electric
current �ow direction.

PCB stems solely from the temperature gradient due to the heat conduction from the

environment along the electrical cabling. The second scenario consists of an �active� case

where two of the CCW loops are subject to the 14A electrical current. In both cases,

the results are computed using stationary solvers con�gured as a linear iterative solver for

electric currents and a linear geometric multigrid (GMG) solver for heat transfer. The

temperature distribution on the PCB for the active case is shown in Fig. 6.19.

In both passive and active scenarios, the thermal load from thermometry and RF

cabling is found to play a minimal role in the distribution of the temperature on the PCB.

For the passive case, the conductive thermal load from the DC cabling has a dominant

e�ect on the overall temperature distribution of the PCB when compared to that of the

heat conducted along the high-current cabling. This results from the high density of the

DC connections and their relatively distant location to the nearest heat sinking point. The
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same e�ect is also observed in the active case, even in the presence of the added heat

load due to Joule heating which is computed to amount to 679mW. In both cases, the

temperature at the DC connectors is in the range of 120�158K while the temperature of

the high-current connectors is in the 82�90K and 100�110K temperature ranges for the

passive and active cases respectively. This con�rms two desired features of the in-vacuum

cryogenic PCB. These are that the high-current tracks are capable of sustaining large

electrical currents while heating up to an acceptable level, and that the remote location of

the DC connectors on the PCB allows to further mitigate the total conducted heat load

to the heat sink. Overall, the total heat load conducted through the heat sink PCB is of

2.044W for the passive case and 3.683W for the active case.

In close proximity to the trap, the PCB DC and RF traces are estimated to have tem-

peratures in the 75�107K range while the high-current traces have temperatures in the

100�107K range. Heat conduction along the wirebonds and high-current Be-Cu clamps

may therefore occur. 58 wirebonds are used for DC and RF connections, with an average

length of 5mm, and the PCB DC and RF traces are on average at 90K. The thermal load

conducted to the trap is therefore 58∆TAwk90K/lw = 22mW, where ∆T is the 20K tem-

perature di�erence between microchip and average PCB DC and RF traces temperature,

Aw is the cross-sectional area of an individual 25-µm-wide wirebond, lw is the wirebond

length and k90K is the thermal conductivity of aluminium at 90K. At room temperature

the aluminium wirebond is estimated to have a thermal conductivity of 195W/(K·m) ac-

cording to the manufacturer and it should remain unchanged (within 10%) down to 90K

given its 99% purity [374]. For the high-current clamp connection, the thermal conduc-

tivity of Be-Cu grade C17200 is of 46W/(K·m) at 100K [197]. Given that the clamps

have an approximate individual cross-sectional area of 1.5 × 1.5mm2 for a 12mm length,

the bulk thermal resistance is estimated to be approximately of 166K/W. However, the

thermal contact resistance between the clamp and the PCB on the one hand, and clamp

and ion-trap microchip on the other, will also contribute to the overall thermal resistance.

From Ekin [259], the thermal contact conductance should be in the order of 0.1W/(K·cm2),

at which temperature both contact resistances are in the order of ∼1560K/W due to the

small contact areas (0.8× 0.8mm2) on the chip CCW pads and high-current PCB traces.

The total thermal resistance through the clamp is the sum of the bulk and contact resis-

tances, thus the load due to the ∼37K temperature di�erence between the microchip and

PCB conducted in parallel through all 6 clamps is calculated to be ∼68mW. This brings

the overall thermal conduction load through the high-current clamps and wirebond to the
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Type of Heat load Quantity Total heat load
connection [mW] [mW]

DC cable 16 30 480
RF cable 50 1 50

Table 6.3: Conductive heat load contributions to the piezo side PCB originating from di�erent
connections.

chip to approximately 90mW. This is much smaller than the power generated by the trap

during CCW operation which is of 6.8W (see Chapter 4) and therefore it as a negligible

impact on the chip operating temperature.

Piezo side PCB thermal model

The thermal behaviour of the piezo side PCB is then deduced from the numerical result

on the heat sink side PCB. For the piezo side PCB, no thermal load is expected from

thermal conduction through high-current cabling, Joule heating of high-current traces,

wiring or thermometry. The thermal load results solely from thermal conduction via the

DC and RF cabling and accumulates to a total heat load of 530mW. The breakdown into

individual contributions is summarised in Table 6.3. As with the heat sink side PCB,

the DC cabling thermal load is expected to be the dominant thermal e�ect although the

number of overall DC connections is reduced (30 instead of 72). The larger relative spacing

between D-sub contact pins also means that the temperature di�erence across the piezo

side PCB is expected to be smaller than that of the heat sink side one (76K temperature

di�erence). Due to the high thermal contact conductance between the PCB ENIG �nish

and gold-plated copper mount the temperature di�erence at this region is expected to be

much less than 1K. In addition, the temperature di�erence across the �exible copper braid

connecting the mount to the heat sink copper support is expected the be of ∼1K given a

2K/W thermal resistance. Considering that the heat sink gold-plated copper support is at

60K the maximum temperature of the piezo side PCB is inferred to be at most 137K at

the DC connector location. It is also anticipated to be no greater than 72K at PCB traces

in proximity to the ion-trap microchip module. This ensures that no signi�cant heat load

is conducted from these traces to the microchip via the wirebonds.

6.6 In-vacuum electrical connections

The electrical cabling typically used for DC and RF signals is often overlooked in the

construction of ion trapping experiments provided that it is compliant with UHV require-
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ments. However, in a cryogenic ion trapping experiment, the electrical cabling may be

the dominant source of thermal leaks if not properly considered. This may then hamper

the capability to achieve low-temperature operation of the ion-trap modules. In this work,

the connections that must be considered are the high-current cables for CCW operation,

RF cables, DC cables and thermometry wiring. All are custom-made or specially selected

such that the cabling provides the desired electrical properties (resistance, signal attenua-

tion, etc.) and thermal properties (conductive heat load, resistive heating, etc.), while also

remaining UHV compatible.

6.6.1 High-current CCWs connections

High currents are delivered through three pairs of Kapton-insulated copper twisted wires40.

These connect at one end to Be-Cu push-on connectors41 installed on the high-current

feedthrough �ange. At the other end, the wires connect to modi�ed connector sockets

which are soldered to the high-current heat sink side PCB tracks and supply current to the

on-chip CCW loops. The wire length and conductor radius have been chosen speci�cally

to mitigate the conductive thermal load to the PCB and power dissipation due to the Joule

heating of the conductor during high-current operation. This is achieved by calculating

the thermal load Q̇HC along a single high-current wire using the expression

Q̇HC =
S

L

∫ 300K

TPCB

kETP(T ) dT︸ ︷︷ ︸
thermal conduction

+
L

SσETP
I2︸ ︷︷ ︸

Joule heating

, (6.9)

where S is the wire cross-sectional area, L the wire length, and I is the electrical current

conducted by the wire. Additionally, although the wiring used is OFHC for UHV com-

patibility, its thermal and electrical properties can be considered to be similar to that of

electrolytic tough pitch (ETP) copper, as is common for the electrical wiring of cryogenic

applications [259]. Here, the electrical conductivity and thermal conductivities are denoted

kETP and σETP respectively. For a given wire length L = L0, the thermal load Q̇HC is

minimised for a cross-section S0 when dQ̇HC
dS (S0) = 0, and where S0 can also be written in

terms of the wire radius r0 by S0 = πr2
0. The expression of the optimal wire radius r0 is

then given by rearranging the condition on minimisation such that

r0 =

√√√√√ 1

π

√√√√ (L0I)2

σETP

∫ 300K
TPCB

kETP(T ) dT
. (6.10)

40Allectra GmbH, 311-KAP-100
41Allectra GmbH, 360-PPO-1.3
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In a worst-case scenario, the PCB high-current connectors are at a temperature TPCB =

100K, and the thermal conductivity integral
∫ 300K
TPCB

kETP(T ) dT and electrical conductiv-

ities σETP are then 81.8W/mm and 4.7 × 105 S/mm respectively as found in Ref. [259].

Using these values, under a current I = 14A and for a wire length L0 = 450mm, the

optimal wire radius is calculated to be r0 = 0.56mm, which justi�es the implementation

of the 1-mm-diameter copper wire. The thermal load per wire is then estimated from Eq.

6.9, and is of 0.14W and 0.38W in the passive (no current) and active (14A current) cases

respectively.

6.6.2 RF connections

For the delivery of the trapping RF signals to in-vacuum PCBs, two SMA-SMP cable

assemblies employing 20-cm-long Kapton-insulated miniature coaxial cable42 are used. For

each of these cables, one end is soldered to a straight SMP plug connector43 that connects

to the PCB SMP surface mount connector while the other end is attached to a SMA crimp

plug connector44. Each cable has a 50Ω impedance to match that of the SMA vacuum

feedthrough and overall resonant RF circuit impedance. Both SMA and SMP connectors

use PTFE as a UHV-compatible dielectric insulator between their signal-carrying centre

contact pins and ground bodies. The SMP connectors compactness and snap-on coupling

feature assist accessibility to the PCBs within the vacuum apparatus while the small 1.4mm

diameter of the miniature coaxial cables minimises the conductive thermal load to the

system.

Because the Kapton insulation is also a good thermal insulator of small thickness, the

majority of the thermal load conducted by a coaxial cable is transported along its centre

core and braided ground shield. For this cable, the centre core consists of seven 0.08-

mm-diameter silver-plated copper strands while the braided silver-plated copper shield is

constructed in a similar fashion to that of standard RG178 cables. A good approximation

to calculate the conduction heat transfer rate through a coaxial cable is to consider an

equivalent solid copper wire with a conductor area equal to the combined cross-sections

of the cable core and shield. Given that the cable combined cross-sectional area S is of

0.12mm2, the passive thermal load for a wire of length L = 20 cm is given by Q̇RF =

S
L

∫ 300K
TPCB

kETP(T ) dT . The numerical value for the integral
∫ 300K
TPCB

kETP(T ) dT is assumed

equal to that of the high-current cabling considering a similar PCB temperature TPCB =

42Allectra GmbH, 311-KAP50S-10M
43SV Microwave Inc., 1221-4010
44Allectra GmbH, 245-CON-SMA-S
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100K at the RF surface mount connector. The conductive heat load from the environment

per SMA-SMP cable is hence estimated to be of 50mW.

Although long cable length favours heat load reduction, it comes to the detriment of the

performance of the high-Q resonant circuit. In typical ion trapping systems the distance

between the helical resonator and

is kept short [320] so that the capacitive load is minimised, thereby ensuring that a

high Q-factor is reached. Given a cable capacitance of 120 pF/m, a length of 20 cm is only

expected to lead to a ∼0.85 × Q-factor reduction when compared to a minimal usable cable

length of 5 cm. The use of such short cables would, however, lead to a 4-fold increase in

thermal load which is less desirable than the smallreduction in Q-factor of the resonant RF

circuit. For this reason a 20 cm cable length was chosen, and is an acceptable compromise

between thermal load increase and Q-factor reduction. In addition, longer cables permit

the delivery of trapping RF signals to both ion-trap modules from the same feedthrough

�ange and using a similar path length. This leads to an equal phase shift and attenuation

of the RF signal on both ion-trap modules, thereby facilitating the synchronisation of the

trapping RF trapping potential at the alignable edge.

The SMA-SMP cable is assembled using UHV compatible lead-free tin-silver-copper

solder wire45 to minimise outgassing. Both SMA and SMP contact pins are hand-soldered

without �ux to the coaxial cable centre core while the braided silver-plated copper shield-

ing of the cable is soldered to the SMP plug body. After inspecting solder connections

for brittleness, possible �ux traces resulting from contamination by external sources are

removed by sonication of the subassembly for 1 hour in a dilute (1:10) solution of aqueous

�ux remover46. It is then rinsed in de-ionised water, dried, immersed in IPA and cleaned

for 30 minutes in an ultrasonic bath. The SMA connector assembly is then �nished by re-

moving a non-UHV compatible silicone gasket from the SMA connector body and crimping

the SMA ferrule to the cable braided ground shield. A �nal 30-min-long IPA sonication

and nitrogen gun drying ensures that any contaminants and impurities are removed from

the SMA-SMP cable prior to assembly in the UHV system.

6.6.3 DC connections

Three 50-cm-long Kapton-insulated copper ribbon cables are used to supply the DC signals

to both ion-trap modules. Each ribbon cable is constructed from 50 copper strands that

have a diameter of 0.35mm and are �tted to a 50-way PEEK D-sub plug connector at one

45Kester Inc., 24-7068-7601
46Chemtronics, ES132
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end. The D-sub plug allows for connection to outside the vacuum system via 50-way D-

sub sockets on a DC vacuum feedthrough �ange. Two of these ribbon cables then connect

to the heat sink side PCB by crimping the free strands to the pin contacts of the two

custom-made 36-way compact PEEK connector, and 14 strands on each ribbon cable are

left disconnected. The third ribbon cable is then split into two ribbon pairs, which are

connected to two 15-way PEEK D-sub plug connectors47. These are then �tted to the

piezo side PCB using two D-sub surface mount socket connectors, and the remaining 20

strands are left disconnected. At their mid-length, the DC Ribbon cables are cable-tied48

to a PTFE strut to prevent excessive strain during assembly in the vacuum system.

Similar to the RF cables, each of the copper strands in the ribbon cable conducts

heat from the environment to the PCBs at temperature TPCB at a rate, which is given by

Q̇DC = S
L

∫ 300K
TPCB

kETP(T ) dT . There, S = π(D/2)2 is the copper strand cross-sectional area

where D = 0.35mm is strand diameter, and where L denotes the wire length of 50 cm.

The numerical value for the integral
∫ 300K
TPCB

kETP(T ) dT is again similar to that of the RF

and high-current case assuming an in-vacuum PCB temperature of TPCB = 100K at the

DC connectors' location. Using these values, the conductive heat load along a single DC

wire is then estimated to be 10mW. Given that there is a total of 72 DC connections to

the heat sink side PCB and 30 on the piezo side PCB, the total heat loads for each PCB

are of 1152mW and 480mW respectively.

6.6.4 Instrumentation wiring

Electrical cabling for on-chip CCW loop and Pt100 thermometry sensors use two phosphor

bronze (Cu-5%Sn-0.2%P alloy) cryogenic twisted-wire pairs49 with polyimide insulation

(similar to Kapton). The low phosphor content of 0.2% of the wiring ensures that it meets

the UHV requirement of <0.35% concentration speci�ed by the LIGO technical database.

The selected phosphor bronze wires have a diameter of 0.203mm (32 AWG) with a thermal

conductivity of 48W/(K·m) at room temperature. The thermal conductivity diminishes

with the temperature, and the wiring becomes more resistive to heat �ow. Thus, using the

value of the thermal conductivity at room temperature for the calculation of the heat load

conducted along the wires from the environment provides a good worst-case estimate. The

Pt100 sensors are connected to the wires by a solder joint in a 4-wire sensing fashion to

eliminate the resistance from the wiring. Soldering and cleaning is carried out in a similar

47Allectra GmbH, 211-MS15-PK
48LewVac Components Ltd., A-PCT99
49Lake Shore Cryotronics Inc., WQT-32-25 (bakeable to 220◦C)
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fashion as previously described for the SMA-SMP connector. All instrumentation wires

used in this system are then connected to the same 50-way PEEK D-sub plug connector50,

which is connected to the same vacuum feedthrough �ange as the DC connectors.

The instrumentation wiring for the ion-trap on-chip thermometry is 60 cm long and is

also terminated by two female crimp pins which connect to the two un�ltered thermometry

connections on the heat sink side PCB. Using a simple thermal resistance analysis, the heat

load conducted through this 4-wire cabling is given by Q̇T,trap = k∆TπD2/L, where D is

the phosphor bronze wire diameter, L is its length, k is its thermal conductivity at room

temperature, and ∆T is the temperature di�erence between room temperature and the

100K PCB crimp pin connectors. Given the dimensions of the selected phosphor bronze

wire, the heat load to the heat sink side PCB due to the thermometry wiring is therefore

calculated to be of 2mW.

The wiring to the various Pt100 sensors in the system used for the thermometry of

the heat sink, heat sink helium inlet and outlet, as well as for the piezo actuators are

constructed in a similar fashion. However, because the Pt100 soldered connections to

the phosphor-bronze wire are delicate, it is essential to implement some strain relief. In

addition, it is also essential to temper the wire prior to reaching the sensor such that any

conducted heat load along the wiring does not result in inaccurate temperature reading due

to the �nite thermal contact resistance between the sensor and sample. Both mechanical

anchoring and heat sinking objectives are achieved by winding the electrical wiring over a

length greater than 1.3 cm around partially unthreaded screws, which are used as anchor

posts. These are a�xed at locations of similar temperature to that to be measured by

the sensor, as presented in Fig. 6.20. Indeed, this provides the appropriate mechanical

anchoring of the leads while the thermal anchoring should also be successful as the 1.3 cm

winding length should ensure that the wires are tempered to within 1mK of the sample

temperature [259]. Additionally, simple custom connectors, consisting of a PTFE block

secured by screws or a PEEK cable-tie within which 4 male and female crimp pin connectors

are inserted, signi�cantly ease thermometry installation and provide strain relief. A picture

of one such custom connector is shown on the right-hand side of Fig. 6.20. Considering

that the heat sink as well as helium inlet and outlet Pt100 sensors are approximately at

50K and that the wiring length is at worse of ∼10 cm, the previous equation on the heat

load conducted by the phosphor bronze wiring can again be used such that a heat load of

15mW is calculated for the sensor wiring.

50Allectra GmbH, 211-MS50-PK
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Figure 6.20: Labelled pictures of key thermometry wiring features. (left) Thermal anchoring
and strain relief assembly for a helium inlet or outlet Pt100 sensor. (middle) Thermal anchoring
assembly on the system in-vacuum support structure. (right) Cable-tied custom PTFE connector
assembly used to ease sensor installation and exchange.

The wiring to the 50Ω cryogenic heater, which is inserted in the heat sink gold-plated

copper support for temperature control, is connected to the same D-sub connector via two

0.4-mm-wide kapton-insulated copper wires51 which can withstand currents up to 2A. The

two wires are twisted together to minimise cross-talk with surrounding electrical cabling

and have an approximate length of 50 cm. The twisted cable connects to the 50Ω cryogenic

heater leads via crimp pins and Be-Cu in-line power connectors52. Electrical shorts are

prevented by feeding ceramic beads around the heater leads. Again, the heat load along

the heater wiring is estimated using Q̇H = S
L

∫ 300K
TH

kETP(T ) dT , where TH is the cryogenic

heater temperature assumed to be at 50K, S is the wire cross-sectional area, and L the

length. From Ekin [259], the thermal conduction integral
∫ 300K
TH

kETP(T ) is empirically

determined to be 111.2W/mm. This leads to an overall heat leak to the cryogenic heater

from the environment of 558mW.

6.7 Atomic ovens

The ion-trap microchip modules are loaded by producing ions directly within the trap

con�nement region. For ion-trap experiments, this is usually accomplished by ionising

neutral atoms from an atomic vapour through a two-photon ionisation process [375]. Using

this two-photon ionisation process has the critical advantage to be isotope selective such

that only the desired ion species may be loaded into the trap. For the trap loading to be

successful, the neutral atom �ux, ionisation laser beams and trapping region must overlap.

In such a context, possessing a consistent, on demand, neutral atom source is key to the

reliable operation of the two-microchip module experiment. This atomic vapour production

51Allectra GmbH, 311-KAP-040
52Allectra GmbH, 360-PIC-1.8
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is also desired to be fast to minimise the ion loading time. This is speci�cally important

to this work as the investigation of ion transport between modules may lead to a high ion

loss rate, therefore necessitating regular ion reloading. If excessively long, this can prove

to be an experimental bottleneck as this would hinder the overall data collection while

also potentially reducing the ion trap operating lifetime due to the background pressure

increase. Finally, the neutral atomic �ux incident to the trap should be minimal so as

to not contaminate the surface ion-trap electrodes. Indeed, electrode contamination has

been proven to degrade the trap motional heating performance via the generation of stray

�elds [376] while it may also cause �uctuations in the trap motional frequencies which

adversely impact two-qubit gate �delities [227].

In practice, there are two common ways to produce the required atomic vapour �ux:

either via laser ablation of a coated target or via resistively heated atomic ovens. Laser

ablation is particularly attractive thanks to its fast, millisecond, ion loading capability

[377]. It uses short nanosecond laser pulses in the order of 0.1�1mJ to instantly vaporise

an area of the target coating located within the line of sight of the desired trapping region.

Its past implementation alongside cryogenic systems has also been successful owing to

the small thermal energy deposited [188, 190, 273, 378]. However, it also comes with some

overheads. Following the laser pulse, atomic species are ablated with a high kinetic energy

[379]. This can be detrimental because surface ion traps typically su�er from shallow trap

depths compared to their conventional 3D-style counterparts, thereby possibly limiting

the loading e�ciency as high velocity ions escape the trapping potential. This issue can

be circumvented using a dedicated magneto-optic trap (MOT) to separately pre-cool the

ablated neutral atoms prior to surface trap loading [190]. However, this drastically increases

the engineering complexity of the in-vacuum experimental set-up. In the absence of a

MOT, the in-vacuum components required for ordinary laser ablation are relatively simple

to implement, yet the technique still requires a modest investment in a dedicated ablation

laser and optical set-up.

Alternatively, thermal atomic ovens are a well proven and reliable solution for atomic

vapour generation [60, 86, 194, 270, 380]. They operate by resistively heating a casing con-

taining a sample enriched with a speci�c atomic species. The resulting atomic vapour

can then be collimated into a beam through slits and apertures to minimally contaminate

the ion-trap surface. Furthermore, their construction is highly economical and relatively

straightforward. However, because their operation is inherently that of a heating element,

speci�c precautions must be taken so that their operation remains compatible with that
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of a cryogenic system [270]. This speci�c challenge can be addressed by either mounting

the oven onto the room temperature parts of the vacuum system [52,192,194] or by ensur-

ing that the oven operation results in a heat load that remains manageable by the cryo-

stat [168,369]. Another downside is the typically long time (up to several minutes) [52,369]

required for a oven to heat up to the target temperature in order to produce the desired

atomic �ux. Fortunately, the atomic oven performance is inherently dependent on the

quality of its engineering. Advanced atomic oven designs have already been demonstrated

to bring down the total loading time to ∼12 s [381]. Achieving loading times of this order

would be suitable for our experiment.

In this work, three atomic ovens and an oven mounting structure connected to the

room temperature vacuum chamber were constructed53 as can be seen in Fig. 6.21. Two

out of the three ovens hold ytterbium in natural abundance which provides a source of

174Yb while a third one is loaded with enriched 171Yb. Provisions are also made for a forth

oven containing barium although it was not included at this stage. The loading of barium

ovens also requires special precautions to be taken as it readily oxidises when in contact

with air. The reader is redirected to this thesis [168] for further informations regarding

barium ovens construction. The ytterbium ovens are constructed from 20-mm-long 316L

stainless steel tubes that have an outer diameter of 1.5mm (1.3mm inner diameter) and

which are secured into slots within the oven mounting structure using grub screws. The

oven mounting structure is then connected to groove grabbers54 (not shown in Fig. 6.21)

which are attached inside a DN63CF circular �anged port of the vacuum apparatus. The

design, construction, and procedures relating to atomic oven loading and assembly can be

found in this Ref. [366] where it is extensively detailed.

The oven temperature is increased through Joule heating. Electrical currents of up

to 10A are generated by a DC programmable power supply55 interfaced directly to the

Artiq environment. The current is fed to the ovens through a custom high-current vacuum

�ange. It is then carried by Kapton-insulated single-core copper wires56 which can sustain

currents as high as 15A. There, a single copper wire is used per oven. The current is then

delivered via a spot weld to a constantan foil pad which is itself welded to the back of the

ovens. The high electrical resistivity of constantan (4.9×109 Ωm) together with that of the

welds ensures a large resistive power dissipation at this location under constant current.

53Designed and constructed by PhD student N. Johnson
54Kimball Physics Inc., MCF450-GrvGrb-C02
55RS Components, IPS-2010
56LewVac Components Ltd, KAPW1X0813
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Figure 6.21: Labelled pictures of the atomic ovens and oven mounting structure. (left) Overall
oven mounting structure. The collimation shield prevents excessive lateral spread of the atomic
�ux on the microchip module and is thermally anchored to the vacuum system via copper braids.
Macor ceramic spacers are also used to electrically isolate the ovens current from the rest of the
vacuum system. (right) Close-up view of the atomic oven installation showing the ovens layout,
current supply, mechanical anchoring and the location of the thermocouple instrumentation.

The current then propagates through the oven mounting structure grub screw fasteners

and 316 stainless steel body in parallel to that applied to the other ovens and exits the

assembly through a common ground copper wire. To minimise ground loops in the system,

the oven mounting structure subject to the oven electrical currents is electrically insulated

from the rest of the vacuum apparatus using custom macor ceramic spacers. Macor is

a machineable glass ceramic that is UHV compatible. In addition, the oven mounting

structure is designed with electrical current and heat �ow distribution in mind such that

each oven can be independently operated without involuntary triggering the neighbouring

ones. Oven temperature monitoring is provided for one of the 174Yb oven and the 171Yb

oven using thermocouple temperature sensors. This is realised by spot-welding a K-type

thermocouple junction57 directly at the bottom of the oven tubular section which is where

the ytterbium sample material would be located. The thermocouple wires connection

to the vacuum feedthroughs then forms the cold junction in the thermocouple circuit.

Importantly, the location of the thermocouple on the atomic oven is critical for accurate

temperature measurement. Indeed, spot-welding on either the constantan foil or high up

the atomic oven barrel would lead to substantial temperature measurement o�sets and lag

due to the �nite thermal resistance and speci�c heat of the materials. In addition, the weld

to the oven barrel is made such that it is not part of the thermocouple circuit but is welded

to a loose lead end passed the junction. Indeed, as current �ows through the oven barrel

a small fraction also �ows through the weld leading to a small resistive voltage di�erence

at this location. Were this weld to be part of the thermocouple circuit, the ohmic voltage

would accumulate with that from the thermoelectric e�ect leading to a measurement o�set
57Allectra GmbH, 311-KAP-TCK-5M
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Figure 6.22: Schematic diagrams of the atomic ovens set-up and resulting neutral atom beams at
the two module locations (not to scale). (top) Side view of the atomic beam skimming technique.
Placing the apertures of the ovens slightly below the microchips surfaces prevents the undesirable
deposition of the ytterbium vapour on their electrodes. (middle) Top view of the atomic ovens
assembly. All three atomic ovens are precisely directed toward the microchips alignment edge.
The collimation shield e�ectively minimise the spread of the atomic beams in the plane parallel
to the microchip surface. (bottom left) Inset of the top diagram focusing on the chip alignment
edges. The skimming technique still permits ion loading on the heat sink side microchip although
a portion of the atomic beam is shadowed by the other module. (bottom right) Inset of the
middle diagram focusing on the two aligned microchips. All three collimated atomic beams have
a waist of approximately 3mm. They are incident to the modules RF electrodes at angles ranging
from 20.5◦ to 29.3◦ such that loading is possible over a length of 6mm covering the entirety of the
linear trapping regions on both microchip modules.

dependent on the applied oven current. Overall, this construction makes this system well

suited for fast Yb atomic �ux control.

The oven mounting structure is designed such that the ovens are optimally oriented

to both microchip modules trapping regions while their atomic �ux are collimated to

reduce ytterbium deposition on the trap electrodes. An overview of the oven orientations

and beam collimation is shown in Fig. 6.22. This is achieved by slightly angling the

mounting holes within which the ovens are slotted together with installing a stainless steel

collimation shield ∼2 cm away from the ovens. The collimation shield includes 0.8-mm-

wide slits which are also angled to match their corresponding oven direction. This results



255

in atomic �uxes that are approximately 3mm wide at the traps location. These atomic

beams come in a plane approximately parallel to the microchips surfaces but with angles

of incidence ranging from 20.5�29.3◦ with respect to the trapping RF electrodes direction.

These then result into a 6-mm-long atomic beams after projection and e�ectively cover

all the trapping regions of both linear microchip modules. The collimation shield is then

thermally anchored to the chamber using two OFHC copper braids58 while its microchip

facing side is also polished to minimise its emissivity. The collimation shield therefore also

acts as a thermal radiation shield which mitigates the radiative heat load from the atomic

ovens to the cryogenic modules. In addition to the collimation of the atomic �ux, the

oven �skimming� technique as described in Ref. [168] is employed to further minimise the

coating of the module electrodes. This technique relies on mounting the ovens at a level

slightly below that of the microchip modules. The sides of the microchip modules then

create an atomic �ux shadow within which the module surface electrodes are included and

thereby protected from undesired coating. In this set-up, the ovens apertures are located

approximately at a distance L = 9.5 cm from the module's alignment edges and the width

of the chip along the direction of propagation of the atomic beam is l = 16mm. Given

an ion hight h = 125µm above the microchip surfaces, the maximum allowable drop D

of the ovens below the chip surface is given, under the approximation of small angles, by

D = h
l L− h = 0.6mm.

The oven mounting structure connection to the groove grabbers uses slightly elongated

bolt holes. This allows the entire oven assembly to be vertically translated such that it is

optimally positioned with respect to the microchips surfaces. The alignment is done visu-

ally by inspecting the assembly through an unmounted viewport opposite the the atomic

oven. Ideally, the ovens inner openings should be placed approximately 0.3mm below the

module surface. This provides a safety margin and results in the atomic beams skimming

the microchips at heights superior to 61µm at the trapped ion location. Although the

control on the oven position is relatively coarse, the large ions-to-ovens distance compared

to that of the microchip module dimensions enables the �ne positioning of the collimated

atom beams. However, a small mechanical con�ict during the installation of the ovens

prevented it reaching the desired level. It was observed that the ovens stood out above

the microchip surface by approximately 1/4 of their width. This is equivalent to a 0.3mm

protrusion which would lead to a partial coating of the microchips although signi�cantly

less that if the oven were to fully stand out. Fortunately, the atomic ovens are located

58Tranect Ltd., 1412
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behind the piezo side microchip module sub-assembly. Vertically translating this assembly

during ion loading using the piezo actuators is used to compensate for the oven protrusion

and further optimise the neutral atom beam at the ion trapping region.

6.8 Coherent microwave delivery

Trapping and performing coherent quantum state manipulations on 171Yb+ in the dressed

state con�guration necessitate coherent microwave radiation at the trapping location. As

presented earlier in Chapter 2, the transitions |0〉 ↔ |−1, 0′,+1〉 are driven at ∼12.64GHz.

Applying microwaves at these frequencies is required to prevent the interruption of the

Doppler cooling cycle. Within a magnetic �eld, such as one generated by on-chip CCWs,

microwaves allow dressing of the magnetic �eld sensitive states to construct a two-level

qubit system de�ned by |0′〉 and |D〉 ≡ 1√
2
(|+1〉 − |−1〉). This provides much longer

coherence times compared to the previous bare qubit states owing to the inherent mag-

netic �uctuation insensitivity of this dressed-state system. To prepare and manipulate

this long-lived system, control over amplitude, phase and duration of microwave radiations

with frequencies slightly detuned from 12.64GHz are required. This level of control is made

possible by mixing and �ltering rf pulses of ∼100MHz to a 12.54GHz carrier microwave

signal. This provides �nely tuned frequencies resonant with the hyper�ne levels that are

Zeeman shifted from 12.64GHz by typically 1�50MHz. This frequency shift results di-

rectly from the magnitude of the B-�eld o�set such that ω+ = µBB
~ , and is speci�c to one

ion provided its location in the magnetic gradient. For each ion within the gradient, at

least two such microwave �elds are required to address simultaneously both |−1〉 and |+1〉

states. The method used for the generation of these microwave �eld signal is presented

later in Chapter 7. In addition, the coherent manipulation of 171Yb+ also requires at least

a single and separate RF �eld per ion with frequency in the 1�50MHz range to address

the transitions within the 2S1/2(F = 1) hyper�ne level. The generation, and delivery of

this RF �eld to the trap, is done from outside of the vacuum chamber by a coil antenna

this is presented later in Chapter 7.

The delivery of the microwave radiations to the trapped ions is typically done via a

commercial microwave horn located on the vacuum apparatus air-side next to a view-

port [168, 382, 383]. Locating the horn in close proximity to the main imaging window

(typically necessitated to be closer to the ion trap) ensures that large microwave �eld am-

plitudes are delivered at the trap location. This assists in reaching higher Rabi frequencies
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for the ion-microwave �eld system. Higher Rabi frequencies then result in faster quantum

gate operations, thereby reducing the overall gate errors as the interacting time with de-

coherence e�ects are shortened.

However, for this experiment, the large objective lens system, which is used to max-

imise the photon collection e�ciency, as described in Chapter 7, occupies the majority of

the space available. To prevent mechanical con�icts, the horn must therefore be located a

signi�cant distance away from the trapped ions (∼15�20 cm). This is problematic as the

microwave radiation power diminishes by the inverse-square law as it propagates away from

its emitter. In addition, electromagnetic �eld numerical simulations, for a set-up presented

in Ref. [138], showed that the microwave power is attenuated by a factor of ∼2 as a result

of the interaction with the vacuum chamber, imaging and conducting mesh used to ground

the dielectric imaging window. Comparing with the experiment presented in this thesis,

the imaging window used here is deeper and the objective lens system is bulkier such that

the microwave power is expected to be further attenuated provided the additional obstruc-

tion. In practice, this can be compensated using multiple high-gain microwave ampli�ers to

increase the emitted microwave power. A downside to this is that only a marginal portion

of the emitted power will reach the trap while the rest will be radiated back to the labo-

ratory. Thus, additional laboratory safety precautions would need to be taken to mitigate

operator exposure. A direct solution to this problem is then to �t the microwave source

within the vacuum apparatus. For this, a number of UHV-compliant implementations have

already been proposed. These are: a microwave circulator waveguide [124], microwave wire

pair [138], and a microwave patch antenna [325]. These techniques also o�er the potential

to deliver the required microwave �eld in a scalable ion trapping architecture similar to

that proposed by Lekitsch et al. [80].

In addition to providing high microwave power, both microwave circulator waveguide

and microwave wire pair are highly attractive as they o�er polarisation control capabilities

on the emitted 12.64GHz microwave �eld.

For the circulator waveguide, the �eld is generated by perpendicular probes constructed

from two coaxial cables whose exposed terminations act as monopole antennas of de�ned

polarisation. Both �elds are brought into linear superposition owing to the waveguide

construction such that control over the phase and amplitude of each individual input

signal allows for the generation of microwaves at an arbitrarily set polarisation.
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In a similar fashion, the microwave wire pair, which is analogue to a balanced two-wire

transmission line, allows full control over the polarisation via individual adjustment of the

phase of the signal fed to each wire. However, a few technical challenges arise to implement

these methods in this two-module cryogenic experiment. There, existing size constraints

in the experiment vacuum chamber prevents the use of the microwave circulator waveg-

uide given dimensions which are de�ned by the waveguide resonant frequency and 50Ω

impedance matching. This is further exacerbated by the cryogenic operation of the traps

as it forbids any mechanical contact between room temperature devices and cold compo-

nents to minimise the system thermal load. Although it is a more compact alternative, the

use of a microwave wire pair is also di�cult as it adds design constraints on the microchip

alignment method, accessibility for system installation, and thermo-mechanical anchoring

issues to cold parts.

Conversely, microwave patch antennas do not o�er control of the radiated microwave

�eld polarisation through adjustment over the input signal characteristics. Instead, the

polarisation is solely de�ned from its geometrical construction together with its location

and orientation with respect to the trap. As no modi�cation is possible after UHV system

closure, speci�c attention must be paid during vacuum system assembly. Patch antennas

also o�er lower e�ciencies compared to the waveguide method. Nevertheless, a critical

advantage of the microwave patch antenna resides in its simplicity. Its small footprint

make it ideal to use in combination with a cryogenic system, it requires minimal vacuum

feedthrough connection, and its forward dominant radiation pattern maximises the mi-

crowave power at the ion location. It is therefore chosen for this experiment as it best

addresses the requirements of compactness and high microwave power.

In-vacuum microwave patch antenna

Speci�cally, a probe-fed patch antenna arrangement is chosen and consists in a half-wave

antenna to which a signal is supplied via a coaxial cable center core as presented in Fig

6.23. The patch antenna can be readily made from UHV-compatible materials and has

a compact size of ∼1 cm2. This convenient size allows the antenna to be brought within

4.3 cm of the trap integrating CCWs (mounted on the side of the heat sink). Again, it is

important that the dimensions of the patch antenna are adequately selected as these de�ne

the antenna 50Ω impedance as well as 12.64GHz resonant frequency. Details relating to

the analytical model, design, construction and characterisation of the antenna that is used
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Figure 6.23: Schematic diagrams of the probe-fed microwave patch antenna. (left) Cross-section
of a the patch antenna detailing the antenna construction. (right) Depiction of the polarised

microwave �eld that is emitted by the antenna. The radiated microwave electric �eld ~Eµw oscillates

parallel to the longest side of the patch. The radiated microwave magnetic �eld ~Bµw oscillates in
the orthogonal direction, i.e. parallel to the shortest side of the patch.

in this experiment are presented in Ref. [366]. After construction59 the patch antenna is

measured by a vector network analyser to have a resonant frequency of 12.71GHz. When

driven at the desired frequency of 12.64GHz, less that 2.5% of the input power is measured

to be re�ected, which is satisfactory.

As mentioned, the position and orientation of the patch antenna with respect to the

trap is essential. Indeed this is required to e�ciently address the π, σ− and σ+ transitions

within the 2S1/2 hyper�ne energy levels of 171Yb+ ions.

In this experiment, the quantization axis of a trapped ion is de�ned by its location with

respect to the CCWs. Recalling Chapter 3, the magnetic �eld null location is de�ned by

the geometry of the self-compensating CCWs and is provided at the ion height above the

chip at a speci�c place along the axial trapping axis. At small distances either side of this

null �eld point along the axial trapping axis, the magnetic �eld magnitude increases at a

rate equal to its gradient. There, the magnetic �eld also points in a direction collinear with

the axial trapping axis which for convenience is called z′. Placing an ion at this location

means that it is subject to a static magnetic �eld o�set ~B0 which provides a quantization

axis that is pointing along the z′-axis. The schematic diagram depicting this con�guration

is shown in Fig. 6.24. The magnetic �eld component ~Bµw of the EM microwave radiation

generated by the patch antenna and experienced by an ion can be written in the form of

a phasor as

59Carried out by PhD student N. Johnson
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~Bµw ≡


Bx′e

−jφx′

By′e
−jφy′

Bz′e
−jφz′

 , (6.11)

where it is decomposed along the quantization axis and two orthogonal axes x′ and y′,

where Bz′ , Bx′ and By′ are the projection of the amplitude of the oscillating ~Bµw �eld

along these directions respectively. Here, φx′ , φy′ and φz′ correspond to the combination

of both initial phase angle and phase angle resulting from the ion-antenna distance. The

microwave magnetic �eld then couples to the spin magnetic dipole moment of the ion. The

real-valued magnetic �eld amplitudes B−, Bπ and B+ that assist in driving the σ−, π and

σ+ transitions can then be expressed as

B−e
−jφ− =

1

2
(Bx′e

−jφx′ + jBy′e
−jφy′ ) (6.12)

Bπe
−jφπ = Bz′e

−jφz′ (6.13)

B+e
−jφ+ =

1

2
(Bx′e

−jφx′ − jBy′e−jφy′ ) (6.14)

where φ−, φπ and φ+ are the corresponding phases of these components, as calculated

in Ref. [124]. Note that if the magnetic oscillating direction of the microwave �eld is

strictly parallel to the quantization axis z′ ( ~Bµw ‖ ~B0) then only the π transition is driven.

Conversely, if the oscillating direction is entirely orthogonal to the quantization axis ( ~Bµw ⊥
~B0) only the σ− and σ+ transitions are addressed. To homogeneously drive all desired

transitions, the angle formed between the microwave B-�eld oscillations and quantization

axis should ideally be 45◦ to ensure that the magnetic �eld components are projected

equally on both parallel and orthogonal directions. Here, the patch antenna is mounted

on an aluminium arm anchored to the same groove grabbers that support the atomic oven

support structure. The patch antenna is then tilted as much as possible to establish an

angle with the axial trapping axis as shown in Fig. 6.24. When mounted, an angle of 82◦

is achieved. This angle is limited by the mechanical interference with the recessed, ion

�uorescence, imaging window (not shown) and cryogenic PCB surface, which it must not

touch. The line of sight to the ion must also be maintained. This results in a discrepancy

between Bπ and B−/+ due to the unequal projection of the magnetic �eld components.

However, the π, σ− and σ+ transitions can still be optimally driven by feeding the antenna

with signals whose amplitudes compensate for this di�erence.
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Figure 6.24: Schematic diagrams of the coherent microwave delivery set-up. Ion (purple dot) and
�eld vectors (blue and red arrows) are not to scale. (left) A probe-fed microwave patch antenna
installed within the vacuum chamber emits coherent microwave radiations in the direction of an
ion. The microwave patch antenna is mechanically anchored to the atomic oven groove grabbers
and is fed via a SMA cable. The oscillating microwave B �eld is polarised according to the geometry
of the antenna conductive patch. At the heat sink side ion trap, an ion experience a small magnetic
�eld o�set in the axial trapping direction due to current running in the on-chip CCWs. This de�nes
the quantization axis of our 171Yb+ ions. (top right) Inset of the left-hand side diagram focusing
on the relative placement of the ion with respect to both static and microwave magnetic �elds. The
ion can be clearly seen to be purposefully located in a region of non-zero magnetic �eld. (bottom
right) The position and orientation of the patch antenna relative to the axial trapping direction

de�nes an angle of ∼82◦ between the quantization axis and microwave magnetic �eld ~Bµw. Most
of the microwave amplitude is projected on axes perpendicular to the quantization axis, i.e. x′ and
y′ (angle is not to scale for clarity). This results in large Bx′ and By′ which provide a substantial
excitation to the Ω− and Ω+ Rabi frequencies. The π transition is also excited but to a lesser
degree.

6.9 Experimental vacuum apparatus

Ions can typically be successfully trapped at pressures in the low 10−10 mbar for several

minutes, while day-long trapping lifetime typically require a background gas pressure in

the order of 10−12 mbar [52, 384]. To ensure UHV operation, all parts making up the

vacuum chamber are constructed from austenitic stainless steel (grade 304, 304L, 316, and

316L). A titanium alloy construction of the chamber body was also considered but was not

selected as the added costs out-balanced the reduced weight advantage60. Each part of the

60Another known advantage of titanium alloy is its ability to act as a getter material. However, this
requires temperature in excess of 450◦C for its activation. This is incompatible with the maximum tolerable
temperature of many components in the vacuum system.
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Figure 6.25: Labelled views of the fully assembled vacuum chamber used to enclose the two-
module ion-trap microchip experiment. A dual NEG-ion pump together with a titanium sublima-
tion pump (TSP) provide the required pumping speed to reach UHV. A hot cathode ion gauge
is used for pressure monitoring. A recessed imaging viewport is used for the detection of photon
�uorescence. Two imaging laser viewports provide laser access to both microchips. Cooling down
to cryogenic temperatures is provided via a cryogenic helium gas inlet and outlet. Multiple elec-
trical feedthroughs deliver: DC, RF, microwaves, and high currents. A pressure burst disc (PBD)
insures the system against overpressure in the event of a cold helium gas leak.

vacuum system must be connected to each other using CF �anges and should only use all

metal seals (copper gaskets). Finally, a thorough cleaning procedure should be used before

vacuum system closure. The purpose of the cleaning is to remove surface contaminants,

such as grease from �nger prints, microscopic organic stains and dust, which can otherwise

hinder UHV operation. The cleaning of the parts is carried out in a cleanroom to mitigate

dust surface accumulation and each cleaned part is stored in aluminium foil while awaiting

assembly. The cleaning procedure consists of the thorough wiping of the parts using

cleanroom cloth and acetone, followed by an isopropanol scrub and rinse to remove residues.

6.9.1 Vacuum system

The vacuum system construction is essentially split into two key parts: a large spherical

octagon chamber, which hosts the ion-trap modules at its center, and a custom-made

cylindrical 6-way cross, which supports the cryogenic in-vacuum support construction. A

diagram of the vacuum system is presented in Fig. 6.25.
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Spherical octagon

The 8.0" spherical octagon61 provides 4 × DN63CF, 4 × DN40CF, and perpendicularly

to those, 2 × DN160CF �anged ports, as shown in Fig. 6.26.

At a distance of ∼11.1mm above the traps, a recessed �uorescence imaging window is

installed and connects to the upper DN160CF �ange. This viewport is speci�cally con-

structed for the detection of 369 nm �uorescence photons from the trapped ions. Further

details on its construction are given in Chapter 7 where the imaging and qubit state de-

tection set-up is discussed. A grounded conductive stainless steel mesh is also installed on

the imaging viewport such that any charge up of the window dielectric does not interfere

with the trapping potential. The other, large DN160CF �ange port is reserved to connect

to the cylindrical 6-way cross.

Of the four DN63CF �anges, two are reserved for the installation of laser viewports and

one is reserved for the installation of the atomic ovens, microwave patch antenna and their

common supports structure.

Laser viewports. The two laser viewports62 are essential for laser access to trapping

location, ∼125µm above the traps, along with facilitating laser beam alignment. Here, all

399, 369, 935 and 638 nm wavelengths required for the photoionisation, Doppler cooling,

and optical repump (deshelving) of the trapped ions are combined along a single propaga-

tion path. The method used to combine and deliver these beams to the vacuum system

is presented later in Chapter 7. The arrangement of the viewports with respect to the

trap de�ned an angle of 65◦ between the combined laser beam propagation path and the

axial trapping axis of both aligned ion traps. This, together with the inner and outer rota-

tion electrodes on the ion-trap microchips, ensures that there is an e�cient Doppler cooling

component along all three principal axes of the traps. Both laser viewports are constructed

from fused silica63 as it presents an excellent transmission (>90%) in the UV range. An

anti-re�ection (AR) coating is also applied to both sides of the viewports to minimise the

re�ectance for all four wavelengths. These are found to be <0.3% and <0.25% for the UV

and the other wavelengths (638 and 935 nm) respectively.

61Kimball Physics, MCF800-SphSq-G2E4C4
62Allectra GmbH, 190-63024-6
63Corning HPFS 7980
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Figure 6.26: Cutaway view of the vacuum system spherical octagon in assembly with both ion-
trap microchips (viewed from the top). The PCB surface colour has been changed to white for
clarity. The electrical cabling is also omitted for clarity. (left) Labelled assembly showing the lo-
cation of the pumps, pressure burst disc (PBD), ion gauge, laser viewports and SMA feedthroughs.
The lasers used for photoionisation, Doppler cooling and 638 nm deshelve are combined on a single
beam path (red and purple beams). The location of the atomic oven is also shown with respect to
the this path (brown path). (right) Focus on the inset of the left-hand side �gure. The laser beam
path makes an angle of 65◦ with the linear microchips axial trapping axis. The angle with the
atomic beams is almost orthogonal which is desirable for photoionisation. A purple circle denotes
the location of a trapped ion (not to scale).

Atomic ovens. The atomic oven support structure, to which the patch antenna is at-

tached, is anchored at the location of one of the DN63CF port. Indeed, each �ange port

incorporates mounting grooves to which �groove grabbers� can be �tted to. The support

structure then protrudes outside of the octagon. It is then enclosed by a custom 70mm

long DN63CF nipple and electrical connections to the oven and thermocouples are realised

through a custom 9-pin high-current (up to 25A) feedthrough �ange64. As was presented

earlier, the neutral atom beams cross with the axial trapping axis of both traps with an

angle of incidence in the 20.5�29.3◦ range. Given the location of the laser viewports, all

three atomic beams and laser beam paths intersect with each others at angle in the 85.5�

94.3◦ range. This perpendicularity is ideal as only a marginal frequency detuning on the

399 nm will be required for photoionisation, even in the context of varying atomic oven

temperatures. The �nal, DN63CF port on the octagon is located opposite to the atomic

ovens. It is used to verify how well aligned the ovens are to the traps according to the

64Allectra GmbH, 264-13CU1K-8
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atomic �ux skimming scheme presented earlier. After visual inspection of the alignment,

this �ange is closed with a simple blank65.

The four smaller DN40CF �ange ports then provide capabilities for vacuum pump-

ing, pressure monitoring, electrical connections and emergency pressure release. Here, a

vacuum pump manifold is located between the atomic ovens and laser beams exit viewport.

Pumps. This vacuum pump manifold66 consists in a 200 l/s (H2) non-evaporable getter

(NEG) combined with a 6 l/s (Ar) diode sputter ion pump. During the activation of the

NEG (1 hour at 500◦C) and �ashing of the ion pump, a molecular cloud of contaminant is

expected to be ejected. It is therefore not recommended to place the pump directly in the

line of sight of the trap as this may otherwise result in the coating of the trap electrodes.

Hence, the pump manifold is installed after a tee connection67 and a nipple extension68.

This e�ciently mitigates the ion trap contamination while also minimally compromising

on the vacuum conductance to the pumps. On the other side of the tee, a pressure burst

disc69(PBD), with 0.8 barg overpressure trigger, is installed. Indeed, given that the cryo-

genic heat sink operates using cold helium gas pressurised to 20 bar, there is a risk for the

vacuum apparatus to turn into a pressure vessel in the event of a leak. Here, the pressure

burst disks ensures the safety of the vacuum viewports which cannot otherwise sustain an

internal overpressure.

Gauge. Almost opposite to this pumping set-up, a hot cathode ion gauge70, that provides

accurate pressure measurements down to 6 × 10−12 mbar, is located. The location of this

gauge, with respect to the pump and traps, is chosen such that its pressure reading gives

an upper bound for the background gas pressure at the trapped ions. For accurate UHV

pressure measurement, the ion gauge is operated under a high emission current of 10mA.

In a hot cathode ion pump, the electron �ux, which constitutes the emission current, is

generated via a thermoionic emission process. This requires the thin tungsten cathode

�lament to be resistively heated up to about 1800◦C. Because the traps will be operating

at cryogenic temperatures, direct exposure to the hot �lament is undesirable due to the

added thermal load from black-body radiations. This is resolved by also �tting the ion

65Kimball Physics, MCF450-MtgMfg
66SAES Group, NEXTorr D-200
67LewVac Components Ltd, FL-T40CF
68KJ Lesker Company Ltd, fn-0275
69Allectra GmbH, 461-PBD-C40-LP
70EpiMax, EMIGTX
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gauge within a nipple extension, itself placed after a tee (one side is blanked71). Inciden-

tally, this extension also provides two other bene�ts. Firstly, it helps prevent the coating

of the traps by contaminants during the successive degassing of the gauge �laments. Sec-

ondly, it also prevents mechanical interference with the cooling system �exible VJ sections

during the installation of the apparatus on the optical table.

Trapping RF and coherent microwaves. The other DN40CF �anged port located next

to the atomic ovens, is �tted with a 4-way SMA vacuum feedthroughs72 that is impedance

matched to 50Ω and accepts input signals with frequencies up to 18GHz. The delivery

of the coherent microwave signal to the nearby patch antenna (∼12.6GHz) as well both

trapping RF signals (∼19.3MHz) to the traps is done through this �ange. One SMA port

is left as a redundancy. The last DN40CF port on the octagon is then also blanked o�.

Custom cylindrical 6-way cross

The custom cylindrical 6-way cross is used to provide an enclosure to the cryogenic insu-

lation structure, which supports both ion-trap microchips. The dimensions of the 6-way

cross was chosen accordingly with this structure. The structure is sizeable because a long

thermal path is desirable for e�ective thermal insulation while additional space must be

provided for ease of accessibility. The 6-way cross is composed of 2 × DN160CF �anges

and 4 × DN63CF �anged ports.

DC feedthroughs. The bottom DN160CF �ange is used to mount a custom 8 × 50-pin

Sub-D DC feedthrough �ange73 (up to 5A per pin). In this experiment only 4 of these

are used. 1 Sub-D feedthrough for the DC channels on the piezo side microchip, 2 for the

DC channels on the heat sink side microchip with CCWs, and 1 for the thermometry. The

other large DN160CF �ange mates to that of the spherical octagon. A custom designed

grooved ring is then welded to the later and provide a mechanical anchor point for the

ion-trap cryogenic support structure.

Cryogenic vacuum barriers. Two DN63CF �anges connect to L-shaped feedthroughs

for cryogenic helium gas inlet and outlet. These feedthroughs incorporate cryogenic vac-

uum barriers as previously presented in Chapter 5.

71Kimball Physics, MCF275-MtgMfg
72Allectra GmbH, 242-SMAD18G-C40-4
73Allectra GmbH, DC-210-D50-C160-8
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Piezo actuator and CCWs. One DN63CF �ange is connected to a tee74. One end of the

tee provides a current connection to the CCWs through a high-current 8-pin feedthrough75

that is limited to 20A per pin. The other end of the tee is �tted with a 2 × 15-pin Sub-D

feedthrough76 that provides electrical connections to the x, y, and z piezo actuators.

TSP and evacuation. Finally, the last �anged port provides additional pumping and

evacuation from atmosphere. A tee is also �tted a this location such that one end connects

to a titanium sublimation pump77 (TSP) through a 90◦ elbow. Sublimation of the titanium

�lament is carried out under 46A. It was found that this pump is necessary as the system

pressure otherwise bottoms down to ∼5×10−9 mbar after bake-out when only using the

NEG-ion combination pump. This is attributed to the large surface area of the enclosure

and high number of PEEK and PTFE components in the cryogenic support structure.

Indeed, this may lead to a larger background gas load as moisture and organic solvents

accumulate within deep (20µm) sorption layers [385,386]. These layers outgas much slower

than anticipated. Evacuation of the vacuum chamber is then done through a right angle

all-metal valve78. The latter is connected to the a movable vacuum pump set-up (60 l/s

TMP79 backed by an oil-free scroll pump80) via a �exible vacuum hose.

Vacuum apparatus assembly, microchip positioning and bake-out

Prior to assembly, each of the part that make up the stainless steel vacuum chamber body

are pre-baked unassembled at 200◦C. This is done to mitigate the outgassing of molecular

hydrogen (H2) under UHV. Indeed, H2 is known to be a leading contributing factor to the

vacuum system background pressure after water [387]. It is generated in the vacuum cham-

ber via the recombination of dissolved single hydrogen atoms in the bulk of the stainless

steel parts. However, di�erent to water, hydrogen is dissolved within metals during casting

instead of being adsorbed through venting to atmosphere. Additionally, its outgassing does

not reduce with pumping time. Hydrogen is also not re-charged in the metal bulk following

atmospheric exposure. An e�ective method to minimise H2 outgassing consists in heating

the assembly in air [388]. For this, temperatures higher or equal to 200◦C sustained for

74LewVac Components Ltd, FL-163CF
75Allectra GmbH, 264-13CU1K-8
76LewVac Components Ltd, D15-2-63CF
77Varian Vacuum, 9160050
78KJ Lesker Company Ltd, VZCR60R
79Leybold UK Ltd, Turbovac SL80H PT
80Leybold UK Ltd, Scrollvac SC 5D
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Figure 6.27: Vacuum system assembly procedure for the two-module ion-trap microchip exper-
iment. The in-vacuum electrical cabling, TSP and all-metal valve are omitted for clarity. (left)
The groove mount adaptor is secured onto the grooved ring that is welded to the cylindrical 6-way
cross. The cryogenic support structure is then mechanically attached to the adaptor. After con-
necting to the DC feedthroughs located on the underside of the system, the ion-trap microchips
and in-vacuum PCB are also connected. (right) The 8.0" spherical octagon is connected to the
cylindrical 6-way cross, thereby enclosing the two-module ion-trap experiment. More details are
presented in the main text.

at least 2 hours are recommended [389]. This heat treatment results in the formation of a

passivation layer that acts as an e�ective barrier against di�using hydrogen atoms [390].

After pre-bake, the stainless steel parts present a characteristic tarnish indicating that the

chromium-oxide passivation layer has successfully formed.

Assembly procedure. As explained earlier, the insulating cryogenic support structure

attaches to the 6-way cross via a welded ring which incorporates a groove. 8.0" groove

grabbers81 slot into this recess to provide the mechanical connection. However, these

cannot directly connect to the cryogenic support structure. An extensible groove mount

adapter was therefore built to solve this problem. It is constructed from three interlocking

stainless steel parts which translate to give su�cient clearance during the insertion of the

structure. The assembly procedure is depicted in Fig. 6.27 (with omitted steps for clarity)

and goes as follow:

81Kimball Physics, MCF800-GrvGrb-C01
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� The groove mount adapter is �xed to the 6-way cross via the groove grabbers.

� The cryogenic support structure (without chips and in-vacuum PCBs) is inserted in

the 6-way cross and secured to the adapter.

� The system is inverted (upside-down) and the cryogenic helium gas L-shaped feedthroughs

are connected (VCR connectors for helium line and vacuum �anges).

� The DC ribbon cable and thermometry are connected to the DC feedthough �ange,

which is then mounted to the 6-way cross.

� The 6-way cross is turned back on its normal vertical direction. All other parts

mating to the 6-way cross are connected to the exception of the spherical octagon.

These are the piezo actuator feedthrough, CCW high-current feedthroughs, TSP, and

all-metal valve for evacuation.

� The parts connecting to the spherical octagon are assembled to the exception of the

�uorescence imaging viewport, oven vacuum nipple and facing blank �ange. These

are the NEG-ion combined pump, ion gauge, PBD, laser viewports, in-vacuum SMA

cabling and atomic ovens.

� The in-vacuum PCBs and microchips are then installed. The piezo side microchip is

installed �rst such that access to the heat sink copper support is maintained. This is

important as the piezo side �exible copper braid is then connected to heat to transfer

cooling power. The heat sink side PCB and microchip integrating on-chip CCW is

then mounted. The microchips are �nely aligned to one another using the manual

motion system.

� The spherical octagon is then connected to the 6-way cross mate DN160CF �ange.

The alignment of the mating �ange is chosen carefully such that the laser viewports

o�er the correct laser delivery angle of 65◦.

� The trapping RF cables are connected to the PCB CMP connectors. The alignment

of the atomic ovens with respect to the trap is veri�ed and �nely adjusted if necessary.

The vacuum nipple encasing the atomic ovens are installed and those are electrically

connected to the high-current feedthrough �ange. The facing oven �ange port used

to verify alignment is then blanked.

� Finally, the �uorescence imaging window is mounted, and the desired distance of

∼11.1mm between trap and window is veri�ed.

Microchip module positioning. To prevent the microchips from impacting one another

during baking, and cryogenic cooling, as a result of the thermal expansion of supporting
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Figure 6.28: Photograph of manually positioned microchips which account for future displace-
ments as a result of thermal expansion during bake-out and cryogenic operation. (top left) Global
view of the microchip post �ne manual positioning from above. The heat sink side microchip with
on-chip CCWs is on the right-hand side. (top right) Focussed view of the image on the left (dashed
orange rectangle). Using a reference size feature on this image (DC electrode width of 220µm),
the axial misalignment between traps in the x�y plane is measured to be of ∆x = 276(5)µm and
∆y = 89(5)µm. To rotational misalignment is such that it is of ∆ψ = 0.14(8)◦ for the yaw.
(bottom left) Side view of the microchip look from the piezo side one. The camera lens is focused
at the microchip edge. The heat sink side microchip is higher than the piezo side one. The axial
misalignment in z is measured by comparison to the microchip substrate thickness (380µm) and
is found to be ∆z = 130(20)µm. The rotational misalignment is such that it is ∆φ = 0.08(4)◦

for the roll. (bottom right) Additional view used to estimate the relative vertical and pitch
misalignment. The relative pitch between the trap is negligible.

materials, a small gap must remain during room temperature microchip positioning. The

gap is also chosen small enough such that it can both be closed at room temperature, or dur-

ing cryogenic operations, via the piezo actuators (∼600µm travel range). From the earlier

thermo-mechanical numerical simulations in Section 6.3.3, the separations that are recom-

mended at room temperature (assuming no hysteresis) are the following: ∆x = 200µm,

∆y = 150µm and ∆z = 270µm such that the heat sink chip is slightly above the piezo

one. Note that a small separation is provided in the y direction as the piezo actuator

cannot translates backwards.

After manual positioning the axial separation is measured to be of ∆x = 276(5)µm,

∆y = 89(5)µm and ∆z = 130(20)µm. The measurements are performed by comparing

the misalignment gap with known feature sizes in Fig. 6.28. At 50K, this is expected to
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result in a misalignment in the x�y plane of ∆x ≈ 216µm and ∆y ≈ 89µm. Both should

remain compensatable by the piezo actuators. In the vertical direction, the misalignment

at 50K is expected to be of ∆z ≈ −110µm such that the piezo side microchip could end

up above the heat sink side one. This may not be compensatable by the piezo actuator

as the reverse travel range is limited (∼50µm), however the risk was considered acceptable.

To be aligned, the relative angles between the microchips must also be small. The

maximum tolerable angle between the chips is of arctan(1/875) ≈ 0.06◦. This ensures

that their separation gap can be closed to within 10µm. From the same pictures taken of

the assembly, see Fig. 6.28, the relative yaw ∆ψ and roll ∆φ angles are estimated to be

0.14(8)◦ and 0.08(4)◦ respectively while the relative pitch ∆θ between the chips is negligi-

ble. This is also considered acceptable.

Bake-out. Once atmospheric gasses are evacuated from a vacuum chamber, water then

constitutes the largest contributor to the background pressure. This is because H2O is ad-

sorbed within a small surface layer of the system's metallic walls [391]. After evacuation,

water slowly desorbs, its content in the adsorption layer diminishes, and consequently the

outgassing rate also decreases over time. However, if only pumped out at room tempera-

ture, water vapour will still remain the dominant outgassing species for the �rst months

of pumping [386], thereby making reaching UHV impractical in a reasonable time scale.

The in-situ heating of the vacuum system to temperature above 120◦C then signi�cantly

speeds up this process (a practice commonly referred to as bake-out). This is because the

added thermal energy contributes to the increase in kinetic energy of the water molecules

such that they overcome their bond with the metal layer [386]. Within the IQT group,

bake-out is typically carried out at 200◦C for approximately 2 weeks. This has proven to

yield �nal UHV pressures in the low 10−11 mbar. For this experiment, however, two main

factors prevent baking at this temperature. Firstly, the piezo actuators are only rated for

bake-out temperatures up to 150◦C. Secondly, the microchips are bonded using indium

whose melting point is at 156.7◦C. The target bake-out temperature was therefore chosen

to be of 140◦C and last for ∼3weeks. Furthermore, future operation at cryogenic tem-

perature is also expected to lower the vacuum system owing to the cryopumping e�ects

previously discussed in Chapter 5.

The vacuum system is baked in a temperature controlled oven [392] that has, since
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its construction, undergone signi�cant upgrades [393]. The upgrades o�er numerical PID

control over the oven heating elements such that a reliable temperature stability of ±0.5◦C

is achieved. Fully autonomous control is also provided with the capability to ramp up

and cool down the temperature at a constant rate to a target steady-state value. Here,

the rate of temperature change is prescribed to 3◦C/hr to protect the imaging and laser

viewports. Finally, remote monitoring of the oven temperature, vacuum pressure is also

provided together with an emergency back-up system. As a passive protection measure, the

vacuum apparatus was wrapped with approximately 5 layers of aluminium foil to protect

the windows in the occurrence of rapidly changing temperatures. The propagation of the

thermal wave through the aluminium foil and in-vacuum cryogenic support structure to

the traps is estimated to take less than a day. This gives con�dence that the microchips

reach the target bake-out temperature during the bake. Prior to bake-out the vacuum

system is helium leak-tested using a residual gas analyser (RGA) (helium partial pressure

<10−7 mbar) and the bake-out procedure was carried out as follows:

� With the chamber right-angle valve fully open, evacuate the system to low 10−6 mbar

(TMP penning gauge reading). This usually takes a day after long exposure to

atmosphere. At this point the ion gauge may be safely turned on.

� Ramp up the oven temperature to 140◦C at a rate of 3◦C/hr. Assert that the oven

temperature is reached without overshoot.

� After a few days the vacuum system pressure will drop back to under 8× 10−6 mbar,

at which point the ion gauge must be degassed. A low degas (15mA) and medium

degas (25mA) are carried out consecutively for 10min followed by a high degas

(60mA) for 30min. The ion pump must also be �ashed to remove contaminants

from its surface.

� After a few more days, the NEG element is conditioned and activated.

� The steps of ion gauge degassing (60mA) and NEG element activation are repeated

a few more times over the course of a week to yield incremental improvements.

� After about one week, a pressure <1× 10−6 mbar is asserted at which point the ion

pump is turned on.

� After two weeks, a pressure of ∼4×10−7 mbar is reached. The NEG element is

activated a �nal time and is followed by the manual closure of the valve to the TMP.

The valve is closed with a medium torque of 17.5N/m to prevent damage to its

copper pad from thermal contraction during cool down.
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Figure 6.29: Photographs of microchips after bake-out, prior to and after alignment using the in-
vacuum piezo actuators at room temperature. (left) After bake-out the axial separation in the x�y
plane is measured to be of ∆x = 302(5)µm, ∆y = 424(5)µm with a relative yaw ∆ψ = 0.07(2)◦.
(right) Displacements in z and y can be closed by aligning the left-hand side microchip using
the in-vacuum piezo actuators. When cooled down to cryogenic temperatures both modules are
brought towards one another as expected from numerical simulation. Closure of the gap between
both microchip modules was demonstrated at 40K, but is not shown here.

� The system is cooled down to 65◦C at a rate of −2◦C/hr. Once at the target tem-

perature the TSP �laments are subject to incremental activation currents up to 46A

(1min).

� The system is �nally cooled down to room temperature at the same rate. The

all-metal valve is closed tightly with a torque of 21.5N/m and the TSP is left to

automatically activate itself every 4 hrs at 46A over the course of a week. A �nal

UHV pressure of 3.0×10−10 mbar is measured at the ion gauge. This is su�cient for

initial ion trapping experiments with ion trapping lifetimes in the order of 30min.

After installation within the laboratory, cryogenic cooling to 40K further reduces the

background gas pressure such that a UHV pressure of ∼6 ×10−11 mbar is reached.

Post bake-out analysis. After bake-out the axial separation in the x�y plane is measured

to be of ∆x = 302(5)µm, ∆y = 424(5)µm with a relative yaw ∆ψ = 0.07(2)◦ as shown in

Fig 6.29. Accurate measurement in z at this stage is currently di�cult. Vacuum system

bake-out is therefore responsible for a modi�cation of the alignment of both microchips

with. This mechanical hysteresis is attributed to the relaxation of stress during thermal

cycling, vibration during system transport as well as potential joint loosening. Overall,

this hysteresis resulted in a displacement in x of ∼26µm and a large displacement in y of

∼335µm and parallelisation of the microchip edges. Following cool down to 40K, both



274

microchip module translate towards one-another due to thermal contraction as predicted

from the numerical simulations in Section 6.3.3. Here, all misalignments can be entirely

compensated by the piezo actuators such that the gap is fully closed. All DC and RF

connections to the traps su�ered no degradation. However, it was found that the on-chip

CCWs where disconnected from the high-current feedthroughs. Visual inspection via the

laser viewports showed that some of the clamps were lifted from their respective chip

connection pad. This is attributed to the relaxation of the Be-Cu clamp material during

bake-out. Future e�orts will therefore focus on improving the clamp design by investigating

alternative materials or through further experimentation with ribbon bonds.

6.10 Conclusion

This chapter has described in detail methods that assist reaching cryogenic temperatures in

the experiment. Various materials were discussed for the bonding of the ion-trap microchip

and pure indium was identi�ed to o�er the most advantageous mechanical and thermal

anchoring characteristics that can be achieved in a UHV set-up. An optimal procedure

was then developed and step-by-step roadmap to realise high-quality indium bonds that are

reliable and reproducible was provided. The construction of a UHV-compatible cryogenic

heat sink was then presented. Speci�c attention was paid during its design and construction

to prevent any leak of the pressurised cryogenic helium gas. A low thermal conductivity

support structure was then introduced. The support is used to hold the cryogenic heat

sink within the vacuum chamber while also minimising thermal loads. This structure

also hosts room-temperature piezo actuator stages that are used for the alignment of the

second ion-trap microchip module. Manual microchip positioning capabilities are also

provided by the structure. This enables positioning one microchip with respect to the

other prior to bake-out. The components used for signal delivery such as in-vacuum PCBs

and electrical wiring were presented and speci�cally analysed with regards to their thermal

performance. For ion loading, a set of atomic sources are used and are constructed such

that their operation lead to minimal radiative heat load to the trap together with minimally

coating the microchips' electrodes. A compact patch antenna then provides capabilities

to emit the microwave radiations used for coherent quantum state manipulation. Finally,

the assembly procedure of the in-vacuum components within the vacuum chamber was

presented. Speci�c considerations were made for the positioning of the two ion-trap module

with respect to one another prior to bake-out. The microchips were found to be alignable

post-bake-out, once UHV operating conditions were reached.
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Chapter 7

Laboratory set-up

In the previous chapter, the entirety of the components that are used inside the UHV

chamber to construct the two-module ion-trap experiment were presented. From this

stems a variety of constraints and requirements that need to be met by external devices for

the experiment to operate correctly. In this chapter, these constraints and requirements

are addressed. Firstly, the experimental control architecture is described. This provides

the software and hardware systems that controls and coordinates each of the experiment

devices and processes in a desired time sequence. Each of these devices and processes are

then presented in further details. These consist principally of: the DC and RF electronics

required for the generation of trapping voltages; the high-current switchable power supply

that will be used for the on-chip generation of large magnetic �eld gradients; the set-up

for coherent microwave and RF �eld generation and delivery; the laser systems; and the

ion imaging and qubit state detection set-up.

7.1 Experimental control with ARTIQ

The two-module experiment implements a variety of instruments that need to be operated

together for the set-up to function properly. Each device typically requires control over

di�erent time-scales, di�erent level of synchronisation, and may follows di�erent commu-

nication protocols. For instance, control of an automated beam shutter on the 399 nm

photoionisation laser beam path can be slow (on the order of the second) while control

over the coherent microwave and RF pulse sequences is typically required to be synchro-

nised with other signals within� 1µs. To address this disparity, control systems in atomic

physics experiment typically use a combination of a computer CPU to output time-scale

insensitive control signals while a �eld-programmable gate array (FPGA) is used for real-
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Figure 7.1: Schematic diagram of the experimental control architecture using ARTIQ. The ex-
periment control computer runs the ARTIQ environment. It communicates through the laboratory
computer network with Kasli, the ARTIQ FPGA. Kasli sends instructions to its connected devices
in real-time. The generated DC voltages which are used for the axial con�nement and shuttling
of the trapped ion are run through a �lter box and calibration breakout unit as presented later
in Section 7.2. Additional devices can be connected to the experiment computer and controlled
from within the ARTIQ environment although this will be done asynchronously. See main text
for further details. AOM�acousto-optic modulator, AWG�arbitrary waveform generator, EOM
�electro-optic modulator, PMT�photomultiplier tube.

time control and monitoring. Here, an FPGA is particularly well suited as this unit can

be directly re-programmed in hardware, to perform custom tasks with high e�ciency, high

reliability, and within a minimal processing time. Programming FPGAs is often done

through low-level specialised programming languages such as Verilog. However, the time

that must be invested to reach a working pro�ciency with this language is often impractical.

In recent years, a global research e�ort was undertaken by the atomic physics com-
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munity to provide a simpli�ed and uni�ed real-time experimental control framework. As

a result, the advanced real-time infrastructure for quantum physics (ARTIQ) framework

was created1. ARTIQ consists of both a software environment and a hardware architec-

ture. The software environment provides control and automation of instruments as well as

experiment scheduling, data acquisition and analysis. It is exclusively coded via python

scripts2. The hardware architecture, the so-called Sinara, revolves around a central FPGA

card3 (Kasli), which provides real-time control (25MHz reference clock signal i.e. 40 ns

synchronisation time-scales) over up to 12 eurocard extension modules (EEMs). The en-

tirety of the hardware set-up is contained within a standard eurocard 3U rack. Connection

between the experiment computer hosting the ARTIQ software and the ARTIQ Sinara

hardware is realised through an optical �bre SFP connection via the laboratory computer

network. This ensures good electrical noise isolation from the network ground. The key

features of ARTIQ reside in that it is a highly scalable platform for experimental con-

trol. Its architecture is modular, reproducible and supported by a broad community which

facilitates troubleshooting. A presentation of the several advantages of the ARTIQ exper-

imental control framework over LabVIEW-based implementations is given in Ref. [393].

The various devices that are controlled by the Kasli master FPGA controller are presented

in Fig 7.1 and are as follow:

� Urukul. Urukul is a 4 channel frequency generator operating using 4 direct digital

synthesizers (DDS). Urukul provides sub-hertz frequency resolution with frequencies

up to 400MHz. As such, it is well suited frequency source for the generation of the

RF signals used for the radial con�nement of trapped ions. It is also well suited

to �nely control the frequency detuning on the 369 nm wavelength and power using

an acousto-optic modulator (AOM). The card can also be �tted with an additional

feature, �SU-Servo�, that can be used for the stabilisation of laser light intensities, as

is used here for the stabilisation of 369 nm laser light. Here, the card drives the AOM

while an error signal, which is used for the PID loop, is acquired by the sampler.

� Sampler. The sampler is an 8-channel, 16-bit analogue-to-digital converter (ADC)

card with an update rate of up to 1.5MSPS. It is also used in SU-Servo mode to

generate the error signal from a photodiode that is then used for laser intensity

stabilisation.

1M-Labs, ARTIQ
2In this experiment, the ARTIQ python scripts were written by PhD student F. Bonus and Dr M.

Akhtar
3Xilinx, Inc., Artix-7 100T FPGA
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� Zotino. Zotino is a 32-channel, 16-bit digital-to-analogue converter (DAC) which

supplies DC voltages for the axial trapping voltages for ion con�nement and trans-

port.

� DIO SMA4. This is a 4-channel isolated transistor-to-transistor logic (TTL) card

with SMA connectors. TTL signals are used in the experiment to provide fast switch-

ing capabilities on the 369 nm laser electro-optic modulator (EOM). TTL signals are

also used for coherent manipulation of trapped 171Yb+ ions via the switching of RF

and microwave pulse sequences. The card includes on-board switches such that the

direction (I/O) and impedance termination for each of its channels is selectable.

Note that additional devices can be controlled by the computer from within the ARTIQ

environment. Although control of these devices will be done asynchronously from the rest

of the real-time Sinara hardware. Here, this is used to acquire the oven temperature

and drive the atomic oven power supply5 in a temperature controlled PID loop; log6 the

temperature measurements from the experiment Pt100 temperature sensors; drive the laser

beam shutters; and acquire the ion �uorescence camera image.

7.2 DC system and external DC �ltering

As mentioned, the trap DC voltage signals, which are used for the axial con�nement and

transport of the ion, are generated by the ARTIQ Sinara hardware. Zotinos7 generate DC

voltages between ±10V. Each 32 channel DAC8 provides a 1MSPS update rate, which

is shared across all channels. Connection to each Zotino is done on their front panel via

HD68 connectors. Overall, 96 DAC channels are provided, out of which only 56 are used

for the two-module ion-trap experiment.

However, as with the vast majority of DAC systems used in ion trapping experiments,

concerns come with regards to the noise and stability of the generated DC voltage signals.

For this device, the noise spectral density is speci�ed to be of 250 nV/
√

Hz at 100 kHz.

This is greater than the requirement of 200 nV/
√

Hz at 100 kHz [151]. This excessive noise

level is due to two main sources in the device: Firstly, it is the result of the digital to ana-

logue conversion process, and secondly, it stems from the EM coupling between the DAC

4Sinara 2128
5RS PRO, IPS 2010
6Pico technology, PT-104
7M-Labs, Zotino v1.3
8Analog Devices Inc, AD5372
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channel cabling and its surroundings. Therefore, before being sent to the vacuum system

DC feedthroughs, the DC voltages need to be �ltered to remove the noise components that

may otherwise adversely a�ect trapping.

To this purpose, a DC �lter box was designed by Dr S. Hile and constructed jointly

between myself and PhD student F. Bonus. The �lter box is made of 3 �ltering boards

which provide �ltering to 50 channels per board. A similar device is used in another ex-

periment in the laboratory in an e�ort to standardise the equipment. IDC ribbon cables

are then used to bridge the HD68 connector to the �lter boards input channels. In total,

three �lter boards are used to match the required number of vacuum DC feedthroughs,

as shown in Fig. 7.1. Each channel is �tted with a two-stage RC low-pass �lter (1.0 kΩ,

2.2 nF and 10 kΩ, 220 nF) yielding a−3 dB cuto� frequency of 72 kHz. The rise time (10�

90% response to a step function) is of ∼5µs. A shorter rise time is not useful in light

of the limited bandwidth (75 kHz) o�ered by Zotino. Here, the 72 kHz cuto� frequency

provides an appropriate trade-o� between noise elimination and ion shuttling capability,

which inherently relies on rapid DC voltage signal changes. Note that in this set-up, fast

DC voltage change is also limited by the DAC slew rate of 1V/µs.

Typical designs for such �lter boards can be found in Refs. [168,369]. However, the �lter

box used in this work di�ers from others in that each �ltered channel is �tted with picket

fences to improve (as much as feasible without an excessive PCB real estate compromise)

EM coupling isolation between unbalanced signal lines. Finally, the �lter box output is

�tted with 50-pin Sub-D connectors in such a way the interfacing with the vacuum system

DC feedthrough �ange is simpli�ed.

For this DC architecture, the (tedious) mapping of each DAC channel output to the

corresponding trap electrode (Zotino channel→ �lter box→ in-vacuum DC ribbon cables→

in-vacuum PCB traces→ trap electrodes) was carried out by PhD student F. Bonus. To

con�rm that the appropriate DC signals are applied to the correct electrode, a custom

calibration breakout unit9 is �tted between the �lter box and vacuum feedthrough �ange,

see Fig. 7.1. This makes it possible to probe each of the DC channels connected to the

traps. This was found to greatly facilitate troubleshooting issues related to the DC system.

9designed by Dr M. Akhtar
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7.3 Trapping RF set-up

The RF signal is responsible for the generation of a pseudo-potential which con�nes the

ions along the radial directions of the linear ion trap. In order to achieve long trapping

life-times, it is essential that a su�ciently large trap depth is provided. For this, high

RF amplitudes on the order of 100�500V at frequencies ranging from 10 to 30MHz are

typically required [61,394].

There are two possible ways to apply RF signals: either a RF source is ampli�ed and

sent directly to the trap, or it is ampli�ed and then sent to a resonator to which the trap

is coupled. In practice the �rst option should be avoided because the circuit components

are not impedance matched and the signal is left un�ltered. This results in the ine�cient

transmission of the RF signal as it is largely re�ected prior to reaching the trap, thus re-

quiring increased RF input powers to reach the desired RF voltage amplitudes on chip. In

addition, the ampli�cation of the RF source introduces signi�cant noise to the signal which

may lead to a substantial heating of the ion motional states through parametric excita-

tion [395]. Conversely, both these drawbacks are overcome by the second option. Indeed,

in a circuit resonant with the trap, no output impedance mismatch past the ampli�er is

to be expected. Consequently, the trapping RF signal from the 50Ω source is optimally

transmitted to the ion-trap microchip. An addition, the noisy signal components which

result from the ampli�cation stage are also e�ciently �ltered out as they do not match the

resonator resonant frequency.

In this work, two resonant RF circuits are constructed using two in-house built, high

quality-factor (Q-factor) helical resonators. Each resonator is associated to a speci�c ion-

trap microchip module and both are independently driven. The circuit diagram presenting

this set-up is given in Fig. 7.2.

For this experiment, the source RF signal is provided by two independent output chan-

nels on the ARTIQ Urukul DDS card, see Fig. 7.1. For trapping, the RF signal is gener-

ated at ∼19.3MHz. The nominal max output power of the DDS card is set in hardware to

10 dBm. This output can be attenuated via digital step attenuation down to −31.5 dB. In

addition to basic output voltage amplitude control, it is desirable to have full control over

the phase of the RF signal in order to trap over both microchip modules. Here, Urukul uses
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Figure 7.2: Schematic diagram of the high voltage resonant radio-frequency circuit that is used
for both ion-trap microchips. The helical resonator provides the required impedance matching
to the ampli�ed RF source for maximum signal transmission to the trap yielding large trapping
voltage amplitudes. Each component used to deliver the RF signal to the trap incorporates a small
capacitance to the resonant circuit, thereby shifting its resonant frequency. All the capacitances
in the circuit must therefore be considered. A capacitor divider is used to probe the voltage
amplitude in the resonant circuit. It uses two capacitance of 10 and 400 pF. Once accounting
for the capacitance of the oscilloscope and BNC cabling, the capacitor divider allows to measure
trapping RF voltage amplitude with a ratio of 1/54. The small 10 pF capacitance of the divider
shields the rest of the resonant circuit from the high capacitance measuring unit. See text for
further details. Amp�RF ampli�er, PM�powermeter.

DDS chips10 that provide a phase o�set resolution of 16 bit with a minimal phase noise of

−149 dBc/Hz. The trapping RF signals are then sent to two high-power RF ampli�ers11

which amplify each signal by +45 dB. Post ampli�cation, this results in an RF signal power

anywhere between 25�55 dBm i.e. 0.2�>100 W. The RF power transmitted to the trap is

measured by a directional powermeter12 connected between the ampli�er output and the

helical resonator. One may then verify that the RF set-up is well impedances matched such

that a negligible amount of RF power is re�ected back to the ampli�er. This also enables

the monitoring of RF dissipation at the ion trap. Control over the RF voltage amplitude

applied to the helical resonator is then done by attenuating the DDS card RF output from

within the ARTIQ environment. The high voltage resonant circuits then comprise both he-

lical resonators, RF SMA cabling (air and vacuum side), vacuum feedthroughs, in-vacuum

PCB traces and ion-trap microchip modules. A custom capacitor divider set-up is then

used to monitor the RF voltage amplitude and frequency applied to each traps. It is �tted

to each of the resonant circuits directly after the helical resonator and immediately before

the vacuum feedthrough. Measurement capability of the RF voltage amplitude applied to

the trap is important. It ensures that the trap is driven safely away the breakdown voltage

that was determined via tests carried out on traps from a similar fabrication batch.

10Analog Devices Inc, AD9910
11Mini-Circuits, LZY-22+
12Rohde & Schwarz, NAUS 3
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Capacitor divider and RF signal delivery

The capacitor divider consists of two capacitors arranged in series: one is connected to

ground and the other one connected to the trapping RF signal, see Fig. 7.2. The capac-

itor connected to the trapping signal is chosen to have a much smaller capacitance than

that connected to the ground. This leads to a large reactance connected to the RF signal

followed by a small reactance to the ground. This construction forms a capacitor divider

such that the voltage across the largest capacitor is driven at the same frequency as the RF

trapping signal, but at a much smaller amplitude. This amplitude is given as a �xed ratio

de�ned by divider's reactances. Probing the voltage at this location using an oscilloscope

therefore allows one to deduce the amplitude of the RF signal sent to the trap.

As can be seen on the circuit diagram in Fig. 7.2, the capacitor directly connected

to the RF signal is given a small capacitance C1 of 10 pF. The capacitor connected to

ground is then given a large capacitance C2 of 400 pF. This ensures a high voltage am-

plitude ratio. In practice, however, the 1-meter-long BNC cable connecting the capacitor

divider set-up to the oscilloscope, and the oscilloscope itself, also have speci�c capaci-

tances. The BNC cabling capacitance CBNC is measured to be of 84 pF while that of the

oscilloscope13 COs is of 16 pF. These capacitances are connected in parallel to C2, and

linearly contribute to the overall capacitor divider set-up with a total equivalent capaci-

tance C2,eq = C2 + CBNC + COs = 500 pF. The capacitor divider ratio is thus expected to

be of C1/(C1 + C2,eq) = 1/51.5 and allows for the safe measurement of large RF voltage

amplitudes applied to the trap.

It is also important that the capacitor divider ratio be measured separately using the

same cabling and oscilloscope as is used in the actual experimental set-up. For both di-

viders these ratios are found to be of 1/54, and the small discrepancy with the predicted

value is attributed to additional capacitances introduced by connectors. The overall ca-

pacitance of the divider as seen by the RF signal is then Ccd = (1/C1 + 1/C2,eq)−1 given

the series con�guration. However, because C2,eq � C1, the capacitor divider equivalent

capacitance is essentially Ccd ≈ C1, and consequently the small capacitance C1 = 10 pF

shields the resonant circuit from the subsequent higher capacitances.

The in-vacuum portion of the resonant circuit then comprises feedthroughs, SMA ca-

13GW Instek, GDS-2072E
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bling, PCB traces and ion-trap microchip. These have a cumulated measured capacitance

of 95 pF and 100 pF on the heat sink side and piezo side respectively. Given the previous

discussion in Chapter 6 regarding the capacitances introduced by the in-vacuum RF de-

livery parts, the remaining capacitance that accounts for each ion-trap microchip is found

by subtraction to be of ∼70 pF.

Indeed, the in-vacuum coaxial SMA RF cabling is expected to bring a capacitance of

CSMA,v = 24 pF owing to its 20 cm length. The heat sink and piezo side PCB RF traces also

each have capacitances CPCB of 5 pF and 3.7 pF respectively. Here, the di�erences between

both PCB RF traces capacitances results from the dissimilar PCB insulator thickness.

Theoretically, these accumulate to a capacitance of 29 pF and 27.7 pF for the heat sink and

piezo side respectively. Therefore, given the capacitances of 95 pF and 100 pF measured for

in-vacuum portion of the circuits, the traps are indeed expected to have a Ctrap ≈ 70 pF

capacitance. A short 4-cm-long SMA cable then delivers the RF signal past the helical

resonator to the vacuum feedthrough and has a capacitance of CSMA,a = 9 pF. Altogether,

the capacitances from the air-side and vacuum-side RF signal delivery part to the trap

amount to Cdel = CSMA,a + CSMA,v + CPCB ≈ 37 pF.

Helical resonators

Both helical resonators were built by PhD student N. Johnson following design guidelines

set out in Ref. [396]. Full details regarding their engineering as well as considerations

for the trap RF amplitude measurement using the capacitor divider can be found in his

thesis [366]. However, the resonators were modi�ed slightly to provide a higher resonant

frequency at ∼19MHz instead of ∼11MHz to facilitate trapping. The resonator were built

to be as identical as possible although the manual shaping of the inductively coupled inner

pick up and antenna coils mean that there is a marginal discrepancy between the two. This

discrepancy takes the form of slightly unequal resonant angular frequencies ω0 and quality

factors Q. The expression for the resonant angular frequency is given by

ω0 =
1√
LC
≈ 1√

Lr(Cr + Cs + Ccd + Cdel + Ctrap)
, (7.1)

where Lr is the resonator pickup coil self inductance, Cr is the resonator pickup coil self

capacitance, Cs is the capacitance of the resonator pickup coil to the surrounding grounded

shield casing. The expression for the quality, Q, factor is given by

Q =
1

R

√
L

C
, (7.2)
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Figure 7.3: (left) Photograph of the helical resonator used in the high voltage radio-frequency
circuit connected to the heat sink side microchip which has on-chip CCWs. (right) Resonance
curves of the heat sink side resonator (blue) and piezo side resonator (red) as measured by the
VNA. The S11 parameter corresponds to the ratio between the re�ected and supplied power. The
resonance is found at 19.345MHz and 19.120MHz respectively with a Q factors exceeding 1300.

where R, L, and C are the overall resonant circuit resistance, inductance, and capacitance

respectively. Optimal RF signal transmission to the trap is achieved by setting the res-

onant frequency to the desired trapping RF frequency and maximising the Q factor, i.e.

minimising the circuit resistance and capacitance. There, a small input RF power PRF at

ω0 leads to a high RF voltage amplitudes Vpeak at the trap, following the expression [396]

Vpeak = (L/C)1/4
√

2PRFQ . (7.3)

This is used to estimate that both values from the power meters and voltage amplitude

measurement from the capacitor divider agree well.

The resonant circuit set-ups, with both ion-trap microchip modules connected, were

tested by a vector network analyser (VNA) to measure the re�ected power characteristics.

At resonance the power is expected to be transmitted to the trap which leads to a dip

in re�ected power. As shown in Fig. 7.3, the resonant frequency is determined to be of

19.345MHz for the heat sink side microchip. For the piezo side microchip, which integrates

the CCWs, the resonant frequency was found to be of 19.120MHz. The Q factor for each

circuit is then extracted from the resonance curves by measuring the frequencies (f− and

f+) that are 3 dB higher either side of the re�ected power dip (half maximum transmitted

power) such that Q = f0/(f+ − f−) where f0 is the resonant frequency. The Q factors are

measured for both resonators to be in excess of 1300. Finally, it may be of interest to �nely

adjust the resonant frequency of one resonator. This would allow to match the adjustable

resonant circuit to the other one such that both are exactly driven at resonance. This is
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particularly attractive for ion transport operations between both microchips. Here, this

feature can be obtained via a simple modi�cation of the circuit. This consists in placing a

variable capacitor in place of the �xed capacitance C1 in one of the capacitor divider. For

initial ion trapping experiments, the traps are operated at the helical resonators resonant

frequencies with trap RF voltage amplitudes Vpeak ≈ 100V.

7.4 High-current static and switching unit for CCW opera-

tion

For the on-chip CCWs to generate a large magnetic �eld gradient at the ion location, it

is critical that large and stable electrical currents are provided. In this experiment, static

electrical currents of up to 10A can be provided by a speci�cally built power supply14 that

has an output stability <5 ppm under its maximum current. This is given for temperature

variations constrained to 1◦C. Temperature stability is achieved by water-cooling the power

supply, which eliminates long term drift. Electrical components used in the construction of

the power supply were also selected such that no degradation of the stability performance

is expected over long periods of time (months).

It is also important to provide fast and stable switching of the high currents supplied to

the CCWs. Fast switching permits a short cycle between quantum gate and shuttling op-

erations, mitigate power dissipation at the ion trap at cryogenic temperatures, and allows

higher quantum gate �delities to be attained. For this purpose, the CCW current is best

supplied as a pulse of desired duration. However, this pulse capability is not an available

feature of this power supply.

Therefore, a controllable current switching unit was constructed15 to carry out this task.

It is composed of two parts. The �rst part consists of a digital interface that translates

a digital control instruction into the desired voltage. This is achieved using a precision

DAC system16 and voltage reference17 whose temperatures are precisely controlled. The

second section consists in an analogue circuit that converts the control voltage from the

digital interface into a target current which is drawn from the static current supply and

passes by the on-chip CCWs. The system is fully controllable by the experiment computer

14HighFinesse GmbH
15Designed and constructed by H. Godwin
16Analog Devices Inc., DC1684
17Analog Devices Inc., AD5781
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via a USB connection (although control via a SPI interface may be preferred when the

time critical operation of the unit is required). The switching bandwidth was measured

to be 1.3MHz and provided switching capabilities of up to 27A/µs. Implementation of

the unit on the 10A power supply showed switching capabilities from 0 to 10A with

a settling time of 0.5µs. Stability performances where limited by the power supply at

5 ppm. However, this settling time is dependent on the inductance and resistance of the

load, which is comprised of: connection cables, vacuum feedthroughs, PCB routing, and

on-chip CCWs. Here, these inductances and resistances are expected to accumulate to

approximately 10µH and 5 Ω. For these values, the settling time should still be constrained

to 5µs. Integrated within the switching unit is also the ability to output precisely shaped

high-current pro�les (the arbitrary waveforms are generated externally). This may be

useful for removing undesired harmonics for several reasons: minimisation of eddy current

heating of surrounding conductors ; minimisation of the inductive coupling to the trap

electrodes ; and optimisation of the current pulse sequence to perform quantum operations

with lower error rates.

7.5 Coherent microwave and RF �eld generation

As presented earlier in Chapter 2, additional RF �elds (distinct from those mixed with

microwave radiations) must be delivered for two-qubit gate quantum logic in a magnetic

�eld gradient. Since multiple ions may be trapped in the trap axial direction, i.e. along the

direction of increasing magnetic �eld magnitude, each ion hyper�ne energy levels within

2S1/2(F = 1) will be shifted slightly di�erently from one ion to the next. This is useful

because this permits to individually address the hyper�ne transition of a single, target ion

in the frequency space using a global RF �eld. However, this also requires the capability

to generate, and deliver, as many amplitude and phase controlled RF frequencies as there

are ions in the system. To be scalable, it is essential that the number of emitters scales

di�erently to the number of required frequencies, thus a suitable emitter must o�er a broad

resonant frequency. For this, using a single antenna coil addresses well this requirement.

In addition, RF antenna coils have already been extensively for the delivery of controlled

RF signals to trapped ions system [121,168] and have shown to be reliable for this purpose.

In this thesis, the RF antenna coil is built from a 3.3-mm thick, polyester enamelled

copper wire which is wound over 4 turns to form loops that are 7.5 cm wide. Unlike me-

chanical interference considerations previously made in Chapter 6 regarding the microwave
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Figure 7.4: Schematics of the coherent microwave and radio-frequency set-ups. The AWGs used
in both set-ups are controlled by the experiment computer, the RF switches are controlled via TTL
signal sent by the ARTIQ hardware. An oscilloscope is shared across both set-up for waveform
monitoring. The VSG provides internally the 12.54GHz microwave source. All active electronic
components are powered by a DC voltage breakout box. The breakout box is fed by a custom-
built low-noise linear power supply. Components that may be part of a future upgrade are shown
in yellow. Details of this construction of the set-up are presented in the text. A feedback loop
may be implemented after microwave ampli�cation to stabilise the microwave power emitted by
the patch antenna. A�RF attenuator, Amp�ampli�er, AWG�arbitrary waveform generator,
C�microwave circulator, Co�RF coil antenna, DC�directional coupler, PA�patch antenna,
PA�power meter, S�RF switch, Sp�RF splitter, VS�vacuum system, 2C�2-way combiner.

emitter, the coil's shape can be inserted between the objective lens system and walls of

the recessed imaging viewport. This is found to minimally impede the motion of the lens

for optical alignment while bringing the coil within ∼3 cm to the ions, which is useful to

deliver high RF �eld strength. The coil was then �tted with a BNC termination to which

the RF signal is delivered. Photographs presenting a similar implementation as described

here may be found in Ref. [168].

7.5.1 Coherent microwave set-up

For the coherent microwave set-up, a 1 channel programmable arbitrary waveform gener-

ator18 (AWG) is used to generate the arbitrary coherent RF waveforms (∼100MHz) that

18Keysight, EM8190A 12GSa/s
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are to be mixed with a coherent microwave signal. Fig. 7.4 provides a full description of

this set-up. Using an AWG is particularly convenient as it makes possible the generation of

complex waveform and therefore enables pulse amplitude shaping. The AWG is controlled

by the experiment computer through a PCI card. Two signal outputs are connected to the

same channel. Here, one of these outputs is connected to an oscilloscope19 to monitor the

signal characteristics and quality.

The RF signals must then be mixed with a microwave source of ∼12.54GHz supplied

by a vector signal generator20 (VSG) to generate signals at, or slightly detuned, from

12.64GHz. The other signals consisting of the carrier and negative modulation sidebands

are far o�-resonant and do not participate in the driving of the hyper�ne transition.

To achieve this, the primary AWG RF output is sent to an RF pre-ampli�er21 that

applies a gain of +18 dB. To be protect the VSG input, an attenuator22 reduces the ampli-

�ed RF signal power by -6 dB. This ensures that the modulation of the RF amplitude on

the AWG does not exceed the VSG power input speci�cations. The signal is then passed

through a high isolation RF switch23 installed in reverse. The reverse arrangement of the

switch ensures that the microwave patch antenna is grounded when the switch is o�. The

switch is controlled via a TTL signal which delivers fast switching timescale capabilities

(∼10 ns rise time). The TTL signal is provided by the I/O TTL card connected to the

ARTIQ system FPGA (Kasli) which is fully controllable from the main experiment desktop

computer. The RF signal arrives to the port of the VSG within which it is mixed with

the internal ∼12.54GHz microwave source. This produces a signal with 12.54GHz carrier

and 12.44GHz and 12.64GHz sidebands. The power allocated to each of the frequencies

depends on the power sent from the AWG and the power of the 12.54GHz signal provided

by the VSG. Variation of the 12.54GHz signal power is used to control the power of the

12.64GHz positive sidebands, which are the only sidebands of interest. The combined

microwave carrier and RF sideband signal is then sent to a microwave ampli�er24 which

provides a high ampli�cation gain of +32 dB. This produces a microwave output power

of approximately 1W which is then sent to the in-vacuum patch antenna discussed in

Chapter 6, Section 6.8. To protect the unidirectional ampli�er from re�ected signals due

19GW Instek, GDS 2072E
20Keysight, E8267D
21Mini-Circuits, ZFL-750+
22Mini-Circuits, VAT-6+
23Mini-Circuits, ZASWA-2-50DR+
24Microwave Amps Ltd, AM25-12-13-30-33
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to impedance mismatches, a custom microwave waveguide circulator25 is installed directly

after the ampli�er.

It is desirable to have a high microwave �eld strength at the ion as this leads to an in-

crease in Rabi frequencies. As a consequence, single and two-qubit gates can be performed

faster which in turn permits higher gate �delities to be attained. In the future, a bandpass

�lter can be installed between the VSG and microwave ampli�er to isolate the ∼12.64

GHz signals. This ensures that less power is waisted amplifying the unwanted 12.44GHz

negative sidebands and 12.54GHz carrier signal. If a larger power is still desirable, an al-

ternative ampli�er26 can be used to deliver a +46 dB gain in order to provide a microwave

power of about 40W.

Finally, it useful to divert a portion of the microwave power before the antenna for

monitoring and stabilisation. This can be done using a directional coupler27 and connected

to a power meter28. The power meter reading is then sent to the experiment computer via

USB and can be used to implement a stabilisation feedback loop where the VSG output

power is controlled.

7.5.2 Coherent RF set-up

For the coherent RF set-up, another, similar, 1 channel programmable AWG is used to

generate the arbitrary RF waveform that is sent to the RF coil antenna. Monitoring of the

signal output is done in a similar fashion to that of the microwave set-up (shared oscillo-

scope), as shown in Fig. 7.4. The AWG primary output is sent directly to a high insulation

RF switch29. The switch is operated in a similar fashion to that of the microwave set-up.

The RF signal is then sent to a high power RF ampli�er30 that provides a gain of +43 dB

which results in a signal power of about 30W.

Larger RF power radiated to the ion may also be desirable in the future. This can

be accomplished by inserting an additional, similar, RF ampli�er within the circuit, in

parallel, so as to bring the total power to 60W. There, the installation of the second RF

25JQL Electronics Inc, JCWR62-40-12K4T12K8
26Microwave Amps Ltd, AM49-12.6S-46-46
27Flann Microwave Ltd, 18131-40
28Rohde & Schwarz, NRP-Z221
29Mini-Circuits, ZASWA-2-50DR+
30Mini-Circuits, LZY-22+
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ampli�er would consist in dividing the input signal using a RF splitter31, running the signal

to the ampli�er, and recombining the ampli�ed RF signal using a 2-way combiner32.

7.6 Laser set-up

As mentioned in the introduction of this work, three main wavelengths are necessary for

the trapping and Doppler cooling of ytterbium ions. The 399 nm is used for isotope selec-

tion and is part of the �rst stage of the photoionisation process. The second part of the

photoionisation process is provided by 369 nm laser light. The 369 nm importantly plays a

key role for ion �uorescence and Doppler cooling by driving the 2S1/2 ↔2 P1/2 transition.

Finally, spontaneous decay from the 2P1/2 state may result in the population of the 2D3/2

state in 0.5% of cases. There, light at 935 nm is used as an optical re-pump where the

2D3/2 state is excited to 3[3/2]1/2, and spontaneously decays back to 2S1/2, thereby closing

the Doppler cooling cycle.

The trapped ion may also be subject to an excitation of its internal state through a

collision with a background gas particles. Under good UHV conditions (∼ 10−12 mbar),

this only occurs on rare occasions and is typically of the order of about once a day. However,

this may be more frequent for higher background gas pressures. This speci�c collisional

energy transfer will result in a transition from 2D3/2 to the 2F7/2 (after some spontaneous

decay). The 2F7/2 is long lived (>year) and is not part of the cooling cycle. A fourth

638.6 nm laser light is used to resolve this issue. It acts as a collision re-pump such that

2F7/2 population is brought back to the ground state. However, it is currently not used in

the experiment although provisions are made for its future implementation.

Laser sources

For this experiment only commercial laser sources are required (an advantageous feature

of using ytterbium ions). Their output power is shared across several experiments taking

place within the laboratory. These experiments typically trap both 174Yb+ and 171Yb+

ions. Two laser sources are therefore provided for each of the 369 nm, 399 nm and 935 nm

wavelengths. This makes it possible to meet the speci�c demands of each experiments,

allowing them to run smoothly, simultaneously, without the need of taking shifts. In

addition, this greatly helps discriminate laser related issues from other sources as laser

31Mini-Circuits, ZFSC-2-1S+
32Werlatone Inc, D1635-102
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problems will be correlated to all experiments implementing the same isotope. The lasers

sources used for this experiment are the following:

� 369nm. The laser light at 369 nm is generated by a frequency-doubled diode-

pumped titanium sapphire laser system that is comprised of three consecutive mod-

ules. The �rst module33 uses a laser diode to output 10�12W at 532 nm. This

wavelength is then directed at a secondary gain medium, where it uses the 532 nm

light as the pump. This gain medium, within the secondary module34, consists

of a titanium sapphire rode, and emits light at 738 nm. The 738 nm light is then

sampled for frequency locking and power stabilisation purposes prior to being sent

to a frequency doubling cavity. The frequency doubling cavity module35 contains

a lithium triborate crystal. The non-linear property of this crystal, together with

the surrounding cavity, then leads to the conversion of the 738 nm laser light into a

369.5 nm output at approximately 2W with a narrow linewidth <50 kHz. To make

this high power output usable for our experiment, only a small portion of the output

is de�ected using a beam splitter cube such that a ∼60mW input power is provided.

This portion is then sent to the stand-alone moveable AOM & EOM set-up that is

described in the next section. The remainder of the output is then left to be used by

other laboratory experiments.

� 399nm and 935nm. Both 399 nm and 935 nm re-pump laser lights are provided

by two commercial diode lasers36,37 that output approximately 50mW. Both lasers

have a small portion of their beams sampled and sent to a wavemeter38 via a multi-

mode �bre. Given this reading, control of the laser output intensity and wavelength

is possible thanks to a feedback loop on a piezo driver, which adjusts the path

length of each of the diode laser external cavity. The laser outputs are then guided

through multiple branching beam splitters, dividing laser light across each laboratory

experiment. To deliver the wavelength to the two-module experiment (located in

a seperate room), the remainder of the laser powers are then coupled to single-

mode optical �bres. These are chosen speci�cally for the 399 nm39 and 935 nm40

wavelengths.

33M Squared Lasers, Equinox
34M Squared Lasers, SolsTis
35M Squared Lasers, ECD-X
36TOPTICA Photonics AG, DL pro HP 029050
37TOPTICA Photonics AG, DL pro 020275
38HighFinesse GmbH, WS-7
39Thorlabs Inc., SM300
40Thorlabs Inc., 780 HP
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Figure 7.5: Schematic diagram of the moveable AOM and EOM laser set-up. A set of irises and
mirrors ensures that alignment to the moveable set-up can be done rapidly. Quarter- and half-
wave plates provide control over the polarisation of the incoming beam. 369 nm laser light is sent
to an AOM in a double pass con�guration. A quarter-wave plate and PBS are used to e�ciently
extract the returning beam that is detuned by 2×fAOM . The beam passes through the EOM (only
used for coherent experiments) and is injected into a single-mode polarisation-maintaining �bre. A
half-wave plate before the �bre provide optimal coupling. AOM�acousto-optic modulator, BB�
beam blocker, EOM�electro-optic modulator, FC��bre coupler, L�lens, λ/2�half-wave plate,
λ/4�quarter-wave plate, M�mirror, PBS�polarising beam splitter.

Moveable 369 nm AOM and EOM set-up

To be used in the ion trapping experiment, the 369 nm wavelength must be slightly de-

tuned from resonance. This detuning capability is also useful when lasers are shared across

experiments. This can be achieved using an acousto-optic modulator (AOM). For coher-

ent manipulation, a larger detuning (GHz) is desirable and is provided by an electro-optic

modulator (EOM). A set-up comprising both an AOM and an EOM is typically subject to

input power limitations (either from device constraints or available power). Careful power

budgeting must therefore be done to ensure that a su�cient laser light intensity reaches the

experiment. In addition, these components distort the beam pro�le. It can thus be useful

to clean their output through an optical �bre prior �nal spatial beam �ltering. Because the

laser sources are located on a di�erent table to that of the two-module experiment, at least

one optical �bre is required. Attempts at placing the AOM showed that only little power

was left available at the experiment owing to constraint on the �bre output and ine�ciency

from the set-up. Instead, placing the AOM & EOM set-up prior this �bre allows to directly

use the higher laser output power to compensate for AOM ine�ciencies while the optical
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�bre also helps to clean the beam pro�le. To allow this set-up to be easily relocated to the

other 369 nm laser source when changing isotope, all the optical components are mounted

on a single moveable breadboard.

At the entrance of the moveable set-up, a manual iris is used as a global beam shutter.

The previously samples 369 nm beam with a power of ∼60mW is then sent to 2 mirrors

that provide 4 degrees of freedom for optimal beam alignment capability. To ensure that

the resulting beam is aligned to the rest of the optical set-up, two irises separated by

∼10 cm de�ne the optical path that must be followed. The beam then propagates to a

quarter-wave plate and a half-wave plate for full control over the circular and linear polar-

isation of the beam. Here, the circular component of the light is removed. The beam then

passes by a high power polarising beam splitter41 (PBS) that transmits vertically polarised

light while de�ecting horizontal components. Therefore adjusting the principal axis of the

previous half-wave plate gives control over the power transmitted through the PBS. The

excess power is rejected onto a beam blocker. The portion of the light transmitted through

the PBS (∼25mW) is then sent to the AOM42.

In this set-up, the AOM is used in a double-pass arrangement such that the beam

incident to the AOM is later returned, but in the opposite direction. This means both

incoming and retuning beams will closely overlap, making it di�cult to dissociate both

beams without compromising on their intensities. Here, this e�ect is eliminated by ensur-

ing that both beams are polarised linearly but in directions perpendicular to one another.

This allows their individual selection without trade-o�. After a single pass, the 369 nm

light is di�racted into several orders. These are separated by angles proportional to the ap-

plied input RF frequency fAOM and with intensities proportional to the signal amplitude.

The RF signal used to drive the AOM is provided by Urukul (ARTIQ DDS card) and is

subject to further ampli�cation from a RF ampli�er43. A convex UV AR-coated lens, with

focal length f = 100mm, is placed directly after the AOM to better resolve each order.

A quarter-wave plate is then placed right after such that the polarisation of the light is

changed from vertical to circular. A mirror then re�ects back the 1st order beam while

other orders are blocked. The re�ected beam passes again through the quarter-wave plate

where it now acquires a horizontal polarisation. It is �nally sent back to the AOM, where

41Thorlabs Inc., PBS12-355-HP
42ISOMET Corp., 1206C-833
43Mini-circuits, ZFL-1000VH2+
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the �rst order is again selected such that the returning beam has accumulated a frequency

detuning of 2 × fAOM from the 369 nm wavelength. This con�guration ensures that the

beam angle remains constant independently of the desired frequency detuning, which is

ideal to prevent the decoupling to further optical components. The returning beam is then

sent back to the PBS and is fully de�ected given its horizontal polarisation.

For qubit state preparation of the 171Yb+ hyper�ne qubit, it is necessary to address

the 2P1/2(F = 1) hyper�ne level. This will be achieved using an EOM44, which provides

GHz sidebands to the 369 nm wavelength. The beam is then coupled into a single-mode

polarisation-maintaining optical �bre45 to be sent to the experimental set-up. Note that a

half-wave plate is then placed directly before the optical �bre for additional polarisation

control. There aligning the beam polarisation to that of the �bre principal axis ensures

that light also exits the �bre at the experiment set-up with a constant linear polarisation.

The 369 nm input power on the �bre is measured to be 4.6mW.

7.6.1 Post optical �bres laser beam set-up

All optical �bres arrive on an elevated optical table at the experiment set-up and are cou-

pled to �bre launchers, as shown on Fig. 7.6. The table is elevate such that it matches

the height of the vacuum system laser viewports. The �bres launchers are �tted with col-

limation lenses that are AR-coated for UV46, or IR47, to provided maximum transmission

e�ciency.

Spatial beam �ltering. After �bre coupling, the 369 nm beam exits the launcher with a

power of 0.3mW. Although the �bre provides collimation and some cleaning of the spatial

beam pro�le, the beam is found to not be entirely Gaussian over a length equivalent to

its distance to the traps. The beam is therefore passed through beam shaping compo-

nents that deliver precise control over the spatial pro�le, beam diameter and collimation.

The spatial beam �ltering assembly consists in a set of two UV AR-coated convex lenses

aligned on the same optical axis and separated by the sum of their focal lengths. The

collimated 369 nm light, with beam diameter din, enters the assembly collinear to the op-

tical axis. The change in beam diameter after the assembly, as a result of this simple

telescope arrangement, is expected to be dout = dinf1/f2, where f1 is the focal length of

44QUBIG GmbH, PMYb2.1
45Thorlabs Inc., PMS350HP
46Thorlabs Inc., A110TM-A
47Thorlabs Inc., A110TM-B
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Figure 7.6: Schematic diagram of the post optical �bres laser beam set-up. Two convex lenses
with focal length f = 100mm and a 50µm pinhole are used for the spatial �ltering of the 369 nm
beam (solid purple line). A half-wave plate and quarter-wave plate are placed directly after the
spatial beam �ltering to provide full control over the beam polarisation, which is required for
171Yb+. These wave plates are optimised for maximum transmission of light at 369 nm only. It is
therefore best to �t the wave plates on the 369 nm beam path before it is overlapped with the other
beams. 10% of this beam is sampled and defected to a feedback loop for intensity stabilisation.
The 399 nm (solid blue line) and 935 nm (solid red line) are overlapped via a dichroic mirror. Their
intensities are monitored using two photodiodes. An attenuator limits the power sent to the 935 nm
photodiode. Provision are made for the 638 nm collision re-pump laser light (dashed orange line),
which is also to be overlapped with the rest of the beams using a dichroic mirror. This wavelength
is currently not installed. All beams are then combined with the 369 nm light using a narrow-
band �lter. Finally, two broadband dichroic mirrors are used to steer the overlapping beams to
the beam delivery system. A�attenuator, ABS�automated beam shutter, DM�dichroic mirror,
F�369 nm �lter, FL��bre launcher, L�lens, λ/2�half-wave plate, λ/4�quarter-wave plate,
M�mirror, P�50µm pinhole, PD�photodiode, PM� polarisation-maintaining, S�sampler.

the �rst lens and f2 is the focal length of the second lens. Here, the focal length is chosen

to be f1 = f2 = f = 100mm for both convex lenses as the beam diameter exiting the �bre

launcher is satisfactory. A pinhole is then placed on the optical axis at location slightly past

the shared focal point of the lenses. This removes the non-Gaussian spatial components

of the beam. The dimension of the pinhole is chosen to be of 50µm following guidelines

and formulae presented in Ref. [397]. All optical components are mounted in a 30mm cage



296

system to maintain alignment. A beam pro�ler48 is used to verify the beam quality. The

beam is found to be Gaussian with a beam diameter of ∼1630µm (1/e2 diameter at the

waist).

369nm polarisation control. For the Doppler cooling of 171Yb+, circularly polarised

369 nm light is required to address the σ− and σ+ transitions between 2S1/2(F = 1) and

2P1/2(F = 0). To deliver full polarisation control over the clean 369 nm beam, a quarter-

wave plate and half-wave plate are �tted directly after the spatial �ltering assembly.

369nm power stabilisation. A portion of the �ltered 369 nm light is then sent to a

photodiode for intensity stabilisation49. This is realised by using a sampler50 within the

cage assembly, which diverts 10% of the beam power to a UV AR-coated convex lens with

a focal length of 50mm. The lens then focusses the beam onto a photodiode sensor con-

nected to the ARTIQ sampler (ADC) card. The acquisition of the signal on the ADC card

is done with the ARTIQ SU-Servo, which operates as a background process. This runs a

PID feedback loop in real-time (FPGA clock cycle) such that deviations on the photodiode

signal are compensated by modulating the amplitude of the RF signal (sent by Urukul)

sent to the OAM. Stabilisation of the 369 nm power is highly e�cient, yielding to power

deviations of less than 1% over 0.1 s timescales. A seven fold improvement compared to

the open-loop con�guration. The stabilised 369 nm is then sent to a mirror to facilitate its

overlapping with the rest of the wavelengths.

Beam overlap. Indeed, as mentioned in Chapter 6, all beams arrive to the traps over-

lapped on a single path. One way to achieve this is to use broadband beam splitters.

However, this is wasteful and should not be done when trying to stay within a given power

budget. In this set-up, the 399 nm and 935 nm are �rst combined prior overlapping with

the 369 nm beam. Here, both 399 nm and 935 nm beams exit the �bre launchers with suf-

�ciently clean beam pro�les and with a measured power output of 0.41mW for the 399 nm

and 3.32mW for the 935 nm. Two in-house built automatic beam shutters are placed after

each �bre launcher. The beam shutters are controlled from within the ARTIQ environment

(asynchronously) through a direct USB connection to the experiment computer. Obstruct-

ing the 399 nm laser light prevents the loading of more ions than desired. The presence

48DataRay Inc., S-WCD-XHR
49System constructed by Dr M. Akhtar
50Thorlabs Inc., BSF10-UV
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of ions in the trap can be veri�ed by shutting the 935 nm, thereby halting the Doppler

cooling cycle and consequently ion �uorescence. During experiments, it is also desired to

monitor the power stability of both wavelengths. For the 399 nm, a beam sampler51 (UV

AR-coated back side) de�ects 10% of the beam to a photodiode52. A similar de�ection

of the 935 nm beam is provided with another beam sampler53 (IR AR-coated back side)

to a similar photodiode. However, the intensity of diverted 935 light must be reduced

to avoid the saturation of the photodiode. This is achieved using an attenuator54 (0.2%

transmission). Both photodiodes are connected to the ARTIQ sampler (ADC) card for

monitoring. A dichroic mirror55 is then used to overlap the 399 nm onto the 638 nm beam

(currently not provided). The beam(s) are then overlapped with the IR 935 nm beam using

a second dichroic mirror56, but with a higher cut-on wavelength. Several mirrors are used

to �walk� the beams and assist making each beam path collinear to the others. Finally, the

combined 399 nm, (638 nm,) and 935 nm beams are de�ected to a narrow-band 369 nm �l-

ter57 to combine with the 369 nm beam. All beams are then directed to the beam delivery

system using a set of broadband dielectric mirrors58 for alignment. A �nal home-built au-

tomated beam shutter is placed into the combined beam path. Optical powers sent to the

beam delivery system for trapping are typically 30�40µW for 369 nm, 400µW for 399 nm,

and 3.3mW for 935 nm. Note that the 369 nm power is attenuated through the modulation

of the AOM RF signal amplitude. If desired the 369 nm beam power can be made as high

as 100µW prior the beam delivery system. This is useful during initial trapping runs59 on

the experiment.

7.6.2 Beam delivery to the two ion-trap microchips

The delivery of the laser beam to the trapping location is typically done using a mirror

and lens system secured to independently moving translation stages and mirror mounts.

A common issue with such a system, however, stems from this mechanical independence

between parts. Indeed, as a single parameter is modi�ed during the alignment procedure,

all of the downstream optical components become slightly misaligned and need to be it-

eratively re-adjusted. This makes laser alignment to the trap extremely tedious and is
51Thorlabs Inc., BSF10-A
52Thorlabs Inc., DET36A/M
53Thorlabs Inc., BSF10-B
54Thorlabs Inc., ND30A
55Thorlabs Inc., DMLP605
56Thorlabs Inc., DMLP805
57Laser 2000 Ltd, FF01-370/6-25
58Newport Corporation, 10Q620BB.HR2
59Recommended powers for initial trapping runs: >90µW for 369 nm, >20µW for 399 nm, and >3mW

for 935 nm.
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Figure 7.7: Photograph of the beam delivery set-up. The set-up uses two linked linear translation
stages together with a optical cage construction hosting a mirror an two irises (one iris is not shown)
such that beam alignment to the trapping location is facilitated. An achromatic lens with a focal
length of 300mm is also mounted within the cage on a small translation stage such that the beam
waists at the trapping location is minimal. See text for further details.

speci�cally undesired when the need of rapid beam translation at di�erent trapping loca-

tions is desired. Ideally, the modi�cation of a single control parameter on the alignment

structure should result in only a single directional change of the beam. For this experi-

ment, the beam delivery system was constructed to not su�er from such a problem. This is

ensured by providing internal constraints between key opto-mechanical components such

that the linked assembly provides only 4 degrees of freedom to control the overall beam

direction. These are two directions of translation (vertical and horizontal) with respect to

the trap as well as two angular ones.

Beam alignment srtucture. To achieve this, the structure is constructed using two

linked linear translation stages60, one positioned horizontally and one vertically, a photo-

graph of this set-up is shown in Fig. 7.7. A 30mm cage set-up with two irises is then

anchored to the horizontally moving stage and is terminated by a �xed mirror angled at

45◦. The two irises allow alignment to an incoming laser beam with the direction of trans-

lation of the optical cage set-up. It is also aligned to the center of the mirror at the end

of the cage such that the beam is always sent vertically regardless of the stage position. A

second mirror is then mounted to the vertical stage and is positioned such that the beam

hits the mirror centrally. In this con�guration, translating the linear stages only yields an

equivalent translation of the beam without changing it propagation angle. Modifying the

60Newport Corporation, 9064-X-M
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angle of the last mirror using the control knobs on the mirror mount also lead to a change

in the propagation angle with a minimal vertical and horizontal translation61. Together the

�ne resolution of the translation stage (<2.5µm) with the �ne control over the mirror angle

make it possible to accurately position the overlapping beams at the trapping location. To

align the combined laser beam in a plane parallel to the trap, the overall beam path is

�rst made to impinge the trap surface directly. The beam is then walked by consecutively

making the incident angle shallower and bringing the beam down. A detailed description

of this method is given in Ref. [393]. Here, having all beams combined onto a single path

is also found to be bene�cial as the overall beam-to-trap alignment time is greatly reduced.

Beam waist. The scattering of UV light on the insulating structures supporting the

trap microchip electrodes is highly undesirable. Indeed, this may lead to the accumulation

of electric charges in the dielectric and these can interfere with the trapping potential

[248]. Consequently, trapped ions may exhibit excessive micromotion, or in the worst case

trapping may be impossible for several minutes. In addition, the scattering of 369 nm

laser light on the electrode should be minimised to not con�ict with the detection of ion

�uorescence. The position of the beam should therefore be ideally located several 10s of

microns above the trap. In practice, this is limited by the smallest waist achievable for the

369 nm beam. Here, the 369 nm beam waist diameter is reduced from ∼1630µm before the

beam delivery set-up to 133µm using an achromatic lens62 (focal length of 300mm). The

lens is �tted on a dedicated cage-mounted translation stage63, which o�ers a �ne alignment

travel range of 12mm such that the waist position is easily overlapped with the trapping

location. Other beams propagating through this lens have their waists diameter reduced

to 220µm for the 399 nm and 425µm for the 935 nm. Given the ion height of 125µm, the

risk of dielectric charge up through UV light scattering is found to not be an issue. The

scattering of the 369 nm light on the electrode surface is also minimal and does not prevent

the observation of ion �uorescence.

7.7 Ion imaging and qubit state detection set-up

Imaging systems used for trapped ion applications typically focus on the objectives of

fast and accurate qubit state readout along with providing a spatially resolved ion image.

These imaging set-ups often consist in either a single objective lens system [147, 222, 398]

61This could be further improved using a Gimbal mirror mount.
62Thorlabs Inc., AC254-300-A-ML
63Thorlabs Inc., CT1
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or a compound optical system [321, 392, 399, 400] located outside the vacuum apparatus

for light collection together with highly sensitive sensor arrays and/or a single photon

counter for detection. In this work, a compound optical system was developed using a

photomultiplier tube (PMT) photon counting head and sCMOS camera for state-selective

�uorescence detection and imaging respectively. This imaging system is also designed to

accommodate for additional objectives speci�c to this experiment: optical assessment of

module-to-module alignment and imaging compatibility for inter-module ion transport.

Imaging system design requirements

The four design requirements that are identi�ed for this imaging system are summarised

as follows:

� Fast and accurate qubit state measurement: The measurement of the trapped

ion quantum state is done via state-dependent detection where the 369 nm laser �eld

drives the 2S1/2(F = 1) ↔ 2P1/2(F = 0) cycling transition. Repeated detection of

369 nm �orescence photons resulting from the 2P1/2(F = 0) → 2S1/2(F = 1) decay

indicates that the ion qubit was initially in its bright state |0′〉 while the dark state |0〉

is inferred by the absence of detected �uorescence. Fast detection times are necessary

to achieve high-accuracy measurements such that the probability for the dark state

to enter the �uorescent transition by o�-resonant excitation, or for the bright state

to couple to other levels, remains small. Moreover, fast qubit state readout is also

critical for the implementation of quantum error correction [401]. Accurate single-

shot measurements with �delities exceeding 99.8% using 171Yb+ hyper�ne levels

typically require detection times in the order of 0.01�1ms [222]. In practice, sub-

microsecond detection times are reached by maximising the detection e�ciency and

signal-to-noise ratio of the imaging system. The detection e�ciency increases with

the aperture of the objective lens used for photon collection, light throughput of

the optical path and quantum e�ciency of the sensor. The signal-to-noise ratio also

improves with the detection e�ciency and lower sensor noise characteristics.

� Single ion and ion chain imaging capabilities: Well resolved single ion im-

ages are important for both initial trapping as well as high-�delity two-qubit gate

measurement. Ion distinguishability depends on the fundamental spatial resolution

limit provided by the objective lens aperture, optical system quality, pixel size of the

sensor array together with a high magni�cation.
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� Optical assessment of module-to-module alignment: The accuracy at which

the horizontal misalignment between modules is assessed depends on the spatial

resolution and requires a high magni�cation. The vertical misalignment between

modules is then measured with an accuracy that depends on the optical system's

depth of �eld. Such an accuracy is improved at smaller depth of �eld, resulting from

larger objective lens aperture.

� Two microchip module imaging: Inter-module ion transport requires a low mag-

ni�cation such that ions can be imaged on both chips simultaneously.

While these objectives mostly require design characteristics that bene�t one other, the

con�icting need for both a high optical system magni�cation, and its contrary, cannot be

satis�ed. In this work, the optical system is designed with rapid recon�guration in mind

to providing a versatile solution where there is no need to compromise one capability for

another.

Scattering rate and ion separation

The average rate of photon emitted per second by an ion is a function of the transition

linewidth Γ, laser detuning from the transition frequency δ and laser-ion saturation param-

eter s. Given the natural linewidth of the 2S1/2 ↔ 2P1/2 transition of Γ = 1
2πτ = 19.6MHz

(lifetime τ = 8.12 ns), and typical parameters used in detection experiments such that

δ ≈ 2MHz, and s ≈ 1, there is an ion �uorescence scattering rate, according to Ref. [117],

of

γ =
sΓ/2

1 + s+ (2δ/Γ)2
≈ 4, 800, 000 s−1. (7.4)

The separation between two ions is calculated using the trapping �eld restoring force ap-

plied to the ions and the force resulting from Coulomb repulsion. Trapping both 174Yb+and

171Yb+ requires an axial secular frequency ω
2π in the order of 1MHz, and given e the charge

of one electron, m the mass of the Ytterbium isotope and ε0 the permittivity of vacuum,

the ion-ion separation d is equal to [392]

d =

(
e2

4πmε0ω2

)1/3

≈ 3µm. (7.5)
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Figure 7.8: High numerical aperture objective lens system for ion imaging and �uorescence
collection. (left) Overview of the installation of the objective lens system in the vacuum chamber
recessed viewport. The objective is placed in closed proximity to the ions to maximise the collection
solid angle of the 369 nm �uorescence light (purple). An intermediate ion image is formed at a
distance d = 273mm after the objective. The system is to scale. (right) An iris located after
the objective is used as an aperture stop. When fully open, the optical system operates at the
objective numerical aperture of NA = 0.6. This maximises �uorescence photon collection and
resolution power of the optical system but leads to a small 0.8µm depth of �eld. Partially closing
the iris such that NA = 0.2 increases the depth of �eld to 9.0µm which is not desired during state
detection but is bene�cial for ion imaging during initial trapping. For clarity, the optical system
and ions are not shown to scale.

7.7.1 Optical system

Objective lens system

The two-module experiment is positioned at the centre of the vacuum chamber octagon.

To image both modules entirely, a large inverted viewport64 with a 72.8mm diameter,

and recessed over 51mm, is �tted to the octagon upper �ange. This leads to a small

ion-to-viewport distance of ∼11mm. The viewport is made of fused silica glass covered on

both sides with antire�ective coating to maximise the transmission e�ciency at 369 nm. A

pierced stainless-steel mesh, grounded to the vacuum system body, is placed on the view-

port vacuum side and prevents charges from building up and interfering with the trapping

potentials. Optimal �uorescence photon collection from this ion is then performed by an

objective lens directly inserted within the viewport recess, see Fig. 7.8.

The custom-made objective lens system65 comprises 6 silica glass lenses that are op-

64Allectra GmbH, 190-63024-5 Custom
65Photon Gear Inc., 15920-S
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timally assembled to minimise comatic and spherical aberration from the onset. The

objective is speci�cally designed to maximise photon collection by providing a high nu-

merical aperture, NA = 0.6 along with a �xed magni�cation, Mo = −7.5. The theo-

retical resolution limit of the objective lens system is given by the Rayleigh criterion as

1.22 λ
2NA = 0.4µm.

This objective lens was designed to be used with an ion-to-viewport distance of 11.0mm,

a viewport thickness of 4.0mm and a viewport-to-barrel distance of 1.8mm. In this con�g-

uration, numerical models66 of the objective lens show that 74% of the encircled energy is

contained within the point spread function central disc compared to the ideal 84% for the

central Airy disc. The point spread function and di�raction Airy pattern have both their

�rst null at a radius of 0.4µm which matches the theoretical calculation. The objective

lens system was therefore expected to perform close to the di�raction limit.

However, because of its large diameter, the imaging window had to be mechanically

strengthened to withstand the pressure exerted by the atmosphere. Using a 6.4mm win-

dow thickness, instead of the originally intended 4.0mm, allowed the window to be used

reliably as a vacuum viewport. While this change in thickness has a negligible e�ect on the

numerical aperture, it introduces undesired refractive e�ects that were not accounted for

during the objective conception. Given the added thickness, numerical simulations show

that the energy enclosed within the �rst disc of the point spread function declines from

74% to 20%. On-axis and o�-axis light sources are both equally a�ected. This indicates

that the objective lens su�ers from a slight spherical aberration. It is only after the third

point spread function minimum that 80% of the energy is encircled. This equates a radius

of 1.5µm and de�nes the e�ective resolution limit of this objective. Although no longer at

the di�raction limit, the spatial resolution power of 1.5µm remains satisfactory as single

ions separated by ∼3µm will still be resolved.

The depth of �eld (DOF) over which the ion remains detectable is de�ned by the

objective NA. Here, two points on the optical axis either side of the object plane remain

individually resolved if they are separated by less than the DOF of 0.8µm following [402]

DOF =
λ
√

1−NA2

NA2 . (7.6)

66Zemax OpticStudio
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This exceptionally small depth of �eld therefore requires an equally accurate positioning

of the objective lens. This may not be precisely known at �rst, resulting in ions being

initially undetected during trapping runs. Placing an aperture stop immediately after the

objective lens for the duration of the initial trapping routine such that NA = 0.2 would

alleviate this issue. There, the resulting depth of �eld would be a manageable 9.0µm.

The �uorescence light gathering capability is also determined by the objective lens

NA. With the lens optical axis aligned to the ion's location, all the light collected by the

objective is contained within a cone which has the ion for apex and objective aperture for

base. This de�nes a solid angle Ω that is equal to

Ω = 2π(1− cos(arcsin(NA))) = 1.25 sr. (7.7)

The photon collection e�ciency corresponds the fractions of photons that are emitted

within this solid angle to that of the total number of photons emitted by the ion in all

directions. Given that the solid angle of a sphere is 4π steradians, the photon collection

e�ciency of this large numerical aperture objective lens is then Ω/4π = 10.0%.

Filtering and secondary system

Light emerges out of the objective system with a much smaller numerical aperture of

NAE = 0.083 and forms an inverted intermediate ion image at a distance d = 273mm. A

�2� broadband dielectric UV mirror67 is placed at a 45° angle above the vertically oriented

objective lens in order to bring back the optical principal axis onto the horizontal plane.

The distance between the objective and the intermediate image plane is decomposed into

vertical dV and horizontal dH sections. An iris located at the intermediate image plane

then acts as the �eld stop to help discriminate between the ion �uorescence and scattered

laser light. A narrow 369 band-pass �lter68 is then placed after the intermediate image

plane and optimises the transmission of �uorescent photons while blocking ambient light

as well as scattered 399 nm ultra-violet and 935 nm infrared laser light.

A secondary lens system is used to adjust the magni�cation of the optical set-up before

it reaches the sensors. The total magni�cation M of this compound optical system is

the combined magni�cation of both objective Mo and secondary lens system Ms, where

67Thorlabs Inc., BB2-E01
68Semrock, FF01-370/6-25
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M = Mo ·Ms. The secondary lens system consists in an air-spaced doublet lens assembly

which, unlike a simple lens, prevents the formation of additional chromatic and spherical

aberrations. Air-spaced doublet systems also leverage on the anti-re�ective coating on

the lens surfaces that face each others in order to deliver much lower transmission losses

compared to that of o�-the-shelf cemented assemblies. Two �2� UV fused silica convex

lenses with a focal length f1 = 100mm69 and f2 = 150mm70 separated by ∼1.3mm are

used to form the custom doublet. The equivalent focal lens of the doublet is calculated to

be fs = 60mm using the thin lens approximation

1

fs
=

(
1

f1
+

1

f2

)
. (7.8)

To increase the overall system magni�cation the secondary lens system must be placed

between a distance fs and 2fs away from the intermediate ion image such that |Ms| > 1.

On the other hand, placing the secondary lens system farther than 2fs leads to 1 > |Ms| > 0

resulting in a reduction of the overall optical set-up magni�cation. This can be easily shown

using the thin lens equation

d1 =
fsd0

d0 − fs
, (7.9)

where an object located at a distance d0, between fs and 2fs, on the optical axis prior the

doublet is imaged after the doublet at a distance d1 that is greater than 2fs and recip-

rocally. The magnifying power Ms of the secondary lens system is equal to −d1/d0 and

�ipping these dimensions around yields −d0/d1 = 1/Ms.

A single doublet lens assembly �tted in an optical path of total length l ≈ d0 + d1

can then be used in a direct or reverse con�guration to accommodate both low and high

magni�cation requirements. Because the light may propagate through additional optical

elements between the secondary lens system and �nal image plane, only a small section

ds is practically suited to be reversed. Optimising the �xed length portion such that the

lens tube is �xed over d0, i.e. the intermediate ion image to secondary lens distance,

the reversible length is ds = d1 − d0 and the �xed section containing subsequent optical

elements is also of length d0. The two con�gurations available are presented in Fig. 7.9

and are

� Con�guration A: the secondary lens system increases the objective magni�cation

by Ms.
69Newport, SBX055AR.10
70Newport, SBX058AR.10
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Figure 7.9: Cutaway view of the secondary lens system in con�guration A and B. (left) In
con�guration A, light from the intermediate ion image propagates to the air-space doublet across a
distance d0 = 71.5mm and is refocused at the �nal ion image. The magni�cation of the secondary
lens system is expected to beMs = −3.3, resulting in a total magni�cationM = 24.7. (right) The
lens tube is reverse from con�guration A to give con�guration B. In this orientation the secondary
lens system gives a local magni�cation Ms = −1/3.3, resulting in a total magni�cation M = 2.2.

� Con�guration B: the reversed tube orientation of con�guration A. The secondary

lens system reduces the objective magni�cation by its inverse 1/Ms.

In this experiment, the distance between the intermediate image and doublet is set

to d0 = 71.5mm leading to a �nal image located at a distance d1 = 240.7mm. The

reversible tube length incorporating the doublet is therefore ds ≈ 168mm. Con�gura-

tion A thus provides a magni�cation Ms = −3.3. Conversely, con�guration B provides

a secondary magni�cation of −1/3.3. The total compound magni�cation for the opti-

cal system is therefore M = 24.7 and M = 2.2 for con�guration A and B respectively.

In both con�gurations the objective lens remains the optical system's limiting aperture

stop. Indeed, given the doublet lens clear optical aperture of D = 45.7mm, con�gura-

tion A and B provide an entrance angular aperture of θA = arctan
(
D

2d0

)
≈ 0.30 rad and

θB = arctan
(
D

2d1

)
≈ 0.09 rad respectively which is greater than the objective exit angular

aperture θO = arcsin(NAE) ≈ 0.08 rad.

Optical path layout

Following the recon�gurable secondary lens system, a light-tight 60mm cage assembly is

installed on the optical path and can host a removable �2� UV mirror71. In the absence

of the mirror the �ltered light propagates freely to the camera whereas placing the mirror

at a 45° angle with respect to the detection path diverts the �uorescence light towards the

photon counting head. A �nal iris is then placed in front of the head in a plane coinciding

71Thorlabs Inc., BB2-E01
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Figure 7.10: Cutaway view of the state detection and imaging set-up. The 369 nm �uorescence
light (purple beam) is emitted from a single or multiple Yb+ ions and collected with the high
NA = 0.6 objective lens. The numerical aperture can be reduced after the objective using an
iris as an aperture stop during initial trapping. High transmission e�ciency UV mirrors and
refractive elements (blue glass) then guide the scattered light to the sensors. An iris is placed in
the intermediate image plane and acts as a �eld stop. The narrow 369 nm band-pass �lter and lens
tube construction prevent pollution from external light sources. The secondary lens system that
comprises the air-spaced doublet is installed in con�guration A. A removable UV mirror can then be
added in the 60mm cage to de�ect light to the PMT instead of the sCMOS sensor. Zero-aperture
irises are placed in front of each sensor as a �nal spatial �ltering measure. The �ne alignment and
focusing of the entire assembly is realised using several micrometre translations stages.

with that of the ion image to create a �nal �eld stop. An illustration of the fully assembled

optical set-up is shown in Fig. 7.10.

The optical path is fully encased in a �2� tube system to ensures stable optical path

alignment and blacks out undesired laboratory light sources. The entirety of the path

including lens systems, photon counting head and camera is elevated to a height of ∼0.7m

above the optical table as the vacuum system's imaging viewport points upwards. The

objective lens system is mounted onto a <0.5µm precision 3-axis translation stage72, itself

anchored to the vacuum system, for optimal ion focus adjustability. Two additional 2-axis

translation stages73 are located on the optical breadboard already housing the laser set-up.

These are used to support the optical assembly load and to accurately align the detection

72Newport, 9054-XYZ-M
73Newport, 9054-XZ-M
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path and ion image focus with respect to the camera. Thick aluminium beams are then

used to sturdily anchor a second optical breadboard above the previous on. This bread-

board supports a last 2-axis translation stage to which is attached the photon counting

head. Flexible tube bellows are used to mechanically decouple the photon counting head

from the remainder of the detection path. Fine adjustment of this translation stage and

the iris' aperture in front of the PMT photon counting head optimises the spatial �ltering

of the ion image and reduces further the background noise level.

The optical detection path transmission e�ciency T is expected to be of 83.8% and

84.1% for the paths to the photon counting head and camera respectively. It is calculated

from the transmittance and re�ectance of each of the refractive, re�ective and �ltering

elements used in the set-up. For refractive elements, the imaging viewport antire�ective

coatings provide 99.5% transmittance, the objective lens has a measured transmittance

of 96.0% while the Newport AR.10 multilayer coating is expected to deliver 97.2% trans-

mittance over the air-spaced doublet assembly. For re�ective and �ltering elements, the

Thorlabs E01 broadband dielectric coating of the mirrors is rated for 99.6% re�ectance at

a 45° angle of incidence and the 6 nm bandpass �lter has a transmittance of 91.0%.

The overall detection e�ciency η of the detection set-up is then given by the collec-

tion e�ciency of the objective lens system Ω
4π , optical path transmission e�ciency T , and

quantum e�ciency QEλ of the sensor used for the detection of incident 369 nm photons

such that η = Ω
4π · T · QEλ. The detection �delity therefore relies, in large part, onto the

detector's quantum e�ciency.

7.7.2 State detection with the photon counting head

In the presence of mirror within the cage after the air-spaced doublet, �uorescence light

is sent to a Hamamatsu photon counting head74. The PMT integrated within the device

has a count sensitivity of ∼6.0×105 s−1pW−1 at a wavelength of 369 nm. This trans-

lates into a quantum e�ciency of QEλ = 32.0% and gives an overall detection e�ciency of

ηPMT = 0.027. The high-speed photon counting electronics within the sensor head converts

detected photons into single 10 ns long digital TTL �high� pulses. Staying under a maxi-

mum photon count rate of ∼106 s−1 ensures that the PMT operates within single photon

counting region where >99% of photons striking the photocathode and emitting photo-

74Hamamatsu Photonics K.K., H10682-210-01
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electrons are individually detected. This upper limitation results from the device 20 ns

pulse-pair resolution, time below which two photon-induced PMT pulses are no longer

distinguishable by the counting head built-in electronic discriminator. Saturation of the

PMT during operation will be avoided as the �uorescence photon count rate is projected

to be of γ ·ηPMT ≈ 130, 000 s−1 � 106 s−1. The generated TTL signal associated with each

photon count is then sent out via a BNC output termination to be counted by external

electronics. TTL pulse counting is done by the Artiq DIO_BNC extension module which

is well suited to the task as the received pulse width exceeds the 3 ns minimum width

requirement while the 150MHz maximum toggle rate ensures reliable pulse counting up to

the PMT saturation limit. Individual pulses are then recorded by the Artiq Kasli FPGA

over time bins of desired length. The DIO_BNC extension module also exhibits a minimal

deadtime between bins of ∼3.5 ns which is much shorter than the 10 ns TTL pulse width

such that all detection events are reliably accounted for.

Noise is expected to be associated with the photon count as it is an inherently discreet

process that obeys a Poissonian statistics. Fluctuations in the number of detected events

is therefore of the shot noise type and are directly characterisable by their standard devia-

tions. For a Poissonian distribution this is the square root of the mean number of events.

Three distinct shot noises categories are identi�able according to their origins:

� Photon shot noise. The photon shot noise results directly from the probabilistic

photon emission during ion �uorescence. This constitutes the fundamental physical

noise �oor which the detection system cannot overcome.

� Background noise. The background shot noise originates from detected stray

background 369 nm light.

� Dark noise. The dark shot noise stems from the thermally induced dark current

generated by the PMT and triggering false positive photon counts.

All three noise sources added in quadrature provide the total e�ective noise at the PMT.

In the single photon counting region the PMT signal-to-noise ratio (SNR) is expected to

follow

SNRPMT =
γ · ηPMT√

γ · ηPMT + 2(Nb +Nd)

√
∆t, (7.10)

where Nb is the background count rate, Nd is the dark count rate and ∆t is the detec-

tion time. Considering an ideal set-up construction such that there is no background
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scattered laser light illuminating the PMT photocathode i.e. Nb = 0 s−1, and consider-

ing that the detection system is steadily operating at 23°C such that Nd = 40 s−1, the

PMT signal-to-noise ratio equation gives SNRPMT = 360
√

∆t. Even in the presence of

a realistic background count rate of Nb = 600 s−1 [121], the signal-to-noise ratio of the

PMT will show a negligible drop to 358
√

∆t. The detection system is therefore resilient to

external background noise thanks to its large detection e�ciency. This enables fast, sub-

microsecond state measurement capabilities where, for instance, a mean detector photon

count µ = (γ · ηPMT +Nb +Nd)∆t is expected to be 52.3 with a signal-to-noise ratio of ∼7

using a detection time of 0.4ms.

Projected qubit state read-out capabilities

In practice, measurement of the qubit state will be done using the standard photon-count

discrimination threshold method such that if the number of photons detected is greater

(equal or lower) than an optimally set threshold nt, the qubit state will be inferred to

be bright (dark). In the absence of o�-resonant coupling to the wrong hyper�ne level as

well as background and detector noise, a dark qubit state is ideally expected to result

in 0 scattered photons while for bright state the probability of detecting n �uorescence

photons follows an ideal Poissonian distribution PI such that, for a mean �uorescence

photon number µ0 = γ · ηPMT ·∆t, there is

PI(n|µ0) =
µn0
n!
e−µ0 . (7.11)

However, o�-resonant coupling of both bright and dark states occurs at �nite pumping

rates such that the probability of one state to leak in the other grows exponentially over

time. Bright to dark state transfer results in a sudden stop of photon collection while

dark states pumped into the bright cycling transition appears as delayed photon detection.

The probability distribution of detected photons is expected to be the convolution of both

Poissonian and exponential distributions. Details of the full theoretical model are accessible

in Ref. [403, 404]. The leak probability per emitted photons from bright to dark is αb ≈

6.02× 10−6 resulting in an average leak time τb = (γαb)
−1 ≈ 34.5ms. On the other hand,

the leak probability per emitted photons from dark to bright is αd ≈ 1.2×10−7 and results

in an average leak time τd = (γαd)
−1 ≈ 1.7 s. Rates of transfer between dark and bright

states are calculated from 171Yb+ atomic parameters [403]. Note that αb 6= αd and there

is more transfer from bright to dark than dark to bright. Neglecting secondary transfers,

the probability of detecting n �uorescence photons is such that
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� For the bright state and considering bright → dark state leakage

Pbright(n) =
e−(1+αb/ηPMT)µ0µn0

n!
+

αb/ηPMT

(1 + αb/ηPMT)n+1
P((1 + αb/ηPMT)µ0, n+ 1),

(7.12)

� For the dark state and considering the dark → bright state leakage

Pdark(n) = e−αdµ0/ηPMT

[
δn +

αd/ηPMT

(1− αd/ηPMT)n+1
P((1− αd/ηPMT)µ0, n+ 1)

]
,

(7.13)

where δn is the Kronecker delta function and P(x, a) ≡ 1
(a−1)!

∫ x
0 y

a−1e−ydy is the nor-

malised incomplete Gamma function such that P(∞, a) = 1.

Noise sources from the detection system then contribute to the total photon count to-

gether with the �uorescence signal. Here, only the background scattered light and dark

current noise sources that lead to a Poissonian distributed photon count are considered.

Note that there is also a non-Poissonian noise associated with the detection of cosmic-

ray events [404, 405], however these are neglected in the present analysis. Given that the

photon count associated to each process is independent to the other, the total probability

distribution of the sum of these photon counts is the convolution of the two probability

distributions.

The read-out errors associated to each qubit state are then calculated separately. The

conditional probability P (bright| |0〉) of a false bright measurement (the number of detected

photons is > nt provided a dark qubit state) gives the dark state read-out error εD while

the probability P (dark| |0′〉) of a false dark measurement (the number of detected photons

is ≤ nt provided a bright qubit state) gives the bright state read-out error εB. The average

detection error probability is then ε = (εB + εD)/2 and the average detection �delity is

F = 1− ε.

The detrimental e�ects of o�-resonant coupling and Poissonian noises on the average

detection error can be strongly suppressed by setting an optimal discrimination threshold

n?t and detection time ∆t?. These are found numerically to be n?t = 3 and ∆t? = 121µs

resulting in a minimum detection error ε = 4.0 × 10−4, see Fig. 7.11. Direct single-

shot measurement of the qubit state is therefore achievable with a theoretical �delity of

99.96% where there is an asymmetry between the dark and bright state read-out �deli-

ties such that these are 99.987% and 99.932% respectively. This di�erence results directly
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Figure 7.11: Numerical determination of optimal detection time ∆t? and photon count threshold
n?t parameters to reach a minimal average detection error probability. The average detection error
ε is calculated as a function of the detection time ∆t given the local best threshold conditions nt
(alternating light and dark grey bands). ε �rst decreases rapidly with increasing ∆t as the growing
collection of scattered photons allows to better distinguish the �uorescence signal from the noise
level. Once passed a minimum, ε then increases with ∆t as the probability of bright to dark state
decay increases. The minimal detection error probability (star marker) is found to be ε = 4.0×10−4

given optimal parameters: ∆t? = 121µs and n?t = 3. (inset) Read-out error probability associated
with the dark (blue) and bright (red) state at ∆t? as a function of the discrimination threshold
nt. The state read-out error at the optimal discrimination threshold n?t = 3 (dashed grey line) are
εB = 6.7× 10−4 for the bright state and εD = 1.3× 10−4 for the dark state.

from the asymmetric overlap between bright and dark probability distributions either side

of the discrimination threshold as can be seen on Fig. 7.12. Given the short detec-

tion time both probability distributions are �tted in �rst approximation to Poissonian

functions with mean photon count µnoise = (Nb + Nd)∆t
? = 0.1 for the dark state and

µ1 bright = γ · ηPMT ·∆t? = 15.7 for the bright state.

This threshold method is also implemented for two closely spaced ions where the four

possible qubit state combinations lead to three detection cases: no ion �uoresces, one of

the two ions �uoresces or both ions �uoresce. Using the same detection time ∆t? = 121µs,

as for a single ion case, two discrimination thresholds are optimally set at n?t = 3 photons

and n?′t = 23 photons such that the overall two-ion theoretical �delity is projected to be

96.53%, see Fig. 7.12.

There are several pathways available to increases these �delities and detection times in

the future. The time-resolved photon counting scheme utilises the photon time-of-arrival

PMT data to account for qubit state leakage events [123]. Treatment of this additional
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Figure 7.12: (top) Expected probability distribution of the number of detected photons by
the PMT for a single ion in states |0〉 and |0′〉 and (bottom) two ions in states|00〉 , |0′0〉 , |00′〉
and |0′0′〉 for a detection time ∆t? = 121µs. (top) The threshold (dashed grey line) at n?t = 3
photons is used to infer whether the ion qubit is in its dark |0〉 (dark blue �ll) or bright |0′〉 (light
blue �ll) state. It is optimally set such that a single ion detection �delity of 99.96% is expected.
(bottom) Each Poissonian distribution corresponds to either 0 (|00〉) (dark blue �ll), 1 (|0′0〉 or
|00′〉 ) (medium blue �ll), or 2 (|0′0′〉)(light blue �ll) ions �uorescing and each case can be optimally
segregated using thresholds at n?t = 3 photons and n?′t = 23 photons (dashed grey lines) such that
a two ion detection �delity of 96.53% is expected.

information with a maximum likelihood method as shown to increase the �delity further

under comparable detection time scales [399]. This method has also been adapted to

reach similar �delities under a much shorter detection time [43, 222, 404]. Recently, de-

tection �delities as high as 99.931(6)% in 11µs were demonstrated with 171Yb+ [406] by

further increasing the detection e�ciency to 4.356(6)% and reducing the noise level. This

was demonstrated using a �bre coupled superconducting nanowire single photon detector
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(SNSPD). The SNSPD's remarkable quantum e�ciency of ∼80% at cryogenic tempera-

ture <7.5K [407] together with strong dark current suppression leads to the detection of

a large �uoresce photon number compared to the noise count. This results in extremely

short optimal detection times with a single photon discrimination threshold which further

minimises errors from o�-resonant qubit state coupling. SNSPDs have also been directly

integrated within a microfabricated ion trap where it measured the hyper�ne qubit state

of 9Be+ with 99.91(1)% �delity in 46µs [408]. It is a promising state detection hardware

solution for future fully integrated trapped-ion quantum computing architectures. In ad-

dition, the two ion detection �delity could be further improved by separating the two-ion

crystal and measuring the state of each ion individually.

7.7.3 Ion imaging with sCMOS and EMCCD sensor arrays

In the absence of mirror within the cage after the air-spaced doublet, �uorescence light

emerges from the optical system and focuses on a sCMOS sensor array where a real ion

image is formed. sCMOS sensors are fast and low noise such that they perform well under

low light intensities while providing a large dynamic range. This ability to decouple the

usually mutually exclusive imaging features of high frame rate and low noise generated

from pixel readout originates from the readout process unique to CMOS technology where

each pixel possesses its own ampli�er circuit. In the context of single-ion �uorescence imag-

ing, a sensor's noise �oor is dominated by its read noise. Therefore, ensuring a minimal

read noise level enables high single ion image contrast.

The sCMOS camera75 used in this work integrates a back-illuminated sCMOS sen-

sor76 with a quantum e�ciency of QEλ = 41% that leads to a total detection e�ciency

ηsCMOS = 0.034. The large 2048 ·2048 pixel sensor array delivers a δread = 1.1 e- read noise

(rms) and a dark current Rdark < 2 e-/(pixel · s) at room temperature while also being

capable of exposure times as low as 0.1ms.

Under a magni�cation M = 2.2 (con�guration B), the ion image is expected to be

∼3.4µm wide owing to spatial resolution limitations from the imaging optics and will pop-

ulate a single pixel, given a pixel size of 6.5µm. The �eld of view of 5.8mm2 will be read

out in full at a frame rate of 45 fps allowing one to record ion transport over the linear

trap as well as between modules. Faster frame rates are also achievable by reducing the ac-

75EHD Imaging GmbH, SCM2020-UV
76Gpixel Inc., GSENSE2020BSI
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tive array size such that a cropped �eld of view of 360µm2 could be captured under 680 fps.

Under a magni�cationM = 24.7 (con�guration A), the ion image will be enlarged to be

∼37.5µm wide. Each ion image will occupy a ∼6-pixel-wide region for a total �eld of view

of 530µm2, therefore allowing ion chains to be adequately resolved with approximately one

pixel between neighbouring ions. From earlier numerical estimation of the encircled energy,

only a fraction ηPx ≈ 0.15 of a single ion �uorescence light intensity will be collected by

the central pixel. In an optimal case where there is a negligible background noise level,

an exposure time ∆t = 0.4ms will lead to γ · ηsCMOS · ηPx ·∆t = 9.9 �uorescence photons

to be detected on average with a signal-to-noise ratio of 3.0. The sCMOS signal-to-noise

ratio is calculated using

SNRsCMOS =
γ · ηsCMOS · ηPx ·∆t√

γ · ηsCMOS · ηPx ·∆t+Rdark∆t+ δ2
read

. (7.14)

This o�ers an acceptable ion image contrast. This is also an acceptable signal-to-noise

ratio for future experiments where the imaging system may be used to spatially distin-

guish ion qubits to improve the detection �delity over multiple qubits [409]. However, a

lower detection e�ciency and ion scattering rate should be expected in a realistic context

while the background noise level will lead to poorer signal-to-noise ratio capabilities. In

practice this means that a more sensitive and lower noise camera sensor may be required

for camera-based state measurement.

Extreme low light detection performances, such as single photon readout, are typically

achieved with EMCCD sensor arrays. EMCCD cameras use on-chip electron multiplication

of photoelectrons produced within each silicon pixel such that a single detected photon

signal is ampli�ed above the read noise �oor. However, improved detection performance

comes to the sacri�ce of large sensor resolution and size o�ered by the sCMOS technology.

EMCCD cameras already present in the laboratory77 have a quantum e�ciency QEλ =

33%, read noise δread = 1 e- (rms), are Peltier-cooled to −80°C to achieve a low dark current

Rdark = 0.00025 e-/(pixel · s), and could be used as an alternative to the sCMOS sensor.

Under a magni�cation of M = 25, rectifying the detection e�ciency to ηEMCCD = 0.027

and given ηPx = 0.23 for the larger 13µm pixel size, a 0.4ms exposure time would collect

77Andor Technology, iXon Ultra 888
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Figure 7.13: Plots of the signal-to-noise ratio associated with the PMT (black), sCMOS camera
(red) and EMCCD camera (blue) as a function of the detection time ∆t. The PMT has a signi�-
cantly better signal-to-noise ratio than the sCMOS and EMCCD sensors over the entire detection
time range. The sCMOS sensor performs better than the EMCCD except below a threshold detec-
tion time (dashed grey line) of 300µs which is equivalent to an average of ∼8 detected photons.

a mean photon count of 12.2 with a signal-to-noise ratio of 3 using

SNREMCCD =
γ · ηEMCCD · ηPx ·∆t√

1.41γ · ηEMCCD · ηPx ·∆t+Rdark∆t+ δ2
read

. (7.15)

As an element of comparison, the expected signal-to-noise performances of the PMT, sC-

MOS and EMCCD as a function of the exposure time is given in Fig. 7.13. For spatially

resolved imaging sensors, the EMCCD is expected to perform better than the sCMOS for

exposure times below ∼300µs. However, switching the sCMOS for the EMCCD camera be-

low this exposure time limit would only marginally improve the signal-to-noise ratio while

operating at these detection speeds would result in a low mean photon detection count

(<8) that may not be practical. Therefore, according to the manufacturer's speci�cations,

it is overall preferable to use the sCMOS camera.

7.8 Conclusion

This chapter has described the ensemble of devices that support the two-module ion-trap

experiment and will allow for the preparation, coherent manipulation, and detection of

171Yb+ ion qubits together with inter-module ion transport. At the core of this architecture

resides the ARTIQ hardware and software environment that provides the asynchronous or

real-time control over each of the key instrument. Following this, a presentation of the RF
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Figure 7.14: Pictures of a string of four 174Yb+ ions captured using the EMCCD camera and a
single 174Yb+ ion using the sCMOS camera.

and DC systems used to provide the voltage signals to the microchip for the radial and

axial con�nement of trapped ions was given. The RF system consists of two independent

resonant circuits that independently drive each of the two ion-trap microchips. There is

currently a small resonant frequency mismatch between both RF circuits, although this can

be easily circumvented by varying the capacitance of one circuit to match that of the other.

The DC system and its low-pass air-side �ltering units with a cuto� frequency of 72 kHz

was presented. A high-current, high-stability (<5 ppm), power supply was commissioned

to generate the required currents to operate the on-chip CCWs. The current supply can

also be controlled through a high-speed current switching unit to modulate the CCW input

current signal. The system used to generate the amplitude and phase-controlled coherent

microwave and RF signals was also detailed. These play a critical role for the scalable

quantum state manipulation of 171Yb+ ion qubits in a magnetic �eld gradient. The laser

set-up used for the isotope-dependent photoionisation process and Doppler cooling was

then presented. This system was used to trap cold 174Yb+ ions. Finally, a versatile,

high numerical aperture (NA=0.6) ion �uorescence detection system was designed and

constructed. One con�guration of the imaging system layout allows to image a broad

location covering both ion-trap modules simultaneously with a × 2.2 magni�cation such

that ion transport between modules can be observed. A second con�guration allows to

image a small location of the trap at the two-qubit gate region using a × 24.7 magni�cation

to maximise the spatial resolution between neighbouring ions. Ion imaging can be done

using a either an EMCCD or a sCMOS camera. The expected performance of both cameras

were compared using speci�cation provided by the manufacturers. Both devices were used

to image trapped 174Yb+ ions as shown in Fig. 7.14. Finally, the large numerical aperture
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of the objective lens confers to this detection system a high �uorescence photon collection

e�ciency of 0.1, such that using a PMT the overall detection e�ciency is expected to be

of 0.027. This is in turn projected to yield a single-qubit and two-qubit read-out �delity

>99.9% and >96.5% respectively in 121µs.
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Chapter 8

Conclusion and outlook

8.1 Summary

E�orts presented in this work aspired to engineer a two-module ion-trap experiment permit-

ting the future realisation of key operations for networked quantum logic. These operations

are high-�delity two-qubit gates and quantum information transfer between modules via

ion shuttling. At the origin of this e�ort is the vision for a large-scale trapped ion quantum

computing architecture that uses microwave-based quantum gate technology. As presented

in the introduction (Chapter 1), quantum gates using this technique are executed by ap-

plying voltages to the ion-trap module. This is analogous to the operation of classical

computer processors. In contrast to approaches where laser �elds are used for quantum

logic, a microwave-based quantum computer does not su�er from an adverse scaling of its

number of radiation �elds with the number of physical qubits. This drastically mitigates

the signi�cant overhead imparted by the large number of laser �elds otherwise required.

Nevertheless, such an architecture also faces engineering challenges of its own.

While most of the ingredients necessary to construct this architecture (as layed-out in

its blueprint [80]) are well established technologies, the demonstration of some of them still

remain outstanding. For instance, conditional microwave-based quantum logic still remains

to be demonstrated with a �delity above the fault-tolerant threshold with a static magnetic

�eld gradient. Methods proposed to overcome this obstacle involve the use of current-

carrying wires embedded in the ion-trap module. These produce a large local magnetic

�eld gradient when supplied with a high current. However, their operation requires the

device to be cooled to cryogenic temperatures. To scale an elementary quantum computing

unit to any arbitrary size, the shuttling of trapped ion qubits between adjacent quantum

computer modules was also proposed. The signi�cant challenge addressed during this work
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was therefore to engineer an experimental apparatus combining all of these objectives in

spite of often con�icting requirements.

In Chapter 2 the necessary background theory to ion trapping and conditional quantum

logic using long-wavelength radiation was introduced. This presented the necessary features

that must be provided by the apparatus along with considerations to realise high-�delity

two-qubit gates. The linear scaling of the spin-motion coupling with the magnetic �eld

gradient was highlighted. This motivates the generation of a large magnetic �eld gradient

within a scalable architecture to attain high-�delity quantum logic.

The means of generating a large magnetic �eld gradient were discussed in Chapter

3. Existing techniques were found to be limited by either thermal management or scal-

ability. A novel optimal CCW design that overcame these issues was then presented. It

provides a su�cient �eld gradient while ensuring a magnetic �eld null in the proximity of

the ion. An ion-trap module that takes full advantage of the generated �eld gradient was

then designed. It consists of a linear microfabricated ion trap with a 125µm ion-electrode

separation. Using a current of 10A, current-carrying wires are expected to create a mag-

netic �eld gradient of 109.7T/m. When operating at 70K, two-qubit gates �delities are

expected to be realised above the 99% fault-tolerant threshold. Furthermore, the ion-trap

module was designed and fabricated to permit inter-module ion shuttling. To achieve this,

considerations on the two-module separation and trap design parameters were given. The

fabricated devices were then characterised.

Next, Chapter 4 discussed a holistic approach to thermal management. An analytical

and numerical analysis of the thermal runaway e�ect that occurs under an excessive oper-

ating current was presented. It was found that driving current-carrying wires under 10A

is expected to lead to the trap operating at 68.4K. Maintaining this trap temperature in

turn requires to be interfaced with a heat sink capable of dissipating away >6.8W at 50K.

To provide the necessary cooling power, a cryosystem relying on the closed-loop circu-

lation of cryogenic helium gas that is extensible to many modules was constructed. This

system was presented in Chapter 5. The scalability of such a system was demonstrated by

simultaneously connecting this cooling architecture to two ion trapping apparatuses (with

the potential to scale to four) that were distributed across the laboratory. It was found to

be compatible with ion trapping experiments where coherent manipulations are performed

using long-wavelength radiation.

In the �nal two chapters, a detailed description of the in-vacuum two-module ion-trap

apparatus was given followed by the installation of the laboratory equipment. A new
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ion-trap die-bonding procedure using indium was developed. It ensures the appropriate

cryogenic thermal management of the device. A UHV-compatible cryogenic heat sink

was presented along with the insulating structure supporting each module. The precise

alignment capabilities of the two ion-trap modules were given and achieved the desired

1µm alignment accuracy criterion. The experimental control of this apparatus (DC, RF,

microwave, currents) through the ARTIQ control system was then described along with

the installation of the associated hardware. The laser set-up used for photoionisation

and cooling was also presented and will be used in the future for state preparation and

readout. The engineering of the optical system used for ion imaging and qubits state

detection was then discussed. Lastly, this work culminated with the successful trapping of

174Yb+ ions under an UHV pressure of ∼6×10−11 mbar at 40K. This demonstrated the

system's readiness to deliver the required trapping conditions.

8.2 Latest and future work

In the last weeks that pre-dated the submission of this work, several noteworthy achieve-

ments have been realised. Using dynamic DC waveforms developed by Ph.D. student F.

Bonus, the �rst ion transport operation between two microfabricated ion-trap modules was

demonstrated with a cold 174Yb+ ion. Single ions can �rst be loaded on the back-end (above

the 10th electrode pair away from the edge, see Appendix E, Fig. E.2, electrodes DC23HS

and DC10HS) of the heat sink side ion-trap module. The PID controlled atomic ovens are

resistively heated to 300 ◦C which takes ∼20 s. Ion loading is typically achieved within 10 s

after this. An individual ion can be trapped by applying an amplitude Vamp = 103.5V

driven at a RF frequency of 19.3MHz and DC voltages applied to 3 electrode pairs. The

ion is then transported within the same module over 1.8mm to a region, i.e. zone `A' (see

Fig. 8.1) located above the centre of the 2nd electrode pair away from the edge. There,

the ion awaits inter-module transport DC voltage sequences. This new location is located

341µm away from the module edge and stable trapping requires DC voltages to be applied

to both ion-trap modules. A con�guration of 5 adjacent DC electrode pairs is used with 4

pairs on the heat sink side closest to the edge and 1 pair on the piezo side also closest to

the edge.

For inter-module ion shuttling, the two microchip modules were precisely aligned (0(1)µm

measured misalignment) along their lateral direction and were only separated by a 10(1)µm-

wide gap. A characteristic one-way trip is illustrated in Fig. 8.1. Overlapped 369 nm and

935 nm laser �elds are translated to track and Doppler cool the ion as it is quasi-statically
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Figure 8.1: Composite images of an inter-module transport of a cold 174Yb+ ion taken prior to
(left) and after (right) the one-way shuttling operation. The presented images consist of an overlay
of the imaging of ion �uorescence together with the fully exposed two-module ion-trap modules
(used for location reference) using the sCMOS camera. Here, the imaging focuses on the last pair
of electrodes on the heat sink side (Module 1) and piezo side (Module 2) ion-trap modules. The
transport of the ion is performed from zone `A' to zone `B'. Regions coloured in red and blue
denote the RF and DC electrodes respectively. Both modules are misaligned to one another by
10.0(5)µm. The total distance travelled by the ion is of 692µm.

transported from one ion-trap microchip module to the next over an e�ective distance of

692µm. At the end of this inter-module transport operation, the ion arrives at its desti-

nation: the 2nd electrode pair away from the edge on the piezo side module referred to as

zone `B'. Again, a set of 5 adjacent electrodes spanning both modules is needed for stable

trapping. Several automated round trips were then performed with a single 174Yb+ ion

with it being only laser cooled at zone `A' every 2× 105 inter-module transports for up to

50ms. During shuttling, the axial con�nement is increased by applying a factor of 2.5 to

the aforementioned trapping DC voltages. To date, up to 106 round trips between modules

have been performed consecutively with a single ion (with Doppler cooling on) indicating

an inter-module transport �delity in excess of 99.999993%. The total shuttling time for

a round trip is 825µs, which corresponds to a one-way inter-module ion transport rate of

2424 s−1.

Preliminary measurements suggest that the ion loss is due to collisions with the sur-

rounding background gas rather than from excessive motional heating during inter-module

ion transport. The fastest rate of one-way inter-module ion transport currently achieved is

at 4080 s−1, but is much less reliable (∼10 round trips on average prior to losing the ion).

It is found to be limited by the air-side DC �lter box (72 kHz cuto� frequency) in combi-

nation with the built-in �lter (75 kHz cuto� frequency) in the 1MSPS ARTIQ-compatible
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32-channel DAC (Zotino). Future work aiming at attaining higher module-module con-

nectivity rates will explore the possibility of using a faster DAC system and �ltering unit

with higher cuto� frequency.

In addition, trapping of 171Yb+ on this system was recently demonstrated. However,

the magnetic �eld necessary to establish the quantization axis was provided by an external

coil set-up instead of the embedded CCWs. These are currently disconnected due to the

poor electrical contact realised by the clamp connectors. Nevertheless, coherent experi-

ments are currently under way with the determination of optimal parameters for hyper�ne

qubit state preparation along with the characterisation of the state detection set-up. Next

steps will include the preparation of the 171Yb+ hyper�ne qubit in a clock state and single-

qubit gate followed by inter-module qubit transport to realise the matter-based quantum

link. Statistical analysis on the measured qubit state post module-module qubit transport

will characterise the �delity with which quantum information can be transferred between

modules using this scheme. This should experimentally demonstrate the ability of this

technology to scale up the QCCD architecture beyond hundreds of qubits. This then

opens up the potential to meet the requirements of an architecture comprising thousands

to millions of qubits as is necessary for universal quantum computation.

To demonstrate the potential of the novel CCW design proposed in this thesis, the

vacuum apparatus will be reopened and the high-current beryllium-copper clamps will

be replaced by aluminium ribbon bonds. These should prove to be more mechanically

robust to thermal cycling. Preparations for this are already under way within the research

group. Following this upgrade, the demonstration of a two-qubit gate with �delity above

the 99% fault-tolerant threshold for error-correction should be within reach. This will

be a key milestone in demonstrating the compatibility of microwave-based quantum gate

technology with a modular QCCD architecture.
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Appendix A

Derivations: 2Dsub

This appendix presents the derivations used to establish equation 4.8 of the heat transfer

model presented in Chapter 5. Within the time scale t < tsub2D
, a speci�c regime in the

heat transfer problem of the on-chip CCWs is identi�ed where a two-dimensional analyti-

cal model predicts the temperature evolution of the CCW insulation to substrate interface.

On-chip CCWs consist of a pair of insulated conductors embedded in a substrate of

thickness e after which a thermal interface material is used to secure the chip to a mount,

see Fig. A.1. For time scales below tsub2D
the dominant heat transfer process is the two-

dimensional thermal di�usion along the x and z direction in the silicon substrate and away

from the CCWs. In this regime, the heat generated by the CCWs has only been transported

within lengths smaller than the thickness of the substrate. As only the two-dimensional

di�usion of heat in the substrate is of interest in this regime, both CCW copper and ther-

mal interface regions can be neglected. Additionally, as heat is transported over a length

< e, one can assume the silicon substrate, of volumetric heat capacity Csub, thermal con-

ductivity λSub and initially at temperature T0, to be in�nite along the x and y directions.

Similarly, the substrate is considered in�nite along z in the direction of z > 0 such that it

is modelled as a semi-in�nite half-space.

Here, the fundamental transient solution to the �instantaneous point source of heat�

problem is used to derive the solution of a more complex geometry [410]. This fundamental

conduction heat transfer problem consists of a �nite quantity of heat that is instantaneously

liberated at a given time and location of an in�nite region of zero temperature with no

internal heating. The solution to this thermal conduction problem is derived by �rst

adapting the solution of the instantaneous point source of heat to that of a semi-in�nite
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Figure A.1: Diagram of the cross-section of on-chip CCWs (not to scale) and equivalent repre-
sentation for our 2D transient heat transfer model. a) The chip: heat generated from a pair of
embedded CCWs is transported in the chip substrate of �nite dimensions. The thermal interface
region on the backside of the chip is reached after a distance e from the surface. b) The model:
both CCWs and thermal interface regions are neglected while the chip substrate is extended to be
a semi-�nite region in the z > 0 direction. The substrate is additionally considered to be in�nite
in the x and y direction. On the z = 0 plane, hatched regions denotes adiabatic boundaries while
black region represent boundaries where a constant heat �ux q is applied to the half-space.

region within which the point source is located on the surface. Subsequently, integrating

with respect to speci�c spatial variables allows one to derive the solution where the heat

is instantaneously released along a strip of width b − a. Then, integrating with respect

to time provides the transient solution for a continuous single strip source where heat is

supplied at a prescribed rate. Finally, combining this solution with that of the secondary

strip yields the transient temperature evolution of the CCW interface in the desired regime.

Consider the instantaneous heat source released on the surface of a semi-in�nite ther-

mally conducting region in the direction z > 0, where the plane z = 0 is de�ned as an

adiabatic boundary. The fundamental solution to the transient heat transfer problem for

the temperature Θ at the location (x, y, z) at time t is

Θ(x, y, z, t) =
Qp

4Csub(πDt)3/2
e−{(x−x

′)2+(y−y′)2+z2}/4Dt, (A.1)

where D is the thermal di�usivity and Qp is the heat that is instantaneously liberated at

the point (x′, y′, z′ = 0) in the semi-in�nite region at t = 0.

By integrating this fundamental solution with respect to y′ over the −∞ < y′ < +∞

bounds, i.e. integrating individual point sources of heat along an in�nite line, one may �nd

the temperature solution for the instantaneous line source case. Thus, for the instantaneous

heat per unit length Ql liberated at t = 0 along a line located on the surface z = 0, parallel

to the y-axis, and passing by x = x′, one obtains
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Θ =
Ql

4Csub(πDt)3/2

∫ +∞

−∞
e−{(x−x

′)2+(y−y′)2+z2}/4Dtdy′

=
Ql

4Csub(πDt)3/2
e−{(x−x

′)2+z2}/4Dt

∫ +∞

−∞
e−(y−y′)2/4Dtdy′

=
Ql

2CsubπDt
e−{(x−x

′)2+z2}/4Dt.

(A.2)

Now consider a single strip of width b − a located on the plane z = 0, parallel to the

previous line and instantaneously liberating a quantity of heat Qs per unit surface area

of the strip. By integrating the previous temperature solution for the instantaneous line

source with respect to x′ within the bounds a < x′ < b, it follows that

Θ =
Qs

2CsubπDt

∫ b

a

e−{(x−x
′)2+z2}/4Dtdx.′ (A.3)

Given that the transient temperature rise of the strip is the sole interest, the temperature

needs only to be evaluated on the surface of the semi-in�nite region, i.e. (x, z) = (x, 0).

Equation A.3 therefore simpli�es to

Θ =
Qs

2CsubπDt

∫ b

a

e−(x−x′)2/4Dtdx′. (A.4)

Recognising the Gauss error function erf(x) = 2√
π

∫ x
0 e
−s2ds and by changing the variables

in the integral such that u = (x− x′)/2
√
Dt, one can �nd

Θ =
2
√
DtQs

2CsubπDt

∫ x−b
2
√
κt

x−a
2
√
Dt

e−u
2
du

=
Qs

2Csub

√
πDt

{
erf

(
x− b
2
√
Dt

)
− erf

(
x− a
2
√
Dt

)}
.

(A.5)

Then consider that heat is no longer instantaneously liberated. Instead, it is contin-

uously released from t = 0 to t = t at a constant rate φ(t) = q, where q is homogeneous

to a surface heat �ux. The temperature solution to the strip geometry for a continuous

source of heat is then derived by integrating the previous instantaneous case solution with

respect to time, such that

Θ =
q

2Csub

√
πD

∫ t

0

dt′√
t− t′

{
erf

(
x− b

2
√
D(t− t′)

)
− erf

(
x− a

2
√
D(t− t′)

)}
. (A.6)
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Part of the integral with respect to time is then expressed as∫ t

0

dt′√
t− t′

erf

(
x− a

2
√
D(t− t′)

)
= 2
√
t

{
erf

(
x− a
2
√
Dt

)
+

x− a
2
√
πDt

∫ ∞

(x−a)2

4Dt

e−u
2

u
du

}
, (A.7)

where one can recognise the exponential integral Ei
(
− (x−a)2

4Dt

)
= −

∫ ∞
(x−a)2

4Dt

e−u
2

u du. Thus,

by substituting back into equation A.6, the temperature of a point located on the surface

of the semi-in�nite region heated by a strip is

Θ =
q
√
t

Csub

√
πD

{
erf

(
a− x
2
√
Dt

)
− erf

(
b− x
2
√
Dt

)
− a− x

2
√
πDt

Ei

(
−(a− x)2

4Dt

)
+

b− x
2
√
πDt

Ei

(
−(b− x)2

4Dt

)}
,

(A.8)

which is in agreement with solutions given by [410, 411] for resembling transient heat

transfer problems.

Considering now the e�ect of a secondary heating strip, making up the CCW pair, on the

temperature of the surface of the semi-in�nite region. The second strip is symmetrical

to the primary one by the plane of symmetry x = 0 such that it is in�nite along y and

is bounded along x by −b < x′ < −a, see Fig. A.1. The assumption is also made

that the location of maximum temperature on the surface of the semi-in�nite region is at

x0 ∼ (a + b)/2 along x, i.e. the centre of the primary strip, and that the semi-in�nite

region is no longer at zero temperature but initially at T0.

Finally, by combining the contributions from both strips using equation A.8 and given that

D = λsub/Csub, the time-dependent temperature increase ∆T (t) from T0 at the location

(x0, y, 0) is therefore in this regime

∆T (t) =
q√

πλzrmsubCsub

{
F (b, t)− F (a, t) + F (−a, t)− F (−b, t)

}√
t , (A.9)

where the function F : R×R+ → R is the sum of non-elementary functions and is de�ned

separately for the clarity of equation A.9 as

F (u, t) = erf

( a+b
2 + u

2
√
Dt

)
−
a+b

2 + u

2
√
πDt

Ei

(
−

(a+b
2 + u)2

4Dt

)
. (A.10)
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Appendix B

Derivations: 1D‖

This appendix presents the derivations used to establish equation 4.10 of the heat transfer

model presented in Chapter 5. Within the time scale t < tsub1D
yet superior to tsub2D

,

a speci�c regime was identi�ed in the heat transfer problem of on-chip CCWs where a

one-dimensional analytical model in the direction transverse to the chip predicts the tem-

perature evolution of the centre of the device.

For time scales exceeding tsub2D
, the heat generated by the CCWs has already been

transported within lengths superior to the thickness of the chip substrate. It is therefore

principally di�using in a one-dimensional direction transverse to the device until tsub1D ,

after which it reaches the backside of the device, see Fig. B.1. As assumed in Appendix

A, both CCWs and thermal interface material regions can be neglected in this regime.

Additionally, as heat is transported over length inferior to half the width of the substrate,

Figure B.1: Diagram of the cross-section of on-chip CCWs (not to scale) and equivalent repre-
sentation for the 1D transient heat transfer model. a) The chip: heat is generated from a pair of
embedded CCWs and has already di�used to the backside of the chip. In this regime, the heat is
transported transversally to the silicon substrate along the x direction. b) The 1D‖ model: the
silicon substrate is considered to be an in�nite region in all three directions. A constant heat �ux
q is delivered in the in�nite plane x = 0 (black) and di�uses either side and perpendicularly to this
plane.
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one can assume the chip substrate, of volumetric heat capacity Csub, thermal conductivity

λsub and initially at temperature T0, to be in�nite along the x direction. The substrate

is also considered to be in�nite in both y and z directions which are perpendicular to the

direction of thermal propagation.

The analytical solution is derived using a similar method as in Appendix A. Let us

consider the instantaneous point heat source Qp released on the in�nite region of thermal

di�usivity D within the plane x = 0. From [410], the fundamental solution to the transient

heat transfer problem for the temperature Θ at the location (x, y, z) at time t is

Θ(x, y, z, t) =
Qp

8Csub(πDt)3/2
e−{x

2+(y−y′)2+(z−z′)2}/4Dt. (B.1)

First integrating this fundamental solution with respect to y′ over the −∞ < y′ < +∞

bounds, produces the temperature solution for the instantaneous line source case, while a

second integration with respect to z′ over the −∞ < z′ < +∞ bounds yields the solution

for the instantaneous plane source of heat. Thus, for the instantaneous heat per unit

surface area of the plane Qs liberated at t = 0 in the plane located at x′ = 0, it follows

thats

Θ =
Qs

8Csub(πDt)3/2
e−x

2/4Dt

∫ +∞

−∞
e−(y−y′)2/4Dt dy′

∫ +∞

−∞
e−(z−z′)2/4Dt dz′

=
Qs

8Csub(πDt)3/2
e−x

2/4Dt2
√
πDt2

√
πDt =

Qs

2Csub

√
πDt

e−x
2/4Dt.

(B.2)

Let us now consider that heat is continuously released from t = 0 to t = t at a constant

surface heat �ux φ(t) = q. The solution to the temperature at that plane location for

a constant heat �ux is therefore obtained by integrating the previous instantaneous case

solution with respect to time and with x = 0, such that

Θ =
q

2Csub

√
πD

∫ t

0

dt′√
t− t′

=
q

2Csub

√
πD

2
√
t =

q

Csub

√
πD

√
t. (B.3)

Finally, assuming that the in�nite region is no longer at zero temperature but initially at

T0, and given that D = λsub/Csub, the time-dependent temperature increase ∆T (t) from

T0 at the location on the plane x = 0 is therefore

∆T (t) =
q√

πλsubCsub

√
t. (B.4)
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Appendix C

Derivations: Assembly thermal

resistance

This appendix presents the derivations used to estimate the equivalent total thermal re-

sistance of the mechanically pressed assembly that is used for the thermal anchoring of

the ion trap microchip to the heat sink in Chapter 5. A one-dimensional equivalent model

of this assembly is presented in Fig. C.1. In this model the heat sink is assumed to be

at constant temperature T0 while the assembly is subject to a unidirectional heat �ow Φ

passing through the mount and support structures of contact interface area A2 and A1 re-

spectively. To calculate the thermal resistance as a function of the chip-to-mount interface

temperature, I establish an initial temperature-dependent relation that is subject to a set

of assumptions.

Figure C.1: Diagram of the one-dimension thermal resistance model of the thermal anchoring
assembly. A heat �ow rate Φ is conducted through a succession of parts of thermal resistivity
rλ. Firstly, heat passes through a mount of thickness ∆x2 and transverse area A2 and then
through a support of thickness ∆x1 and transverse area A1. Finally, it is conducted to a heat
sink (hatched domain) of constant temperature T0 acting as a thermal reservoir. Each of the parts
are mechanically pressed together and give rise to a thermal contact conductance coe�cient h, see
inset.
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Calculating the total equivalent thermal resistance Rth of the mount, support, and heat

sink system, corresponds to successively adding the bulk thermal resistance and interfacial

contact resistance contributions in series. Considering the temperature-dependent thermal

resistivity rλ(T ) of the materials and assuming those to be homogeneous within a single

material (worst-case) such that rλ(T2) and rλ(T1) are the thermal resistivity for the mount

and support respectively. The total equivalent thermal resistance is hence

Rth =
rλ(T2)∆x2

A2
+

1

h(T1)A2
+
rλ(T1)∆x1

A1
+

1

h(T0)A1
. (C.1)

Assuming that the thermal contact conductance coe�cient h of the mechanically pressed

joint is temperature independent between 50K and 100K (as proposed in Chapter 4), there

is for T ∈ [50K, 100K]

Rth =
rλ(T2)∆x2

A2
+

1

hA2
+
rλ(T1)∆x1

A1
+

1

hA1

=
1

h

(
1

A1
+

1

A2

)
+
rλ(T2)∆x2

A2
+
rλ(T1)∆x1

A1
.

(C.2)

As the thermal resistances are in series, each is subject to the same heat �ow rate Φ,

such that across each of the interfacial regions it yields

T2 − T1 =
1

hA2
Φ & T1 − T0 =

1

hA1
Φ. (C.3)

Now, assuming that A1 ≈ A2, which is consistent with the values of the areas provided

in Chapter 6, one can rearrange equation C.3 and simplify it to

T1 =
A2T2 +A1T0

A2 +A1
= A2

T2 + T0

2A2
=
T2 + T0

2
. (C.4)

Assuming also that the temperature dependence of the thermal resistivity of the bulk

thermal conductor in the mount and support can be approximated to be linear, we have

rλ(T ) = rλ,T0(1 +αr(T −T0)) where α is the temperature coe�cient of thermal resistivity.

Thus, posing ∆T = T2 − T0 and substituting back in equation C.2, an approximation of

the total equivalent temperature-dependent thermal resistance of the system becomes

Rth(T2) =
1

h

(
1

A1
+

1

A2

)
+ rλ,T0

(
∆x2

A2
+

∆x1

A1

)
+ αr∆Trλ,T0

(
∆x2

A2
+

∆x1

2A1

)
, (C.5)

which is a function of the interface temperature T2 between the microchip and assembly.
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Appendix D

Derivations: CCW operating point

This appendix presents the derivations used to establish equation 4.34 in Chapter 5 for

the steady-state temperature of the chip CCW as a function of the input current I. Here,

the total power generated (Q̇gen) by the on-chip CCWs, for a temperature of the CCWs

(TCCW) that has increased by ∆T from the heat sink temperature T0, is given by

Q̇gen(∆T ) = γ
lw
H

(
2lcomp + 4lgrad

lcomplgrad

)
I2ρT0(1 + α∆T ), (D.1)

where the variables are established in Table 4.1. For a similar temperature increase, and ac-

cording to the model developed in Chapter 5 using linear temperature-dependent material

property relations, the power dissipated by the thermal management assembly is

Q̇dis(∆T ) =
∆T

R1,th(∆T ) +R2,th(∆T )
, (D.2)

where R1,th(∆T ) is the thermal resistance of the chip and indium thermal interface:

R1,th(∆T ) =
1

kWeff

1

γlw

(
lcomp

2lcomp + 4lgrad

)
+

1√
eπ

√
σTIM(1 + αTIM∆T )

λsub(1 + αsub∆T )

1

γlw
+
σTIM

Ll
(1 + αTIM∆T ) ;

(D.3)

and where R2,th(∆T ) is the thermal resistance of the mechanically pressed assembly ther-

mally anchoring the chip to the heat sink as established in Appendix C, such that

R2,th(∆T ) =
1

h

(
1

A1
+

1

A2

)
+ rλ,T0

(
∆x2

A2
+

∆x1

A1

)
+ αr∆Trλ,T0

(
∆x2

A2
+

∆x1

2A1

)
.

(D.4)
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Assuming a 50�100K temperature range, the temperature coe�cients for silicon and

indium are such that
√

1+αTIM∆T
1+αsub∆T ∈ [1, 2.04]. Considering a worst-case scenario with

a temperature rise to 100K, there is then
√

1+αTIM∆T
1+αsub∆T ∼ 2. A similar assumption is

made on the copper thermal resistivity of the mechanically pressed assembly such that

it is considered to be that of a worst-case temperature of 100K. Therefore, rλ,100K =

rλ,T0(1 + αr∆T ) is constant. Under these assumptions, equations D.3 and D.4 become

linear and constant respectively with respect to the temperature such that

R1,th(∆T ) =
1

kWeff

1

γlw

(
lcomp

2lcomp + 4lgrad

)
+

1√
eπ

√
σTIM

λsub

2

γlw
+
σTIM

Ll
(1 + αTIM∆T ),

(D.5)

R2,th =
1

h

(
1

A1
+

1

A2

)
+ rλ,100K

(
∆x2

A2
+

∆x1

A1

)
. (D.6)

Thus, the power generated by the CCW device and the power dissipated by the thermal

management assembly are

Q̇gen(∆T ) = AgI
2 + αAgI

2∆T and Q̇dis(∆T ) =
∆T

Ad +Bd∆T
, (D.7)

where the constants Ag, Ad and Bd are de�ned by

Ag = γ
lw
H

(
2lcomp + 4lgrad

lcomplgrad

)
ρT0 ,

Ad = R2,th +
1

γlw

1

kWeff

(
lcomp

2lcomp + 4lgrad

)
+

1√
eπ

√
σTIM

λsub

2

γlw
+
σTIM

Ll
,

Bd =
αTIMσTIM

Ll
.

(D.8)

At steady-state the power dissipated by the thermal management assembly equates to that

generated by the on-chip CCWs such that Q̇gen = Q̇dis. Therefore, there is the quadratic

equation

αAgI
2Bd∆T 2 + (αAgI

2Ad +AgI
2Bd − 1)∆T +AgI

2Ad = 0, (D.9)

with discriminant D = (αAgI
2Ad + AgI

2Bd − 1)2 − 4αA2
gI

4BdAd. For D > 0, the useful

solution is the smallest root to the quadratic equation, that is:

∆T =
1− αAgI

2Ad −AgI
2Bd −

√
D

2αAgI2Bd
, (D.10)

which is Eq. 4.34 used in Chapter 5.
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Appendix E

DC feedthroughs and electrode

assignment

Each microchip DC electrode has a corresponding DC channel on the ARTIQ Sinara hard-

ware. The DC signals are generated on the Zotino 32-channel DAC, routed via a custom

�lter box, vacuum feedthroughs, in-vacuum wiring and delivered to the microchips by wire

Figure E.1: Location of the electrical DC sockets on the feedthrough �ange mounted at the base
of the vacuum apparatus. View direction: vacuum side goes into the page. Eight 50-pin Sub-D
feedthroughs are TIG welded on a DN160CF �ange and deliver a total of 400 electrical connections
(up to 5A each). Only four feedthough sockets are populated: one for the piezo side microchip
module, two for the heat sink side microchip module, and one for in-vacuum cryogenic heaters and
thermometry. Remaining feedthoughs may be used for future experiment upgrades necessitating
a greater number of individually controllable DC voltages.
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bonds from PCB traces. A single 50-pin Sub-D vacuum feedthrough is used for the piezo

side microchip module while the heat sink side microchip module requires two of these.

Their arrangement on a multiple-feedthrough vacuum �ange is portrayed in Fig. E.1.

E.1 Heat sink side microchip electrode assignment

The linear ion trap microchip module integrating the CCWs (EL125 & CCW) and located

on the heat sink side of the experiment contains 32 DC electrodes and 2 RF electrodes

which are supplied by the same RF signal. The 32 DC electrodes are used for the axial

con�nement of the trapped ion except 4 which are used for the rotation of the radial

trapping potential principal axis and enable laser cooling along all motional directions.

Rotation electrodes (ROT) are located on the inner and outer side of the RF electrodes.

Multiple electrodes and planes in the microchip are also constantly grounded to the PCB

ground (GND): microchip buried ground plane, RF ground electrode and surface ground

planes. Each controllable DC electrode is designated by a number from 01 to 32 following

a clockwise naming convention as presented in Fig. E.2. To clarify the location of each

Figure E.2: Numbering convention used for the ion trap microchip module integrating the CCW
and located on the experiment's heat sink side. Controllable DC electrodes are either designated
as DC or ROT. RF electrodes are supplied with the same RF signal and are disjointed to make
way for the physical connections to ground and rotation electrodes.
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DC segment pair relative to the module's edge, pairs are numbered as 01 to 14 starting

from the alignable edge such that pair 01 are the DC01HS and DC32HS electrodes and the

end-cap segments are pair 14 i.e. electrodes DC14HS and DC19HS. The CCW generated

gate region is located at pairs 08...10.

E.2 Piezo side microchip electrode assignment

The linear ion trap microchip module (EL125) without the CCWs and located on the

piezo side of the experiment also contains 32 DC electrodes and 2 RF electrodes which

are supplied by the same RF signal. The con�guration of the electrode is the same as for

the heat sink side microchip module. To each controllable DC electrode is also assigned

a number from 01 to 32 which follows a similar clockwise naming convention as presented

in Fig. E.3. However, the su�x HS in the electrode's designation is replaced by P to

distinguish electrodes assigned to the piezo (P) side module from those tied to the heat

sink (HS) side module. Group pairs are also numbered from 01 to 14 starting from the

alignable edge such that pair 01 are the DC01P and DC32P electrodes and the end-cap

segments are pair 14 i.e. electrodes DC14P and DC19P.

Figure E.3: Numbering convention used for the alignable ion trap microchip module located on
the experiment's piezo side.
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E.3 In-vacuum PCB and DC feedthrough pin assignment

The signals are delivered to the ion trap microchip electrodes via wire bonds electrically

connected to the in-vacuum PCB trace. In turn these PCB traces are connected to pins on

the PCB and are wired to the vacuum Sub-D feedthroughs. The numbering conventions

used for both microchip with and without CCWs modules are presented in in Fig. E.4 and

Fig. E.5 respectively.

EL125 & CCW microchip: heat sink side module

Figure E.4: Numbering convention used for the heat sink side PCB traces and associated Sub-D
connectors. (a) Cropped section of the PCB traces around the microchip slot. PCB trace termina-
tions are used as wire bonding pads. View direction: top surface, looking down onto the PCB. (b)
Left and right 50-pin Sub-D feedthrough sockets viewed from outside the vacuum apparatus. Red
coloured pins (•) denote disconnected electrical wiring. Each PCB trace termination corresponds
to a pin on the in-vacuum PCB.
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EL125 microchip: piezo side module

Figure E.5: Numbering convention used for the piezo side PCB traces and associated Sub-
D connector. (a) Cropped section of the PCB traces around the microchip slot. PCB trace
terminations are used as wire bonding pads. View direction: top surface, looking down onto
the PCB. (b) 50-pin Sub-D feedthrough socket viewed from outside the vacuum apparatus. Red
coloured pins (•) denote disconnected electrical wiring. Each PCB trace termination corresponds
to a pin on the in-vacuum PCB, these are located on the underside of the PCB but viewed from
the top.
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Appendix F

Pressure drop formulae sheet

The formulae that are used to calculate the pressure drop along speci�c sections of the

helium circulation system are compiled in this appendix. The pressure drop due to �uid

friction in a speci�c pipe section of diameterD, cross-sectional area A, length L and subject

to a volumetric �ow rate V̇ is given by the Darcy-Weisbach equation [297]

∆P = 4ρf
LV̇ 2

DA2
, (F.1)

where ρ is the density of the �uid �owing within the pipe and f is a dimensionless coe�cient.

Friction factor. The dimensionless coe�cient f is termed the friction factor (sometimes

also referred to as the Fanning friction factor). It is directly related to the viscous shear

stress at the �ow boundary. The friction factor is empirically found to depend on the �ow

and surface roughness of the pipe or duct and the local Reynolds number Re = ρDV̇ /µA,

where µ is the �uid dynamic viscosity.

F.1 Straight pipes

Smooth pipes

In the laminar regime (Re < 2000), the friction factor is given by the Hagen-Poiseuille

equation [297]

f =
16

Re
. (F.2)

In the turbulent regime (Re in the 4000�105 range), the friction factor is given by the

Blasius equation [297]

f =
0.0791

Re1/4
. (F.3)
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Rough pipes

Every surface is to some extent rough. A useful quantity that estimates this roughness is

formed by the ratio ε/D of the average height ε of the surface peaks to the pipe diameter

D. In both laminar and low turbulent regime (Re < 104), the friction factor is independent

of the roughness of the pipe surface and equations F.2 and F.3 remain perfectly adequate

to estimate the friction factor. Indeed, as the �ow approaches the pipe boundary the

local velocity must go to zero even in the context of fully developed turbulent �ow. This

very thin layer adjacent to the �ow boundary is called the viscous sub-layer as local viscous

e�ects dominate. As long as the average height of the surface peaks remain smaller than the

viscous sub-layer thickness, the surface roughness has no impact on the �ow characteristics

(�uid-dynamically smooth surface). However, as the thickness of the viscous sub-layer

decreases with increasing Reynolds numbers, peaks emerge out of the sub-layer and begin

to disrupt the �ow. The threshold Reynolds number is found for Re > 104. In this range,

the friction factor is best given by the phenomelogical Colebrook-White equation [412]

1√
f

= −2 log10

(
ε/D

3.71
+

2.51

Re
√
f

)
. (F.4)

This implicit formulation is accurate but inconvenient as only solvable using an iterative

numerical approach. For a direct estimation of the friction factor, a rearrangement of this

formula into an approximate explicit expression is useful. A widely accepted approximate

expression (1.5% accuracy) is given by the Haaland equation [413]

1√
f

= −3.6 log10

((
ε/D

3.71

)1.11

+
6.9

Re

)
. (F.5)

In real industrial pipes, the surface roughness is likely to be irregular with uneven and

sparsely distributed �aws, bumps and dents. The estimate of the friction factor for rough

pipes should therefore be considered more as guidelines than exact physical parameters.

For engineering purposes it is recommended to incorporate a marginal safety coe�cient.

Corrugated pipes

Unlike laminar and turbulent �ow in smooth and rough pipes, �uid �ow in corrugated

pipes have been the subject of fewer studies. Amongst the available literature it was found

that for Re > 1000 the friction factor f of a corrugated annular pipe of convolution depth
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d, pitch p and width w is best estimated with the Whitehurst equation [414]

f =
1

4
· α ·Reβ ,

where

α = 0.02202

(
p− w
d

)
− 0.00287 ,

and

β = 0.2987

(
d · w
p2

)
− 0.0313 .

(F.6)

F.2 Ancillary elements

In real world applications, �uid �owing through ancillary elements such as pipe bends,

connections, junctions, valves and other �ttings is almost always turbulent such that Re >

4000. In this regime, the pressure drop from �uid friction associated at the location of each

of the ancillary components of cross-sectional area A and subject to an inlet volumetric

�ow rate V̇ is given using a dimensionless coe�cient K by the formula

∆P = ρK
V̇ 2

A2
. (F.7)

Loss coe�cient. K is called the loss coe�cient (also known as the resistance coe�cient).

It relates to an equivalent length of unobstructed pipe by K = 4fL/D in Eq. F.1. When

using industrial �ttings, such as valves, K is often provided by the manufacturer. In some

cases, it may be given as the �ow coe�cient Cv (imperial units) or �ow factorKv (SI units).

Conversions between K, Cv and Kv is done using K = 0.001604D
4

K2
v
and K = 0.002148D

4

C2
v
,

where D is the inlet diameter of a circular �tting in millimetres. Note that manufacturers

are not always consistent with the universally accepted nomenclature. Any ambiguity

should be lifted by verifying the manufacturer's de�nition.

Pipe bends

A change in the direction of the �ow gives rise to additional �uid friction losses as the

pressures near the inner and outer radius of the bend change. Loss mitigation is done by

increasing the radius of curvature of the pipe bend and/or minimising its de�ection angle.

The loss coe�cient in pipe bends accounts for both �uid friction from the pipe length as

well as that from the directional change. Assuming a 90° bend angle and a curvature ratio

R0/D, where R0 is the mean curvature radius of the pipe and D is the inner diameter of
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the pipe, the loss coe�cient can be calculated with the Ito expressions [415]

Smooth bends: for R0/D > 9.8

K = 1.5714fc
R0

D
, (F.8)

where fc is the friction factor for curved pipes de�ned as

fc =
√
D/R0

0.0051 + 0.075

(
Re

(
D

R0

)2
)−0.25

 . (F.9)

Sharp bends: for R0/D < 9.8

K = 0.3883γRe−0.17R0

D
with γ = 1 + 5.05

(
R0

D

)−4.52

. (F.10)

For bending angles other than 90°, the reader is invited to consult this Ref. [415].

Connections

Abrupt enlargement. In an abrupt enlargement of the �ow cross-section, such as one

resulting from a sudden enlargement in pipe internal diameter from D1 to D2, the �uid is

unable to follow the change in dimension after the smallest aperture. The �ow separates

and turbulent eddies are formed either side of the enlargement which increase energy

dissipation by �uid friction. The resulting loss coe�cient is then given by

K =

(
1− D1

D2

)2

. (F.11)

Abrupt reduction. In an abrupt reduction of the �ow cross-section, such as one resulting

from a sudden reduction in pipe internal diameter from Da to Db, the �uid is directed

towards the center of the reduced pipe. This forms a so-called vena contracta that has a

smaller diameter Dv than Db. As a result, turbulent eddies form within the annular region

trapped between the vena contracta and walls of the reduced pipe and also dissipate energy

by �uid friction. The resulting loss coe�cient is then given by

K =
D2
a

D2
b

(
1

C
− 1

)2

, (F.12)

where C is coe�cient of contraction given by C = Dv/Db. For a pipe diameter reduction

of ∼50%, C ≈ 0.64 provides a good estimation [297].
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