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Abstract

Bosonic modes provide a hardware-efficient route toward quantum information processing
by exploiting the large Hilbert space of harmonic oscillators. However, in most bosonic
architectures, the coherence of the encoded information is fundamentally limited by de-
phasing induced by an ancillary qubit used for control and readout. In this thesis, 1
present a novel superconducting platform that mitigates this limitation by combining a
high-coherence three-dimensional post cavity with a fluxonium qubit whose interaction
with the cavity can be tuned in situ.

I develop and validate a hybrid theoretical framework for modeling highly anharmonic
superconducting circuits beyond the lumped-element approximation, incorporating flux
quantization while retaining compatibility with distributed electromagnetic modes. This
approach is implemented in the scQubits simulation package and enables flexible modeling
of complex circuit architectures. Experimentally, I realize and characterize a fluxonium-
cavity system in which the dispersive coupling can be continuously tuned to positive,
negative, or vanishing values. This capability allows strong interaction during gate oper-
ations while effectively decoupling the bosonic memory from the ancilla during idle peri-
ods, thereby suppressing qubit-induced dephasing. A quantitative threshold for negligible
ancilla-induced dephasing is established based on the relative magnitude of the dispersive
shift and the qubit decay rate.

I further investigate the prospects of this platform for bosonic state engineering and error-
protected encodings, including dissipative cat qubits and Kerr-induced cat-state genera-
tion. While fast flux control enables rapid tuning of the interaction strengths, practical
challenges, most notably flux noise and reduced qubit coherence under AC flux biasing,
limit the achievable performance in the present implementation. Finally, I outline con-
crete pathways for future improvements. Overall, this work establishes a scalable and
versatile platform for bosonic quantum information processing and highlights the critical
role of tunable interactions and decoupling schemes in advancing fault-tolerant quantum
technologies.

Kurzfassung

Bosonische Moden bieten einen hardwareeffizienten Ansatz fiir die Quanteninformationsver-
arbeitung, indem sie den groflen Hilbertraum harmonischer Oszillatoren ausnutzen. In
den meisten bosonischen Architekturen ist die Kohérenz der kodierten Information je-
doch grundsétzlich durch Dephasierung begrenzt, die von einem fiir Kontrolle und Auslese
verwendeten Hilfsqubit induziert wird. In dieser Dissertation présentiere ich eine neuar-
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tige supraleitende Plattform, die diese Einschrinkung adressiert, indem sie einen hochko-
héirenten dreidimensionalen Mikrowellenresonator mit einem Fluxonium-Qubit kombiniert,
dessen Wechselwirkung mit dem Resonator in situ einstellbar ist.

Ich entwickle und validiere ein hybrides theoretisches Modell zum stark anharmonischen
supraleitenden Schaltungen jenseits der Giiltigkeit der Lumped-Element-Approximation,
das die Flussquantisierung beriicksichtigt und gleichzeitig mit verteilten elektromagnetis-
chen Moden kompatibel bleibt. Dieser Ansatz wird mit dem Simulationspaket scQubits im-
plementiert und erméglicht eine flexible Modellierung komplexer Schaltungsarchitekturen.
Experimentell realisiere und charakterisiere ich ein Fluxonium-Resonator-System, in dem
die dispersive Kopplung kontinuierlich auf positive, negative oder verschwindende Werte
eingestellt werden kann. Diese Féhigkeit erlaubt eine starke Wechselwirkung wéihrend
Gatter-Operationen, der bosonische Speicher in Leerlaufphasen aber effektiv vom Hilf-
squbit entkoppelt werden kann, wodurch qubitinduzierte Dephasierung unterdriickt wird.
Auf Grundlage des Verhéltnisses zwischen dispersiver Verschiebung und Qubit-Zerfallsrate
wird eine quantitative Schwelle fiir vernachléssigbare Ancilla-induzierte Dephasierung bes-
timmt.

Dariiber hinaus untersuche ich die Eignung dieser Plattform fiir die Erzeugung bosonis-
cher Zustdnde und fehlertoleranter Kodierungen, einschliefSlich dissipativer "Cat-Qubits"
und Kerr-induzierter Katzen-Zustidnde. Obwohl schnelle Flusskontrolle eine rasche An-
passung der Wechselwirkungsstéirken ermoglicht, begrenzen praktische Herausforderungen,
insbesondere Flussrauschen und eine reduzierte Qubit-Kohédrenz unter AC-Flussbias, die
erreichbare Leistung in der aktuellen Implementierung. Abschlieffend skizziere ich konkrete
Ansatzpunkte fiir zukiinftige Verbesserungen. Insgesamt etabliert diese Arbeit eine skalier-
bare und vielseitige Plattform fiir die bosonische Quanteninformationsverarbeitung und
unterstreicht die zentrale Bedeutung einstellbarer Wechselwirkungen und effektiver En-
tkopplungsschemata fiir den Fortschritt fehlertoleranter Quantentechnologien.
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CHAPTER

Introduction

Quantum mechanics arose in the early twentieth century as a response to a series of ex-
perimental discoveries that defied classical explanation. Phenomena such as blackbody
radiation, the photoelectric effect, and atomic line spectra forced physicists to reconsider
the foundations of energy, light, and matter. Attempting to explain the spectrum of ther-
mal radiation, Planck proposed that energy is exchanged in discrete packets, or “quanta”,
rather than continuously[l]. This idea marked the beginning of a conceptual revolution
and is considered the birth of quantum theory. Only a few years later, Albert Einstein ex-
tended this notion to light itself, showing that the photoelectric effect could be understood
if light were composed of particles-photons—with energy proportional to their frequency/[2].
Niels Bohr then applied quantization to the structure of the hydrogen atom, attributing the
stability of atomic orbits and the discreteness of spectral lines to the existence of quantized
energy levels[3].

These early developments established the foundations of the “old quantum theory”, a collec-
tion of rules that successfully described certain phenomena but lacked internal consistency.
The full theoretical framework emerged in the mid-1920s, when Werner Heisenberg’s matrix
mechanics[4] and Erwin Schrédinger’s wave mechanics[5] provided a consistent mathemat-
ical foundation for describing systems whose behavior could no longer be reconciled with
classical intuition.

Over the following decades, quantum mechanics became a cornerstone of modern sci-
ence. It enabled the development of quantum electrodynamics, the understanding of
superconductivity[6-8] and semiconductor physics[9], and ultimately the digital revolu-
tion of the late twentieth century, which appeared after the transistor’s invention. Around
the same time, John Clarke, Michel Devoret, and John M. Martinis demonstrated quan-
tized energy levels in a Josephson junction[10], for which they were awarded the 2025 Nobel
Prize in Physics.

Today, the same principles underpin the rapidly advancing fields of quantum information
science and quantum technologies. Concepts, such as entanglement, superposition, and
measurement backaction, have become practical resources for communication, computa-
tion, and sensing. These technologies now hold the promise of tackling problems that are
classically intractable. A major milestone came with Peter Shor’s factoring algorithm[11],
the first concrete demonstration that a quantum computer could surpass classical capa-
bilities on a problem of real practical importance, sparking global interest in quantum
computation. In the years that followed, the first small-scale quantum computers began to
emerge[12, 13]. While trapped ions and cold atoms were amongst the first platforms used

11




12 1.1 Overview of thesis

for running quantum operations, the development of the transmon qubit brought unprece-
dented stability and control to superconducting platforms, transforming quantum proces-
sors from theoretical constructs into scalable experimental systems. This progress drew
major technology companies, university spin-offs, and even national governments|[14] into
an international effort to build a fully fault-tolerant quantum computer. These advances
eventually paved the way for experimental demonstrations of "quantum advantage'[15] and
for the first real-world applications powered by multi-qubit processors[16—21].

Bosonic modes have recently emerged as a compelling alternative to conventional multi-
qubit architectures. By harnessing the infinite-dimensional Hilbert space of a single har-
monic or weakly anharmonic oscillator, bosonic encodings offer a hardware-efficient route to
realizing logical qubits[22—24] and performing quantum simulations[25] with reduced over-
head. Unlocking this potential, however, requires both a highly coherent memory mode
and a suitable nonlinear ancilla to enable universal control and readout. In most existing
implementations, the ancilla becomes the primary bottleneck: even infrequent thermal ex-
citations or relaxation events can imprint uncontrolled phase shifts onto the bosonic mode
through dispersive coupling, leading to rapid dephasing of the encoded state.

This challenge motivates the central question of this thesis: Can one engineer a bosonic
quantum information platform in which the ancilla-induced dephasing is minimized or even
eliminated, without compromising control capabilities? Addressing this question requires
not only the development of appropriate theoretical tools but also the design, fabrication,
and characterization of a new experimental system capable of supporting such a regime.

1.1 Overview of thesis

This thesis begins with a brief introduction to the fields of quantum information, quantum
error correction, and circuit Quantum ElectroDynamics (QED). Later in Chapter 2, I
bridge these topics by describing some of the most popular encodings used in quantum error
correction with superconducting circuits. Chapter 3 describes the common techniques in
circuit QED for modeling a setup, including their applicability to a toy model used in this
thesis. It also suggests a new numerical diagonalization method to overcome the limitations
of the other methods.

The following chapter 4 introduces the design and fabrication used to build the setup from
this thesis, which consists of a post cavity, fluxonium, and a flux hose. Specific attention
is paid to the improvements made during my PhD, including a more stable cavity etching
process, a simplified magnetic flux hose design, and improved shielding.

Chapter 5 presents the full setup characterization, addresses the challenge of ancilla-
induced dephasing, and offers a solution to this challenge. Additionally, it elaborates
on the possibility of combining this setup with a Superconducting Nonlinear Asymmetric
Inductive eLement (SNAIL) to engineer a two-photon dissipation, suitable for dissipative
cat qubits. In Chapter 7, I integrate fast flux control and utilize the flux-tunable self-Kerr
shift of the cavity to create a nonclassical state. Therefore, I demonstrate universal control
of the system at any flux bias point.



CHAPTER

Theory

This chapter presents the theoretical framework underlying quantum information and
quantum error correction, with a particular focus on their implementation in supercon-
ducting circuits. The concepts introduced here provide the foundation for the experimental
work discussed in subsequent chapters. Parts of this chapter are also covered in numerous
textbooks, review articles, and theses (e.g. [26-32]). I begin by outlining the fundamental
principles of quantum information, describing the physical carriers of quantum states and
their unwanted coupling to the environment, which motivates the need for quantum error
correction.

Next, in Section 2.2, I introduce superconducting circuits as engineered artificial atoms
governed by the laws of quantum mechanics. By quantizing basic electrical elements (in-
ductors, capacitors, and Josephson junctions), we can build nonlinear oscillators capable
of encoding and manipulating quantum information. Building on this foundation, I discuss
the effective Hamiltonians that describe these systems, with particular emphasis on fluxo-
nium qubits. The interaction between qubits and resonators is then explored, focusing on
the dispersive regime that enables high-fidelity quantum control and readout.

Section 2.3 is devoted to the theoretical principles of quantum error correction (QEC)
in the context of superconducting hardware. We distinguish between discrete-variable
codes, which rely on multi-qubit redundancy, and continuous-variable (bosonic) codes,
which encode information in the Hilbert space of harmonic oscillators. Together, these
discussions establish the theoretical basis for understanding how superconducting circuits
can function as a scalable platform for fault-tolerant quantum computation.

2.1 Quantum information processing

2.1.1 Information carriers
2.1.1.1 Two-level systems: Qubits

The qubit (quantum bit) is a fundamental part of quantum information, analogous to the
classical bit, but exhibiting uniquely quantum-mechanical properties. It is realized with a
physical two-level system with two orthogonal states, |0) and |1). Unlike a classical bit,
which can take one of two discrete states, a qubit can exist in a coherent superposition of

13




14 2.1 Quantum information processing

both basis states simultaneously. In general, its state is described by a normalized vector
|1) in a two-dimensional complex Hilbert space .7

) = al0)+B1), (2.1)

where «, 8 € C are complex probability amplitudes satisfying the normalization condition
|a|? 4 |B|2> = 1. The computational basis states are represented as

o-(). o)

Due to the global phase invariance of quantum states, it is sufficient to describe the qubit
using two real parameters, ¢ and 6

1) —cos<9) 10) + € sin (g) 1y, (2.2)

where 6 € [0, 7] and ¢ € [0,27). This leads to a geometric representation of the qubit on
the surface of the Bloch sphere, a unit sphere in three-dimensional space (see Fig. 2.1). The
north and south poles of the Bloch sphere correspond to the computational basis states |0)
and |1), while coherent superpositions populate the equator and the surface.

The Hamiltonian of an ideal qubit reads
A hw
H, = Tqaz (2.3)

where wy is the energy difference between the computational states'.

Figure 2.1: Bloch sphere representation of a qubit. The cardinal states are |[+2) =

0),|-2)=1), |£X) = WESB] ill , | 2Y) = ‘0>\i[z|1> Any state vector |1)) pointing

on the sphere can be represented as a linear combination of |£Z) (see Eq. 2.2).

1 0
0 -1
Planck constant.

'Here, 6. = is the Pauli-Z matrix and represents the qubit states, and i = h/27 is the reduced
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The realization of qubits depends strongly on the physical platform chosen. While all qubits
must obey the fundamental principles of quantum mechanics, their physical embodiments
can vary widely. Each platform encodes qubit states using different degrees of freedom,
with corresponding advantages and challenges. Some examples are

o Trapped ions|[33, 34]: electronic or hyperfine spin states of the trapped ion;

o Photonic qubits[35]: polarization (horizontal |H) vs. vertical |V'}), time-bin (en-
coded in the time of arrival of the photon);

o Semiconducting qubits[36]: electron and nuclear spins (| 1) vs. | ]));

o Superconducting circuits[37, 38]: superconducting condensate phase oscillations
(transmon), circulating supercurrents (fluxonium).

2.1.1.2 Multi-level systems

While binary systems are traditionally employed for quantum computation, information
carriers exhibiting multi-level structures are naturally more abundant. Those include qu-
dits—quantum systems with d > 2 orthogonal basis states, and harmonic oscillators. In
contrast to the two-level systems, the Hilbert space associated with either multi-level sys-
tem grows from two to d and infinite dimensions, respectively.

The use of multi-level systems in quantum computing offers potential advantages, such
as an increased information density per physical carrier. The Hilbert space of a single
harmonic oscillator truncated at |IN) can store an equivalent amount of information to a
processor of log, N qubits or of log; N qudits (see scaling in Fig. 2.2). Consequently,
the number of physical systems required to realize a given quantum algorithm may be
reduced compared to a purely qubit-based architecture[39], and the circuit complexity
can be lowered[40, 41]. Moreover, some error correction schemes based on qudits have
demonstrated enhanced error thresholds for magic state distillation as compared to their
qubit counterparts[42].

Qudits Notable examples of qudits in some of the previously mentioned platforms for
quantum computing include:

o Trapped ions can serve as multi-level systems because they possess rich internal
structures (e.g. Zeeman levels)[39];

 Spin systems[43, 44]* with spin-s > 1/2 particles offer (2s + 1)-dimensional state
spaces[45];

e Photonic platforms, where different spatial modes can be used to define a qudit
basis[46];

2Not to be confused with the qubit platform based on electron spins.
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—@— qubit
—@— qutrit
harmonic oscillator

Number of physical systems
o~

0 25 50 75 100
Hilbert space dimension

Figure 2.2: Number of physical systems required for a given Hilbert space dimen-
sion.

o Superconducting circuits, where higher excited states of a device (e.g., a transmon|[47,

48]) can be coherently accessed and manipulated.

Control of qudits requires generalized unitary operations acting within a d-dimensional
Hilbert space ;. Similarly, measurement schemes must be capable of resolving all d
basis states, which can introduce additional experimental challenges compared to binary
readout[39].

Quantum computing with qudits is an active area of research, driven by the potential
to optimize quantum algorithms[49, 50|, and maximize the computational capabilities of
existing physical platforms. Nevertheless, all advantages come at the cost of experimental
challenges, such as qudit readout, more stringent requirements for qudit coherence[51], and
increased complexity of the control electronics.

Harmonic oscillators The quantum harmonic oscillator plays a central role in quantum
information processing, particularly in the study and implementation of bosonic modes for
quantum computation and communication. Unlike qudit systems, the harmonic oscillator
possesses an infinite-dimensional Hilbert space, enabling the encoding of quantum infor-
mation into continuous-variable or bosonic degrees of freedom. Its Hamiltonian

X 1
H = hw (aTa + 2) (2.4)

produces a spectrum of equally spaced energy levels, separated by frequency w. Here d(&T)
represents the annihilation(creation) operator.

Several experimental platforms have demonstrated high-fidelity bosonic quantum control,
examples of which are:

e Trapped ions, where bosonic modes arise naturally from the collective motion of
the ions in the potential well or the motion of individual ions[52]. These phonon
modes are conventionally used as a bus to create all-to-all connectivity between the
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ions in the trap. Still, there has been increasing interest in directly applying these
modes in quantum computation[53, 54] and simulation[55].

e Superconducting circuits, where quantum information is stored in the quantized
electromagnetic field of a superconducting cavity mode. These cavities can be either
three-dimensional (3D) or integrated as planar resonators (2D). While mostly used
for readout, there has been rapid progress in bosonic computing with superconducting
microwave cavities[38, 56, 57], making superconducting circuits the most advanced
platforms for bosonic quantum information processing.

Bosonic quantum computation represents a fundamentally distinct paradigm from qubit-
or qudit-based approaches. Leveraging the infinite-dimensional Hilbert space of bosonic
modes introduces unique challenges, particularly in benchmarking and characterizing conti-
nuous-variable quantum processors. Nevertheless, bosonic systems have emerged as strong
contenders for realizing quantum algorithms, with significantly reduced hardware overhead
compared to conventional qubit platforms.

2.1.2 Environment coupling

A more convenient way of representing the state of a system is the density matrix p, a
positive semi-definite (i.e., all eigenvalues are real and non-negative), Hermitian operator
with unit trace. It is especially preferred for open systems, i.e., systems interacting with the
environment, as it can represent both coherent and incoherent superpositions, in contrast
to the state vector, which can only represent the former. Without any assumptions, a
system with a set of states |¢,,) has a density matrix

p= an|¢n><wn| (2.5)

where p,, corresponds to the probability that the system is in the state [¢,) and it obeys
> pn = 1. The system is said to be in a pure state if p = |¢)(¢)| and the end of the
state vector lies on the surface of the Bloch sphere; otherwise, it is mixed and the state
vector points somewhere inside the Bloch sphere.? The diagonal terms represent basis
state population, while the off-diagonal terms give information about the phase difference
between the states.

For a closed system comprised of a qubit coupled to its environment, i.e, with a state vector
V) = 3, Pnltgn) @ |Yenv,n), the evolution is governed by the Schrédinger-von Neumann
equation
ap i
E - _ﬁ[ 7p]7
where the system Hamiltonian is a sum of the qubit, environment, and their interaction
Hamiltonians H = fIq + f[env + ﬁint. To extract the dynamics of the qubit, we begin by

tracing out the environment

ﬁq = Trenv [/3] = Z<¢env,n

n

(2.6)

Pltbeny.n)- (2.7)

3Note that the 3D Bloch sphere representation is non-trivial for the qutrit case.
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The evolution of such a system is generally described by the Lindblad master equation

dp T P 1, ~:4 1ass

T — 7 po] + > LipgLf — §pqLLLk - §L;2Lkpq (2.8)
k

where Ly, = , /fykflk are operators, each representing a specific type of coupling of the qubit

to the environment via the operator flk with a rate 7¢. To derive the Lindblad master

equation, several approximations are made:

e Separability: there are no correlations between the qubit and the environment at
time t = 0, i.e, H(0) = pg(0) @ Penv(0).

e Born approximation: the interaction is weak and the environment is much larger
than the system, and therefore not significantly influenced by it, i.e., p(t) = pq(t) ®
Denv, Where pepy is the stationary state of the environment;

e Markov approximation: the environment has no memory, i.e. the environmental
correlations decay much faster than the timescale over which the qubit evolves (7,),
so the past interactions between the qubit and the environment can be neglected.

« Secular approximation: the transition frequencies are much bigger than (min(7,))~!,
allowing us to neglect all fast rotating terms.

Energy Relaxation and Excitation Energy relaxation, or amplitude damping, refers
to the irreversible loss of excitation from a higher-energy state (e.g., |1)) to a lower-energy
state (e.g., |0)) due to coupling to a dissipative bath. This process is captured by the jump
operator

L=m6_, (2.9)
where « is the decay rate and 6_ = |0)(1] is the lowering operator. This coupling is often
referred to as transverse, as the noise couples to 6,. If the bath has a finite temperature,
the qubit can both get excited by it and decay into it, resulting in the master equation:

dp, RS ¥ AL 0% A A
i = " pH P+ gnanD[64]pg + 5 (nn + 1)DIG-1pg, (2.10)
where &, = [1)(0| is the raising operator, ng, = (e"™4/#8T — 1)=1 is the mean photon

number of the bath with temperature T at the frequency wq.4 We have introduced the
dissipative Lindblad superoperator D[O]p = 2050t — O1Op — pOTO. Equation 2.10
describes the exponential decay of the ground- and excited-state populations as well as a
decay of off-diagonal terms.

The total rate

1
Iy == I+ T =20 + 1) (2.11)
1

defines the relaxation time of the qubit 77. In thermal equilibrium, the ratio between
excitation and relaxation rates is

rt
— = e Mwa/ksT (2.12)
111

4kp is the Boltzmann constant.
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determined by Boltzmann statistics. Note that only the thermal population of the bath at
the qubit frequency® affects the qubit relaxation time.

Dephasing Dephasing refers to the decay of off-diagonal elements of the density matrix
without a change in energy populations, or in other words, randomization of the phase
without energy exchange. In contrast to the energy decay, the noise couples to the qubit
along the z-axis; such a coupling is called longitudinal. The corresponding jump operator
is

L=/Ty6., (2.13)

where I'y, = 1/T} is the pure dephasing rate and o, = |0)(0| — |1)(1]. The master equation
becomes i , r
Pq Liproa b Ara 1A
i —ﬁ[Han] + 5 DI6:]pg, (2.14)
which damps the off-diagonal coherence terms without affecting the populations. Pure
dephasing is not a resonant phenomenon, in contrast to relaxation, and up to a certain

extent can be reversed by using decoupling sequences[58].

Decoherence In realistic systems, both energy relaxation and pure dephasing are present.
Their combined effect is characterized by the total coherence time 75

1 1 1
— =4 — 2.15
T 214 + Ty ( )
which governs the decay of the off-diagonal elements of p. In addition to the pure dephasing,
relaxation or excitation causes a complete loss of the phase of any initial superposition state.

In matrix form, the evolution of a qubit’s density matrix under decay and decoherence is

1+ (poo(0) — 1)e /Tt pm<o>e—f/T2>

palt) = ( p10(0)e~"/T> pr(0)e /T (2.16)

with populations poo(t) and p11(t) governed by T3, and coherence po;(t) and pio(t) by 7%,
where p;; = (i|pq|7). Combined with energy relaxation, they degrade quantum information
and motivate the need for quantum error correction in all scalable quantum computing
architectures. The matrix from Eq. 2.16 is often referred to as the Bloch-Redfield density
matrix[31].

2.1.3 Quantum error correction

In quantum mechanics, the evolution of a system’s state must always preserve the funda-
mental properties of the density matrix: it must remain Hermitian, positive semi-definite,
and have unit trace. These properties must be maintained not only during ideal unitary
evolution under a Hamiltonian but also when the system undergoes noise, dissipation, or
other imperfections over a time interval At.

®Realistically, the qubit linewidth plays a role as well.
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The most general class of physical operations that map a valid density matrix to another
valid density matrix is known as completely positive trace-preserving (CPTP) maps. These
maps can be expressed in the so-called Kraus form

plt+At) = E(p) = MypM], (2.17)
17

where the set {Mu} is known as Kraus operators, which represent different possible out-
comes or types of errors during the evolution. Even though individual Mu may be non-
unitary, the map as a whole must preserve the trace of p, requiring the completeness
condition

S M, =1, (2.18)
w

with I denoting the identity operator.

Importantly, the Kraus decomposition of a quantum channel is not unique. If Uisa unitary
matrix acting on the space of Kraus operators, a new set defined by

Ny => UM,
v
will describe the same quantum operation

D NupNL =3 M.
H M

If a quantum error is correctable, then there exists a recovery operation R such that the
composition of the error and recovery maps returns the state to its original form:

(Ro&)(p)=p, Vpe, (2.19)
where % is the subspace (code space) used to encode the logical quantum information.

To determine whether a particular error model {Mu} is correctable for a code, one uses
the Knill-Laflamme condition[59]. Suppose the code encodes a single logical qubit in two
orthonormal states {|1p), [11)}. The necessary and sufficient condition for the errors { M}
to be correctable is

(1| MEM, [ ) = cpwbun, (2.20)
o
for all k,1 € {0,1}, and where ¢, are the elements of a Hermitian matrix®. This equation

ensures two things:

e The different error operators act in distinguishable ways on the code space, i.e., each
error maps the code into an orthogonal error subspace.

e The logical basis states remain orthogonal even after errors, ensuring that no infor-
mation about the logical state is leaked to the environment.

65,5 is the Kronecker delta.
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When these conditions are satisfied, one can identify the error that occurred by measur-
ing a suitable set of observables (syndrome measurements) and applying a corresponding
recovery operation, typically a unitary inverse, to restore the original encoded state.

If a set of errors {M .} is correctable by a recovery operation R, then any other set of error
operators {N,}, formed as linear combinations of the M,,, will also be correctable by the
same recovery map.

In the case of a logical qubit, arbitrary single-qubit errors can be expressed as linear
combinations of the Pauli operators 6, 6, and 6,, where &, corresponds to bit-flip errors
(|0) ++ |1)), and &, to phase-flip errors (|4) <> |—)). Since 6, = 16,6, it follows that any
single-qubit error can be decomposed into a combination of bit and phase flips. Therefore,
a code that can correct both 6, and &, errors is, in principle, capable of correcting any
arbitrary single-qubit error.

2.2 Superconducting circuits

While there are numerous platforms for encoding quantum information, superconducting
circuits have emerged as one of the leaders for realizing scalable quantum computation[60)].
These circuits harness macroscopic quantum coherence by integrating superconductors into
engineered electrical networks. Their compatibility with well-established nanofabrication
techniques enables the rapid prototyping and integration of multiple qubits on a single
chip, making them particularly well-suited for building large-scale quantum processors.
Moreover, the circuits can be engineered to create arbitrary interactions, i.e., longitudinal
or transversal, and vary their strengths.

2.2.1 Building blocks
2.2.1.1 Quantum LC circuit

One of the simplest circuits one can build is an LC resonator. Whether classical or quan-
tum, it consists of an inductor L and a capacitor C connected in parallel. The field within
the circuit oscillates between the magnetic field stored in the inductor and the electric field
in the capacitor.

The circuit has the following Hamiltonian

02 ¢

H=—+— 2.21

2C * 2L (2.21)

where & = fioo V(T)dT is the branch flux and Q = C® is the conjugate variable, the

branch charge. A detailed derivation of this Hamiltonian can be found in Ref. [61]. The

flux and charge operators satisfy the commutation relation [®,Q)] = ih. In the second
quantization representation, they can be expressed as

A

® =, ¢(a+a) (2.22)
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Figure 2.3: Quantum LC oscillator. a) Circuit; b) Energy spectrum as a function
of superconducting phase. The parabolic potential is plotted in gray, and the
wavefunctions are scaled for better visibility.

Q = —iQpi(a —ah) (2.23)

where ®,,¢ = \/%Z and Qpr = \/% are the zero-point fluctuations of the flux and charge

variables, respectively, which depend on the impedance of the harmonic oscillator Z =
L

ok

The Hamiltonian 2.21 can be rewritten in terms of the phase across the inductor ¢ = %7

and the charge number operator n = %8 denoting the excess Cooper pairs on the capacitor
island

. 1
H = 4Ecn? + §EL¢2. (2.24)

Here, we have defined the charging energy to add a Cooper pair to the island Eo = %,

2
and the inductive energy Ej = % The unitless operators obey the commutation relation

[p,7] = i. They can also be expressed via the creation and annihilation operators i =

4/ _Ep

oI and

—1Mype(a — a') and ¢ = Oopf(@ + a'), with the zero-point fluctuations Nypt =

Popt = 1/ Qg—f, respectively. The Hamiltonian can be diagonalized analytically, yielding an
infinite series of eigenstates, equidistantly spaced in energy by hw = hy/8EcFEr = h\/%
as illustrated in Fig. 2.3b.

Harmonic oscillators in practice

There are several possibilities for building a harmonic oscillator with superconducting
circuits in both planar (2D) and three-dimensional (3D) architectures. Still, they all obey
the same physical laws (see Sec. 2.1.1.2). Their total lifetime is governed by the coupling to
the environment’s degrees of freedom, both controlled and uncontrolled. We can quantify
these effects with their corresponding coupling rates kext and Kint, referred to as external

"o = %‘j is the reduced flux quantum, while ¢ = Qhe is the magnetic flux quantum.

8¢ is the electron charge.
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and internal coupling rates. They are, in turn, connected to the external and internal

quality factors’, i.e.
w

, 2.25
Qext (int) ( )

Rext(int) =
where w is the resonance frequency of the harmonic oscillator. The total linewidth of the
resonance, also referred to as the loaded coupling rate, is K1, = Kint + Kext, provided that
there is no dephasing present'’. These quantities can be related to loss operators:

e Single-photon loss: ﬁl,i = \//@%d,
« Single-photon excitation: f}m =1/ /11&7,
o Dephasing: f)¢ =, //{¢dT&.

Here, processes [A/L 1 and lALLT depend on the number of thermal photons in the cavity n,
similar to Eq. 2.11, and their ratio is the same as in Eq. 2.12. The first two loss operators

can be generalized for the case of n photons: ﬁn w =V nﬁm a(in) . The total single-
photon coupling rate k1 and the loaded coupling rate ky, are correlated, i.e. the resonance
linewidth will be partially determined by ;.

There has been an immense effort to reduce the single-photon loss rate in superconducting
resonators. Various architectures have been explored (see Fig. 2.4 for examples). Generally,
a realistic resonator is based on transmission lines. Infinite transmission line can support an
infinite continuum of modes[62]. Introducing a discontinuity creates boundary conditions
that restrict which modes can live in the line. Depending on the boundary conditions,
the type of resonators can be divided into two categories: half-wave (A/2) resonators,
which have voltage antinodes at each end, and quarter-wave (\/4) resonators, which have
one voltage node and one voltage antinode. Starting from the planar implementations,
some examples include microstrip[63], coplanar-waveguide (CPW)[64, 65], or stripline-
based resonators[66]. Moreover, the latter are often bent into various shapes, e.g., forming
a hairpin resonator[66, 67].

Three-dimensional architectures can also be used as microwave resonators. The shape
determining the resonance is carved into a solid piece of a superconductor, and depending
on the geometry, the cavity can be rectangular[68], post[69, 70], flute[71], mushroom[72],
etc.. Generally, 3D cavities have a longer lifetime, as the mode volume is bigger than
in the 2D case and is much less influenced by any lossy surfaces. The rectangular cavity
normally consists of two separate pieces; their joint, the seam, is lossy[73] due to the natural
oxides that grow on the surfaces. The post and flute cavity qualify as "seamless" as they
don’t suffer from seam losses, while the seam losses in the mushroom cavity are avoided
by welding the parts together, leading to the best recorded coherence time in the field.
Finally, another promising approach is the micromachined cavities|[74, 75|, combining the
small footprint of the planar architectures with the reduced losses of the 3D cavities.

9The quality factor reflects the number of times an excitation can "bounce around" in the oscillator, i.e.
the number of field oscillations, before escaping.
OGenerally, k1 1/Ts.
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Figure 2.4: Microwave resonators. a)-c) planar (2D) architectures, d),e) 3D ar-
chitectures, f) 2.5D architecture. The turquoise color represents the substrate:
either silicon or sapphire, while the metalization is in gray. The field envelope
is in red with an arrow pointing towards its maxima, and a red dot denoting
zero or no field. The exact types are as follows: a) Microstrip A/2 resonator.
b) CPW \/2 resonator. ¢c) CPW \/4 resonator. d) Rectangular cavity. e) Post
cavity. f) Micromachined cavity. For the microstrip, most of the field resides in
the substrate, illustrated by both maxima in the sapphire, while the dashed line
show the extension of the A\/2 field envelope outside the substrate. The layers
in the 2D and 2.5D cases are not to scale.

While harmonic oscillators are suitable for storage, the equidistant energy levels of the
harmonic oscillator pose a limitation to their usage. Upon a resonant drive, the harmonic
oscillator would be displaced to a coherent state with phase and amplitude proportional
to that of the drive tone. To be able to define a computational subspace and use an
LC circuit as a qubit, a non-linearity is required to lift the degeneracy of the transitions.
The most commonly used non-linear element for superconducting circuits is the Josephson
junction.

2.2.1.2 Junctions

A Josephson junction, by definition, is a local weakening of the superconducting conden-
sate. It can be created in several ways, including placing a thin insulating layer between
two superconductors (SIS tunnel junction) or reducing the size of the superconductor to in-
hibit the flow of Cooper pairs (constriction junction). The SIS junctions, shown in Fig. 2.5,
have a relatively straightforward fabrication, which includes evaporating a thin supercon-
ducting film, oxidizing its surface at a fixed pressure for a certain time, and evaporating
the second layer on top. Due to that, they are the most common type and, therefore, we
focus on them from this point on.
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Cooper pairs tunnel through the insulating barrier, resulting in a non-linear phase-current
relation
I =1I.siny. (2.26)

Here ¢ = 1 — w9 is the phase difference of the two superconducting condensates on each
island. Equation 2.26 is called the first Josephson relation, and I, is the critical current,
which depends on the superconductor and the barrier properties, as well as the junction
geometry. This relation tells us that a supercurrent can flow through the junction even
in the absence of a voltage, purely due to a phase difference between the superconducting
condensates. The second Josephson equation

d£ _ 2eV
dt  h
relates the rate of change of the phase to the voltage V across the junction. It describes

the AC Josephson effect, where a constant voltage is applied, causing the phase to increase
linearly over time, and the resulting current to become oscillatory.

(2.27)

a) b) - C)

Figure 2.5: SIS junction. a) Schematic. First and second superconducting layers
in blue and pink, respectively, and a thin insulating layer (oxide) in gray. b)
False-colored Scanning-Electron-Microscope (SEM) image. First and second
superconducting layers in blue and pink, respectively. ¢) Electric symbol of a
Josephson junction.

From the two Josephson relations, the Hamiltonian for a single junction can be derived
H=—Ejcosp + 4Eq,n? (2.28)

where we have introduced the Josephson energy E; = ¢ol, = %é, which also defines the
junction inductance Lj. The capacitive energy stems from the plate capacitor C'y formed
between the two superconducting plates. For small zero-point fluctuations of the phase,
we can expand the cosine term in Eq. 2.28 and see that a Josephson junction behaves as
a nonlinear inductor.

2.2.1.3 Kinetic inductance materials

To introduce nonlinearity into a linear superconducting circuit, a single Josephson junction
is often sufficient. However, many advanced applications, such as protected qubits[76],
enhanced coupling schemes|77], parametric conversion[78], and amplification[79], require
stronger nonlinearity or larger zero-point phase fluctuations, compared to those of a single
junction. These properties are closely linked to the circuit’s impedance, which must be high.
Achieving this typically involves maximizing inductance while minimizing capacitance.

All conducting materials possess geometric inductance to oppose any change in the electric
current flowing through them. This property depends purely on the physical layout of the
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circuit—the shape, size, and spacing of the conductors—and not on the material properties.
Creating a large geometric inductor is associated with an increased footprint and advanced
fabrication techniques[80]. Kinetic inductance in superconductors, on the other hand,
arises in superconductors due to the inertia of Cooper pairs. Unlike conventional geometric
inductance, which impedes the charge carriers simply by dimensional constraints, kinetic
inductance stems from the energy stored in the motion of these charge carriers. This effect
becomes particularly significant in superconducting materials with low carrier density.

As previously mentioned, Josephson junctions act as nonlinear inductors with a high ki-
netic contribution. One straightforward approach to creating large inductors is to place
many junctions in series to form an array, as their inductance is easily tunable during
the fabrication process. However, this method faces practical limitations: the junction ca-
pacitance can degrade performance, as the arrays’ parasitic modes may compromise device
performance[81]. An alternative solution is to use disordered superconductors, which natu-
rally exhibit high kinetic inductance, much greater than that of conventional superconduct-
ing materials, while maintaining a compact footprint and minimizing their self-capacitance.

a) b)
—x—————X——

H~4 nm

Figure 2.6: Granular aluminum. a) Schematic. Granular aluminum consists of
aluminum grains with a diameter of a few nanometers[82, 83], separated by a
layer of aluminum oxide. b) Equivalent circuit. The 3D network of supercon-
ducting islands separated by an oxide barrier can be mapped onto a 1D chain
of Josephson junctions and the self-capacitance of the superconducting islands.
Figure adapted from Ref. [84].

A prominent example of a high-kinetic inductance material is granular aluminum (grAl)[84].
This is a disordered superconductor consisting of nanometer-scale aluminum grains embed-
ded in an amorphous aluminum oxide matrix. Its fabrication is compatible with standard
Josephson junction processes, typically requiring only aluminum evaporation in a controlled
oxygen environment. Granular aluminum exhibits several advantageous properties:

o High kinetic inductance per square, tunable within orders of magnitude via deposition
parameters like oxygen pressure and evaporation rate;

e Larger superconducting gap, critical magnetic field, and critical temperature com-
pared to that of pure aluminum;

o Low microwave loss, making it suitable for building circuits (e.g., resonators, qubits,
kinetic inductance detectors).
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Owing to this combination of high kinetic inductance, low loss, and fabrication compati-
bility, granular aluminum has emerged as a leading material for building compact, high-
impedance superconducting circuits.

2.2.2 Qubits

Having all the necessary ingredients, more complex circuits can be built, such as qubits.
The simplest way to create a qubit is by shunting a junction with a large capacitance,
which suppresses the charge sensitivity of this circuit, schematically illustrated in Fig. 2.7a.
Equivalently, the same circuit is built by replacing the linear inductor of the LC resonator
with a junction, which lifts the level degeneracy and makes it possible to isolate two levels
for a computational subspace. This qubit is called a transmon[85] and has the following
Hamiltonian R

Htransmon = —FEjcos (/A) + 4E02ﬁ2 (229)

where E¢c, = Ec + Ec,. A requirement for the charge noise suppression is that EE?JE > 1,

which suppresses the phase fluctuations and allows for expanding and truncating the cosine
potential in Eq. 2.29. Then the qubit transition energy is hwo1 = /8Ecy, Ey — Ecy, and
all higher transitions are detuned by multiples of E¢c,, with respect to the fundamental
transition. Due to its simplicity, this qubit is the most widely used superconducting qubit.
However, there is a trade-off between having sufficient anharmonicity'! and sufficient pro-
tection against noise, which places a constraint on the duration of the pulses that can be
applied. This can be bypassed in more intricate circuits, such as the fluxonium.

a) b)
40 A
17
= 201
- jas
)
— > 0
0= RLCG &
=
.l. M 20
_40,
-n —n/2 0 /2 n

Superconducting phase ¢

Figure 2.7: Transmon qubit. a) The electrical circuit consists of a junction in
parallel with a capacitor. b) The cosine potential (gray) forms a weakly an-
harmonic spectrum, with the first five energy levels and their wavefunctions
plotted. The lowest lying levels form the computational space. The potential is
plotted with the help of scQubits for Ej/h = 40 GHz and E¢/h = 1 GHz.

Hhe anharmonicity is defined as o = |wo1 — wi2| and equals —E¢ /i for a transmon.
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2.2.2.1 Fluxonium

The fluzonium[86] is a superconducting qubit formed by shunting a Josephson junction
with a superinductance. A superinductor has a characteristic impedance exceeding the
resistance quantum at the operating frequencies typical of superconducting qubits, i.e.,
3(Z(w)) = wL > Rg = # ~ 6.45 k). The superinductor protects the qubit against
low-frequency charge noise by suppressing the charge fluctuations below 2e at the expense
of larger flux fluctuations. The Hamiltonian of this qubit is

. N Er . N
Hfluxonium = 4E07’L2 + 7302 - EJ COs (90 - Soext), (230)

where pext = Pext /@0 is the normalized external flux through the loop, and the Josephson
junction sets the charging energy F¢.
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Figure 2.8: Fluxonium qubit. a) The electrical circuit consists of a junction
shunted by a superconductor. The leads form a loop, which is threaded by
an external magnetic field. b) Energy transitions as a function of the external
flux. The frequencies are calculated as f;; = (Ej — E;)/h. c¢) and d) Potentials
(gray) with the first five energy levels and their wavefunctions at ®ey = 0 and
Dext = 0.5P¢, respectively. The two lowest lying levels form the computational
space. The potential and the transitions are plotted with the help of scQubits
for Ej/h = 10.8 GHz, Ec/h = 3.4GHz, and Er/h = 1 GHz.
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The fluxonium has gathered significant attention in the past few years due to its rich flux-
tunable spectrum, as shown in Fig. 2.8b and in Fig. 2.9c and f. The potential consists
of a parabola with a cosine superimposed on top (see Fig. 2.8c and d and in Fig. 2.9a,
b, d, and e). Adjusting the flux trapped in the loop smoothly shifts the cosine term with
respect to the parabola, creating a different potential and, therefore, a different energy
spectrum. Two sweet spots exist at $Poyr = 0 and at Doy = 0.5Pg, at which the transition
energies are insensitive to flux to first order, denoted with dotted lines in Fig. 2.8b. The
former is characterized by the lowest energy state being localized in a single well, similar
to the transmon (see Fig. 2.7b), and the first energy transition resembles a plasmon[87, 88]
excitation. This intra-well transition does not change the fluxoid number[89, 90]; it only
excites collective motion of the superconducting condensate. At the latter flux bias point,
the two lowest lying levels are spread out in a double-well potential. The energy splitting
is given by the tunneling rate between the two wells; this transition is called a fluzon
excitation. Such an inter-well transition corresponds to a change of the fluxoid number by
one fluxon, resulting in a swap of the persistent current direction.

The charging, inductive, and Josephson energies fully determine the potential landscape. If
we divide the Hamiltonian from Eq. 2.30 by the charging energy, we see that the parabola
is set by the ratio %, and the cosine amplitude by g—é This effect is depicted in Fig. 2.9,
where a) and b) show a less steep parabola compared to the reference case from Fig. 2.8c

and d, due to the former having a ratio g—é half of that of the latter, while g—é stays the
same. Instead, in 2.9d and e g—é was kept constant, while the ratio g—é was reduced to
half, compared to the reference in Fig. 2.8, resulting in a shallower cosine potential.
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Figure 2.9: Potentials and energy spectra for different F1,/Ec and E;/E¢ ratios.
First row: Ep/Ec is half the ratio of Fig. 2.8, Ej/Ec - same. Second row:
Ej/E¢ is half the ratio of Fig. 2.8, E1,/E¢c - same. a) and d) Potentials and
the energy levels at @ = 0. b) and e) Potentials and the energy levels at
Doyt = 0.5P. ¢) and f) First four energy transitions as a function of external
flux.
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2.2.3 Light-matter interaction

With the main components introduced, we turn to their interactions. We can engineer an
interaction Hamiltonian that couples the degrees of freedom of the individual components,
enabling entanglement between them. Physically, this coupling is realized by introducing
capacitive[91] or inductive[92] elements shared between the subsystems'?. For instance,
coupling a superconducting qubit to a resonator, capacitively or inductively, allows us to
read the qubit state indirectly without destroying the encoded quantum information. The
following paragraphs describe the dispersive readout, the most common readout scheme
used in superconducting circuits. More detailed derivations can be found in Ref. [37, 93].

Dispersive readout has its origins in cavity quantum electrodynamics (cQED), where it
arises from the transverse interaction between an atom and a cavity. In superconducting
circuit implementations, the bosonic mode is hosted by an on-chip 2D resonator or a 3D
cavity coupled to an artificial atom (e.g., fluxonium) by a linear capacitor or inductor. Due
to this resemblance, the field is known as circuit QED.

A qubit coupled to a harmonic oscillator, neglecting any damping in the system, is described
by the Jaynes-Cummings Hamiltonian

. hw
H = hw.ata + T‘Ja—z + hg(a + a)6,. (2.31)

where the first two terms are the free Hamiltonians from Eq. 2.4 and Eq. 2.3, and the
third term is the interaction Hamiltonian.

The transverse interaction is inherently non-Quantum-Non-Demolition (non-QND) as it
does not commute with the free qubit Hamiltonian, resulting in state evolution during the
measurement. However, in the dispersive regime, where the detuning A = w, — w, between
the atom and the cavity is much greater than the coupling strength A > ¢, the off-resonant
transverse interaction becomes QND to first order. This enables indirect measurement of
the qubit state via its effect on the resonator frequency.

Under the assumption that the coupling strength is much smaller than the frequencies of
the individual elements, g < wy,wy, the fast-rotating terms from the interaction can be
neglected, which is referred to as the rotating wave approximation (RWA). The Hamiltonian
in Eq. 2.31 is simplified to

N Aw
H:hw,,afa+7q

6.+ hg(a'o_ +aé.). (2.32)

Under the unitary transformation U= exp [%(&6+ - &T(},)} and expanding up to second
order in g, we obtain the dispersive Hamiltonian

Mo+ ¥)

H =UHU'~n (wr + ’2‘0) ala+ 5 . (2.33)

12Mutual capacitance is introduced by placing two conductors in close proximity. To realize a mutual
inductance, either two looped circuits are brought close to or on top of one another, or they share the
same Josephson junction or a kinetic inductor.



2 Theory 31

The qubit experiences a Lamb shift due to its coupling to the cavity; this shift is used to
define the dispersive shift as x = 2¢g?/A. The resonator, on the other hand, acquires a
qubit state-dependent frequency shift. Conversely, each resonator photon would further
pull the qubit frequency by x. For a more detailed derivation, refer to Ref. [94, 95].

2.2.3.1 Dispersive shift of a fluxonium inductively coupled to a resonator

The model of a qubit coupled to a harmonic oscillator is idealized and serves to illustrate
the dispersive readout qualitatively. For the realistic scenario in which we couple a super-
conducting qubit to a readout resonator, a full treatment of all higher-lying energy states
is required for a quantitative agreement with the experiment. The frequency shift, induced
by the coupling of those elements, can be found with second-order perturbation theory
(more on the derivation can be found in Ref. [29]).

The inductive coupling of a fluxonium and a readout resonator is described by the Hamil-
tonian
Hipy = —hgp(a — ') (2.34)

where the flux across the shared inductance couples with strength g to the current through
the resonator. The bare states of the system are Eg 1 = Eo + lhw,, where E, is the qubit
energy of state |a) and [ is the [-th energy level |I) of the resonator spectrum. The dressed
energy states are shifted in energy by

(8, m|hgp(a — al)|a, 1)|?
5E0‘vl = Z EO _ EO
Ba a,l m
mal (2.35)
21+ 1)Eyp + hw,
=3 Bgpus 2P 2
Ba Eqp — (hwr)

where po3 = (B|¢|a) is the phase matrix element between qubit states |a) and |3) and
E.s = E, — Eg is the transition energy between the same states. The frequency shift
imposed on the resonator due to the state of the qubit is given by

2hw,

B, — () (2.36)

1
Xa = ﬁ(Ea,l—l—l - Eoz,l) —Wr = h92 Z ’90a6|2
B#a

The observed dispersive shift in the resonator due to a transition between two qubit states
is

XaB = Xa — XB- (2.37)

The result is identical for any other superconducting qubit coupled inductively to the
readout resonator. For capacitive coupling, the interaction in Eq. 2.34 would change,
leading to a change in the matrix elements in equations 2.35 and 2.36, but the derivation
remains the same.
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2.3 Quantum error correction with superconducting circuits

Superconducting qubits, like all other platforms, require coupling to the environment for
control and readout. Moreover, they couple to uncontrollable degrees of freedom. Both
controllable and uncontrollable coupling to the environment greatly reduces their lifetime
and coherence, rendering them inadequate for scaling and running useful quantum algo-
rithms.

While controllable coupling is necessary, reducing the number of bath modes to which
the qubit could couple uncontrollably or the strength of the coupling itself would greatly
improve its computational capabilities. An effective approach is to reduce the number
of baths by both improving the qubit fabrication and carefully picking the wiring and
shielding of the setup. The significant efforts in this direction have led to an improvement
in coherence time of several orders of magnitude. Further discussion can be found in
Ref. [96-98]. A different strategy involves engineering the Hamiltonian in a way that
the qubit is topologically protected from noise. Examples of such superconducting qubits
are the 0 — 7 qubit[99] and the cos2¢ qubit[100]. Another promising direction is error
mitigation[101], a suite of techniques aimed at suppressing, estimating, or compensating
for errors at the software or control level. While such methods can substantially enhance
the effective fidelity of quantum operations in Noisy Intermediate-Scale Quantum (NISQ)
devices, they scale unfavorably with circuit depth (number of gate operations), limiting
their practicality to relatively shallow quantum algorithms.

An alternative approach for reducing the decoherence relies on quantum error correction
(QEC)[102]. By delocalizing the information, it becomes less susceptible to local noise,
hence the total error rate is suppressed. The coherence of the resulting logical qubit is
prolonged by detecting the occurrence of errors locally due to their undesired coupling with
the environment and correcting for them. The process is depicted in Fig. 2.10. Generally,
the logical qubit is encoded into |1)); , and continuous measurements map the leakage out
of the computational space onto ancillary qubits. Such measurements are called stabilizers
as they leave the logical state |1), unchanged. The stabilizers are designed in a way that
they commute with the logical qubit operators but anti-commute with the errors. The
ancillary qubits are measured, and the outcome S—the error syndrome—is fed to a decoder
D. In the event of an error, a recovery operation R is applied, as determined by the
decoder output.
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Figure 2.10: General quantum error correction circuit. The logical qubit is sub-
jected to an error, represented by the gate M, stabilizer measurements S are
executed with the help of ancillary qubits to extract the syndrome S. The latter
is fed into a decoder D, and the outcome determines the respective recovery
operation R applied. Figure adapted from Ref. [102].
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Depending on the types of encoding, the two general subdivisions of QEC are discrete
variable and continuous variable, which will be discussed with examples in the following
subsections.

2.3.1 Discrete variable

Discrete variable encoding leverages two-level (qubits) or d-level (qudits) systems as quan-
tum information carriers. Each physical system is described by a set of orthonormal basis
states (e.g., |0) and |1) for qubits), and operations correspond to unitary transformations
within this space. Discrete variable QEC relies on encoding a logical qubit into a larger
number of physical qubits in a manner that allows errors to be detected and corrected
without directly measuring and collapsing the quantum information. The amount of er-
ror suppression scales favorably with the number of qubits involved, provided that the
single-qubit error rate is below a certain threshold[28, 102], determined by the type of
encoding.

2.3.1.1 Repetition code

The repetition code is one of the simplest and most intuitive quantum error-correcting
codes, as it most closely resembles classical error correction. It protects against bit-flip
errors (6,) by redundantly encoding the information of a single qubit across multiple
physical qubits.

In its n-qubit form, the logical states are encoded as
0y = [0)®", |1y = [1)8" (2.39)

n is often referred to as the code distance. A majority vote across the n qubits allows for
the detection and correction of up to (n — 1)/2 bit-flip errors. For instance, the 3-qubit
repetition code encodes a single logical qubit as

0), = 1000), [1), = [111).

This code can detect and correct a single bit-flip error among the three qubits. To identify
which qubit, if any, has flipped, one measures parity checks using ancillary qubits without
collapsing the encoded quantum information. The stabilizers are

Sl = 021029, SQ = 025023

and they are measured by performing controlled-X gates'® with the data qubits as the
control and ancillary qubits as the target (see Fig. 2.11).

The measurement outcomes of ancilla qubits a; and ag give a two-bit syndrome that
identifies a single bit-flip error

13Controlled-X, or controlled-NOT (CNOT), gate flips the state of the target qubit only if the control qubit
is in state |1).
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Figure 2.11: Repetition code circuit. The data qubits (¢, ¢ = {1,2,3}) store
quantum information, while ancilla (aj, j = {1,2}) qubits are used to measure
local stabilizers that detect errors. The controlled-X gate is represented by a
vertical line connecting the control qubit (full circle) to the target qubit (empty
circle).

Syndrome (a1, as) ‘ Likely Error

(0, 0) No error

(1, 0) Bit-flip on ¢;
(1, 1) Bit-flip on ¢
(0, 1) Bit-flip on ¢3

While the repetition code effectively corrects bit-flip errors, as demonstrated already in
2015[103] and later in 2021[104], it does not protect against phase-flip () errors. More
advanced codes, such as the surface code, build upon the repetition code to offer full
quantum error correction.

2.3.1.2 Surface code

The surface code is one of the most promising quantum error-correcting codes for scalable,
fault-tolerant quantum computation due to its high error threshold'*. The surface code
operates on a 2D lattice of physical qubits ideally connected only by nearest-neighbor
interactions. There are two types of stabilizers:

o X-type stabilizers, corresponding to phase-flip checks of neighboring qubits (Fig.
2.12¢),

o Z-type stabilizers, corresponding to bit flip checks (Fig. 2.12b).

These stabilizers are measured repeatedly in time to detect both errors. Errors manifest as
changes in the syndromes over time. A decoding algorithm (such as minimum-weight per-
fect matching[105]) is used to infer the most likely error configuration and apply corrections
accordingly.

1410 QEC, the error threshold refers to the single physical qubit error probability below which adding more
physical qubits increases the error protection of the logical qubit.
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Figure 2.12: Surface code of distance three. a) Grid layout: circles represent data
qubits, squares - ancillary qubits. The cyan and magenta lines depict controlled-
X and controlled-Z operations, respectively. b) Z-stabilizer measurement, cor-
responding to the green highlighted region in a). ¢) X-stabilizer measurement,
corresponding to the yellow highlighted region in a).

The logical X operator of a surface code acts on the data qubits along the boundary of the
code on which the Z-stabilizers are applied (i.e., magenta lines in Fig. 2.12a). Similarly,
the logical Z operator is defined as a chain of Z-operators on the qubits along a boundary
on which the X-type stabilizers are applied (i.e., cyan lines in Fig. 2.12a). Because of how
logical operations are executed, errors must form continuous chains to affect the logical
information; this is the source of the code’s topological protection.

Surface code with superconducting circuits operating below its error threshold has recently
been achieved[106] after significant efforts from both academic groups[107] and industrial
companies[104, 108]. This milestone is referred to as break-even, a point at which the logical
qubit becomes better than any available physical qubit in the system. Despite achieving
break-even, the surface code has an inherent drawback: it requires hundreds to thousands
of physical qubits per logical qubit, which need to be controlled, and an elaborate decoder,
which is computationally expensive. To run any useful algorithm, more than a thousand
protected qubits are required[109], leading to a large hardware overhead.

2.3.2 Continuous variable

Continuous-variable (CV) systems offer an alternative encoding strategy that harnesses
the infinite-dimensional Hilbert spaces of harmonic oscillators. The information is stored
in a state of a bosonic mode, such as that of a superconducting LC resonator, hence the
name bosonic codes. CV quantum error correction leverages these continuous degrees of
freedom to protect quantum information against noise in a hardware-efficient manner, as
the noise suppression increases by accessing higher photon-number states. CV codes are
usually integrated into hybrid architectures where logical qubits are encoded in bosonic
modes but controlled using DV systems[110].
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2.3.2.1 Binomial Code

The binomial code[111] is a type of bosonic quantum error-correcting code that encodes
a logical qubit in a finite superposition of Fock states of a harmonic oscillator, such as a
superconducting cavity. This code is designed to correct for the most common error in
bosonic systems—single photon loss.

Generally, a binomial code is defined by a distribution of Fock states with binomial weight-
ing and fixed photon-number spacing, allowing for structured error tracking and syndrome
recovery. The simplest binomial code, often referred to as kitten code, that corrects one
photon loss, gain, and dephasing error, encodes logical states as

0), = J@ (1) +14)), 1), =12).

The Wigner function[112] representation of these states is depicted in Fig. 2.13. A photon
loss would change the parity IT = exp(imafa) of the logical state, i.c., a[0); + 8|1), —
o/ |3)+"|1). The error space is orthogonal to the code space, allowing for the measurement
of the syndrome via parity measurement with the help of an ancilla without disturbing the
logical state. A recovery operation can then be applied, provided that the mean photon
number of the logical states is the same. Otherwise, the state with a higher photon number
is more likely to decay, resulting in altered weights after the recovery operation, compared
to the initial state before the photon loss occurred.
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Figure 2.13: Wigner function representation of the logical states |0); (left) and
|1); (right) for a binomial kitten code. The kitten code corrects for single-
photon loss, an error that would dramatically alter the Wigner function repre-
sentation (see Fig. 4 in Ref. [113]).

The first implementation of binomial code in superconducting circuits[114] fell short of
reaching break-even compared to a single photon Fock state encoding, mainly limited by
the ancilla. A more recent experiment[56] then managed to prolong the cavity lifetime
by 16%, successfully reaching break-even, but was limited by two-photon loss, which the
kitten code cannot correct for.
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2.3.2.2 Cat code

The cat code encodes logical qubits into superpositions of coherent states (i.e., “cat states”)
of a single harmonic oscillator mode. The superposition state that consists of 2/N coherent
states is protected against the loss of N — 1 photons. Here, we focus on the simplest cat
code—the two-legged case, where N = 2.

The cat states are a superposition of coherent states and are defined as
CF) = Ni(|a) + [—a)) (2.39)

where the normalization factor N = [2 4 2exp(—2|a|?)] 7% equals approximately 1/1/2
for large |a|?. These two states have opposite parity, even and odd, which is determined
by the superposition of Fock states that make up the cat state. The two logical states are
a superposition of the two cat states from Eq. 2.39:

o), = 75 = 5(C)=107) = =) +O(e2F),
(2.40)

These states are located at the poles of the Bloch sphere, while the cat states with different
parity are situated on the equator (see Fig. 2.14a). The loss of a photon flips the parity of
the cat states. The parity is the code stabilizer. The syndrome is continuously observed
via an ancillary qubit. After an error occurs, a parity flip is detected; however, the state
remains within the code space and therefore cannot be corrected.

(ICHYHCTY) = a)+O(e2eF), 1),

Increasing the amplitude |o|? improves the distinguishability of the two logical states, as
their overlap scales as e~41°. On the other hand, the photon loss rate is enhanced by the
mean photon number 7 = |af?, i.e., /ﬁ‘fﬁ = k17, and thus increases dephasing. Favoring one
type of error creates a noise bias, which is used to develop autonomous protection against
bit flips in the case of a cat code. In contrast, the phase flips need to be corrected by

another layer of encoding, such as the repetition code.

To maintain the bit-flip protection at high mean photon numbers, the two-legged cat codes
are usually stabilized; otherwise, the state amplitude would decay, and the logical states
would become indistinguishable. The stabilization can be either active (measurement-
based)[115] or passive (Hamiltonian or dissipation engineering)[38, 116]. Stabilized cat
codes have been successfully demonstrated in several circuit QED platforms, with the first
experiment dating back to 2016[115]. In this work, four-legged cat states were actively sta-
bilized using real-time feedback, with pulses carefully selected to counteract the evolution
of the quantum system. The two flavors of passive stabilization will be discussed in more
detail.

Kerr cat code This stabilization scheme involves a parametric pump tone that helps
engineer the Hamiltonian in a way that stabilizes the two lowest energy eigenstates of
the system. A system suited for this type of stabilization is a superconducting cavity,
coupled to a Superconducting Nonlinear Asymmetric Inductive eLement (SNAIL) with a
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Figure 2.14: Cat code. a) Bloch sphere of the cat code. The states on the poles
correspond to the logical states from Eq. 2.40, while on the equator |+ X) are the
states from Eq. 2.39, and [£Y) = Ni(|a) +i[—a)). Only the Wigner function
representations of |[£Z2),|+X) and |[+Y) are shown. b) Passively stabilized
coherent state. To compensate for the energy decay (green dotted arrow) and
avoid dephasing (purple dotted arrow) due to, e.g. self-Kerr effect, the state

needs to be stabilized (gray arrows). For a two-legged cat the manifold spanned
by {|a),|—a)} is stabilized, where +a = +./ea/K, for a Kerr cat type of

stabilization, or £a = 44/ —€q/g5 for a dissipative cat type of stabilization.

squeezing drive applied to it[116]. The system Hamiltonian at the frame rotating at the
cavity frequency, and after RWA in the limit of small cavity nonlinearity, is

I:IKerr
h

where €3 is the squeezing drive amplitude and K, is the cavity non-linearity, inherited from
the SNAIL, also known as the self-Kerr coefficient. The eigenstates of this system are the
coherent states |ta), where £a = ++/ea/K.. These states are degenerate and separated
from the rest of the spectrum by 4K.n, which determines the gate and readout speed.
Increasing the pump amplitude results in higher protection against bit flips. However, this
behavior is yet to be observed experimentally. Instead, a staircase dependence of the bit-
flip time on the photon number[117] indicates that the residual thermal population causes
excess bit-flip errors. A thermal excitation to higher states enables tunneling between the
potential wells, causing a bit flip[118]. It should be noted that recent efforts[119] combine
Hamiltonian with dissipation engineering to mitigate leakage out of the computational
manifold.

= —K.(a")%2 + (ex(a")? + e3a?) (2.41)

Dissipative cat code An alternative way of stabilization is to engineer the environment,
i.e., create a dissipation operator that stabilizes the computational space[120]. A lossy
mode, often referred to as buffer, is introduced to the long-lived memory mode. Their
interaction is given by

A

Hint
h

Here, m,i) are the annihilation operators for the memory and buffer, respectively, and g
is the rate at which two memory photons are converted to one photon in the buffer. The

= gorn b + g5 (m)2b. (2.42)
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buffer is exposed to single photon loss at a rate k;, so an additional drive is applied to it
to compensate for the energy loss

ﬁ ~ A~

?d = egb + b (2.43)
This drive also repopulates the memory mode in pairs of photons due to the coupling with
the buffer. Depending on the physical implementation, it is either combined with a strong
pump[121] that matches the frequency difference w, = 2w, — wy or it acts alone if the
condition 2w,, = wy is satisfied[122].

In the limit k, > g2, we can perform adiabatic elimination (see Appendix B), and the
effective dissipation of the memory becomes

A

Lo = /Ra(? — a?) (2.44)

with an effective two-photon loss rate kg = 2|ga|?/kp. This dissipator stabilizes the manifold
spanned by {|a),| — a)} with o = £,/—€4/g5.

The first proposal for a dissipative cat code[38] includes a transmon coupled to both the
memory and buffer modes. Because the Josephson junction by itself is a four-wave mixing
element, another strong pump is applied to compensate for the energy difference. The first
experimental demonstration of two-photon stabilization[120] followed shortly after the the-
ory proposal, but it was limited by the short lifetime of the memory and by the low ratio
ko/k1. In the following generation of dissipative cat qubits[121], roles of tomography and
stabilization were split between two distinct elements: the transmon and the Asymmetri-
cally Threaded SQUID (ATS). In addition to the resonant microwave drive on the buffer,
a flux parametric pump is applied to the ATS for energy matching of the two-photon con-
version process, i.e. w, = 2w,, — wp, making the conversion rate dependent on the drive
amplitude.

In contrast to the Kerr cat variation, this realization of the dissipative cat code has demon-
strated exponential suppression of the bit-flip rate in 2020[121]. The main limitation was
the heating of the transmon ancilla, resulting in saturation of the exponential suppression
after a certain cat size. In a more recent experiment[24], removing the ancilla allowed
for measuring bit flip times above 10 seconds. The caveat is that, due to the weaker
higher-order nonlinearities used for state tomography, the measurement times were in-
creased drastically compared to other cat code experiments. A way out of this situation is
to utilize resonant two-photon conversion in a three-wave mixing setup, thereby eliminat-
ing the need for additional pump tones without compromising tomography speed. Such a
platform[123] showed bit flip times up to 0.3 seconds.

2.3.2.3 Gottesman-Kitaev-Preskill (GKP) Code

The GKP code provides intrinsic protection against the dominant noise channels in bosonic
systems by discretizing continuous phase-space displacements caused by photon loss or
dephasing into correctable shift errors. This code encodes a qubit into a harmonic oscillator
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using grid states[124]: superpositions of Dirac delta functions'® on a lattice in phase space.
Depending on the lattice cell, the code can be square, rectangular, or hexagonal; here, we
discuss only the square variation. The ideal Gottesman-Kitaev-Preskill square code states
are given by

0} 0 3 o = n/2m)

ne’

Dp oy

ne”

- (v+1) )

and they also form a grid in momentum space

0)p o< > |p= Z\/2W>

neZ
1 X (1) |p = 5 Vo)
NneZ

The ground state is centered at (x,p) = (0,0), and the excited at (1/7/2,0). They remain
identical under displacements of /27 in both position and momentum, meaning that the
X and Z stabilizers are lA)(\/ﬂ) and ﬁ(z\/ﬂ), respectively. The logical Pauli operations
are displacement operators by half the amplitude of the stabilizers. They commute with
the stabilizers up to a phase.
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Figure 2.15: Wigner function representation of the logical states |0); (left) and
|1); (right) for a finite energy GKP code. At the same positions where the ideal
GKP code has Dirac delta functions, here there are finitely squeezed states. The
GKP code corrects for small displacements in I and @, meaning that the error
space would have similar Wigner representations to the computational space.

GKP states are unphysical as they require infinite energy, but they provide the theoretical
foundation for the approximate GKP code used in practice. Approximate versions of
the ideal states can be constructed with finite squeezing of the individual states and by
applying a Gaussian envelope to the ideal codewords[125, 126], as shown in Fig. 2.15. In
contrast to the binomial and cat codes, which are rotationally symmetric, the GKP code is

0, x=#0

5By definition §(x) = {
oo, =0
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translationally symmetric and can correct small displacement errors in both quadratures.
In the ideal case, any displacement smaller than /7/2 can be corrected for. Still, in
reality, the correction is limited by the squeezing: the higher the squeezing of the states,
the smaller the displacements that can be corrected for. The single photon loss sets a limit
on the possible squeezing of the states and, therefore, the code’s correction capabilities.

GKP states have been created in the motional modes of a trapped ion chain[127], pre-
ceding the first implementation with superconducting circuits[126]. The latter experiment
succeeded in breaking even after greatly enhancing the lifetime and coherence of the trans-
mon ancilla[22]. More recently, the break-even has been reached with GKP encoding in
a qudit[128]. Despite reaching such a milestone, the platforms were still limited by the
ancilla qubit.

2.3.3 Withstanding challenges

Significant experimental progress has been made in both DV and CV QEC with supercon-
ducting circuits, including reaching break-even. Despite these advances, DV QEC remains
resource-intensive. Realistic surface code implementations require on the order of hundreds
to thousands of physical qubits per logical qubit. Furthermore, the process of syndrome
extraction introduces additional error channels, which, combined with the need for precise
calibration, qubit connectivity, and cross-talk mitigation, complicates scaling up towards
a quantum computer.

Unlike DV codes, CV QEC can offer protection using a single physical mode, drastically
reducing overhead. Nevertheless, CV codes are not without challenges. The main limitation
of most experimental platforms remains—the ancilla, which is required for bosonic control.
Additionally, photon loss and Kerr nonlinearity (except for the case of a Kerr-cat code)
pose obstacles to the scaling. In practice, hybrid schemes, where bosonic codes serve as
building blocks for DV codes, are also under active investigation. Examples of such are
the repetition code on top of dissipative cat code, as well as the surface-GKP code[129].

Continued advances in coherence, control, and measurement are essential for scalable quan-
tum error correction in superconducting platforms. This thesis suggests an approach to
relieve some of the aforementioned limitations. By carefully picking the bosonic mode and
the ancilla, the detrimental effects of either the Kerr effect or the finite lifetime of both the
bosonic mode or the ancilla can be alleviated.
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CHAPTER

Circuit design

A basic system for bosonic quantum information processing consists of a microwave har-
monic oscillator, a superconducting qubit as an ancilla, and a readout resonator. De-
termining the full Hamiltonian of such a composite system requires different approaches
depending on the physical dimensions of its constituents compared to the wavelengths of
interest. Superconducting circuits normally operate in the range of a few gigahertz, as their
thermal occupation is negligible once cooled down to cryogenic temperatures in the range
of a few millikelvin. This chapter focuses on the different ways of describing a microwave
system and focuses on a specific use case of the setup in this work. The setup consists of
a microwave cavity, which serves the purpose of a memory mode, coupled capacitively to
the readout resonator of a fluxonium, which both share an inductor. The final goal of this
chapter is to find a model for describing the system that allows us to predict its behavior.

3.1 Lumped element simulation

The most common technique involves a simplified representation of a physical system
that assumes each component to be treated as a single, idealized element with all of its
properties concentrated ("lumped") into one point, rather than spread out in space. This
approximation is valid as long as the physical size of the circuit is much smaller than
the wavelength of the signals involved, so it ignores wave propagation and treats voltage
and current as being uniform across each component. In this scenario, one can draw the
equivalent electrical circuit of the system (e.g., Fig. 2.3a, Fig. 2.7a, Fig. 2.8a). If, however,
the size of the component is comparable to or larger than the wavelength of the signals it
carries, it is referred to as distributed.

In the lumped element approximation, we combine the circuits from Fig. 2.3a and Fig.
2.7a to the corresponding composite circuit as depicted in Fig. 3.1. The following deriva-
tions were done by our collaborator Dr. Daria Gusenkova', during her PhD at Karlsruhe
Institute of Technology (KIT).

!Current address: IQM, Munich, Germany.
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i)

b,

Figure 3.1: Lumped element circuit representation of the system with the reduced
flux at each node ¢; = ®; /2.

The task starts with deriving the classical Lagrangian?

C Co oo
c<1>2 (I)R"i'iq) +*S(<1>R—‘I>c)2

—1 2 (@p_ L o, E (31)
T 5le c—m( r—®5)? — 2LQ( Q— 07— 2L 5+ Ejcos(pg — @ext)

L=

where ®;, i = {C, R, Q), s} are the fluxes at each node close to a certain component (cavity,
resonator, qubit, coupling element), as defined previously in the thesis (see Sec. 2.2.1.1),
¢q is the phase difference across the junction, and ey is the phase offset caused by the
externally applied field. To derive this Lagrangian, the method of branches was used[61].

The Euler-Lagrange equation of motion for the variable ®4 is

doL o
dtod, 0P,

(3.2)

Since a%cs = 0, the system dynamics does not depend on this variable, which allows us to

reduce the number of variables by making the following substitution

LrLqLs (@R <I>Q>
P, = 0 (3.3)
# L2 Lr Lo

where we have defined L% = LgrLg+ LgrLs+ LgLs. With the conjugate charge @Q); = 8
for each element, we can derive the Hamiltonian in the following way

. 0L
H:Z@iﬁ—ﬁ (3.4)

d>

which finally gives us the system Hamiltonian

Cr+Cs Cc+C L

H = 2 S 12
T Yo R L o2
1 Lo+ L, Lp+ L,
2, 4 T T Loga | LR Lo g (3.5)

+ 2LC ¢ 2L2 2LE

C Ly
+ C%QCQR 2 > PRrPg — Ejcospg
S

with a similar normalization factor for the capacitive elements C’% = CrCs+CoCr+CcCs.
Note that we have neglected the contribution from the external field for now.

2From this point on, all hats of the operators are omitted.
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From this point on, one can proceed with the diagonalization in two ways: in the normal
mode (dressed) basis or in the bare harmonic oscillator (Fock) basis. For the former one,
following the method from Ref. [130], we rewrite the linear part of the Hamiltonian in
matrix form

1 _ 1 _
Hiiy = §QT|\CH 'Q+ §‘I’THL|| ‘e (3.6)

where Q = (Qc, Qr, Q)T and ® = (dc, Pr, )T are the charge and flux vectors. The
capacitance and inductance matrices are defined as

(Cr + Cy)/C% C,/C2 0
117! = Cs/C5 (Cc+Cs)/CE 0 (3.7a)
0 0 1/Cq
1/Lc 0 0
I = 0 (Lo+Ls)/L¥  —Ls/L3 (3.7b)
0 —Ls/L% (Lr+ Ls)/L%

respectively. Their units correspond to [F~1] and [H™!], hence the power of —1.

Diagonalizing this matrix yields three normal modes — cavity-like, readout-like, and qubit-
like — rescaled due to the coupling elements Ly, and Cs. Those modes are coupled only
by the non-linear cosine term, which is a function of the qubit phase v = > i—(4 .} Ai¥i,
now a linear combination of all normal phases. In the normal mode harmonic oscillator
basis {|ger)}, where g, ¢ and r correspond to the number of excitations in the qubit-like,
cavity-like, and readout-like modes, the Hamiltonian can be expressed with an infinite-
dimensional matrix

H/h = Hyj, — Ejcos(p — Qext)
= (@qq + @ec + @pr)|ger)(qer]|

q7c7r

- EJ COS(‘Pext) (qu’ccc’crr’ — Sqq' Scc! Crr! — Sqq’ Cec! Srr! — Cqq! Sec! Srr’)

+ Sin(‘Pext) (sqq’ccc’ Crr! + Cqq/ Sce' Crr' + Cqq! Cec! Srr! — Sqq’ Scc! Srr’) \qc7“> <q,cl7a/‘

where @;, i = {q,c,r} are the Lamb-shifted mode frequencies extracted from the diag-
onalization of Eq. 3.6. The cosine ¢;; and sine s;; matrix elements can be computed
analytically with the Laguerre polynomials

cri(Nipi) = (k[ cos(Niwi)|l)
{<1>12’“ VE Qipiapy) e O 241K [(Nipr pp)?] - for b+ L even

0 for k +1 odd
(3.9a)
skt (Aigi) = (k[ sin(Aigi)|l)
0 for k + [ even
- (_1)“'5“ \/%(Ai@i,zpf)l_ke_o\i@i’zl)f)2/2Z]£7k [(Niizpf)?]  for k+1 odd.

(3.9b)
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For clarity, I have omitted the arguments of the matrix elements, but I summarize them
here: ygq (Agpq), Yrr (Arpr), Yoo (Acpe), where y = {s, c}.

Usually, the diagonalization and matrix element evaluation are done numerically with the
truncation of the Hilbert space for all available modes. As calculating the matrix elements
with Laguerre polynomials is computationally intensive, another method is presented, fol-
lowing Ref. [30]. In the bare basis, |QCR) with phase variables {¢q, ¢r, ¢c}, we use Eq.
3.5 to create a Hamiltonian matrix. Its diagonal terms contain the rescaled bare frequen-
cies?, as well as the matrix elements corresponding to Q = Q',C = C’, R = R'.* On the
other hand, the off-diagonal terms of the Hamiltonian are given by both the inductive and
capacitive coupling elements, Ly and Cs,” as well as the matrix elements corresponding to
Q # Q',C =C' R = R'. In this case, all the Laguerre polynomials are calculated only
for the phase of the fluxonium ¢g, which substantially reduces the computational power
required for the diagonalization, allowing for the simulation of high-power readout[131].
This method is used later in this thesis in Sec. 6.1.

3.2 Distributed element simulation of weakly anharmonic
systems

In the regime of weak nonlinearity, quantum electrical circuits can be effectively diagonal-
ized using the black-box quantization (BBQ) framework. Within this method, the Joseph-
son junction is modeled by explicitly including its shunt capacitance C;, and the cosine
potential is expanded to isolate the leading-order linear inductive term Lj;. The residual
nonlinear contributions—arising from the higher-order terms in the expansion—are collec-
tively captured by an abstract component known as the “spider” element. By assigning a

RESSEE B S

Figure 3.2: Black box quantization working principle. a) The spider element is
depicted in red, while the rest of the circuit is grouped in a black box. The open
blue circles represent the port. b) Equivalent circuit of the black box from a).

port at the spider element, the impedance of the surrounding linear network can be evalu-
ated (see Fig. 3.2). For a lossless system without voltage or current sources, the impedance
function of an arbitrary network can be expressed using Foster’s reactance theorem|[132] as
follows

3For instance, the rescaled cavity frequency is @c = \/8FcEyL, where E‘c/h = ¢? (%) /2h and
EL/h = h/167%e*Le.

P
‘e, —Ey [cos pexicq (@) — sin exiSqq(0Q)].
°Or, equivalently, from the terms ~ QcQr and ~ ®rP¢g in Eq. 3.5.
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=> (ijk + ]WlLk) Z ]w/ 2 (3.10)

k

where k£ indexes the normal modes of the circuit, and 7 = i. The resonance frequencies

= 1/v/LyC} correspond to the zeros of the admittance Y (w) = 1/Z(w), satisfying
Y(wr) = 0. The mode capacitances are obtained from the frequency derivative of the
admittance

Y (w)
Ow

= j2Cy.. (3.11)

wW=wp,

Given the impedance from Eq. 3.10, the linearized Hamiltonian of the circuit can be
written as a sum of independent harmonic oscillators

Qj
L= 12
Hiin gk <2C'k + 2Lk E hwkakak, (3.12)

where @) and @, are the canonical conjugate charge and flux operators, respectively, and
a;i, ay, are the bosonic creation and annihilation operators for each mode. The correspond-

ing zero-point flux fluctuations are given by qSpr h/(2wiCk).

According to Kirchhofl’s voltage law, the total node flux across the nonlinear element (i.e.,
the spider element) is equal to the sum of flux contributions from each mode, up to an
arbitrary reference phase (which is set to zero). Applying the second Josephson relation,
the total phase difference across the junction can thus be expressed as

o = Z%—Zcﬁ (af. + az,). (3.13)

Substituting this expression into the quartic (and higher-order) terms of the cosine potential
(see Eq. 2.28) and using the Rotating-Wave Approximation (RWA) yields the nonlinear
interaction terms in the Hamiltonian. These include the dispersive shift as well as self- and
cross-Kerr interactions between modes, all of which are essential for capturing the system’s
anharmonic dynamics.

In practice, this theoretical framework is typically used in conjunction with finite-element
simulations, such as those performed in Ansys HFSS. These simulations provide accurate
evaluations of the circuit admittance, regardless of whether the system comprises lumped
elements, distributed elements, or a combination thereof. The extracted modal parame-
ters are then employed to compute quantities of interest, including anharmonicities, mode
couplings, dispersive shifts, and Kerr coefficients, thereby enabling precise modeling of
complex superconducting quantum devices. Due to the high zero-point phase fluctuation
inherent to the fluxonium, RWA is invalid[133, 134], deeming this method incompatible
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with the system of interest. Moreover, in contrast to the lumped element model, this
method is incapable of accounting for flux quantization and, therefore, does not allow for
loops in the circuit under consideration.

3.3 Distributed element simulation of highly anharmonic
systems

The high nonlinearity of the fluxonium, in combination with distributed elements coupled
to it, makes the system hard to simulate. Finite element simulators, such as Ansys HFSS,
in conjunction with either BBQ or the Qiskit Metal extension: pyEPR[135], have until
recently[136] failed to simulate highly anharmonic qubits. scQubits[137] provides a possible
solution, but a few subtleties must be addressed.

The full Hamiltonian of the system used in this thesis reads
H:HQ—I—HR—I-Hc—I-HQR—I-HRc, (3.14)

where H is the fluxonium Hamiltonian from Eq. 2.30. We represent the resonator and
cavity parts in their normal mode bases, i.e. Hr = hwgrtr and Ho = hwecle with wg, we
being the fundamental mode frequencies of the resonator and the cavity, respectively, and
r,c - their annihilation operators respectively. The inductive coupling between the qubit
and the resonator is modeled as Hor = —hgg ro(rt + 1), where gor is the interaction
strength. Additionally, the capacitive coupling between the resonator and the cavity is
Hpe = hgpe(rT —r)(cf — ¢) with the interaction strength grc. This model does not assume
any of the approximations used in the previously mentioned methods. To diagonalize the
system Hamiltonian, scQubits takes as inputs the fluxonium energies E¢, E, and Ej, the
fundamental frequencies of the harmonic oscillators we /27 and wr /27, and the coupling
strengths between the elements grc and ggr.

With the help of scQubits, all system parameters, such as dispersive shifts, Kerr non-
linearities, matrix elements, etc., can be directly calculated after experimentally extracting
the couplings grc and gor. This method was successfully employed in this thesis in Chap.
5.



CHAPTER

Experimental setup

In the experimental setup, shown in Fig. 4.1, an aluminum post cavity serves as the mem-
ory mode. The control is provided by a fluxonium, consisting of an aluminum-aluminum
oxide-aluminum (Al-AlO4-Al) Josephson junction, shunted by a granular aluminum su-
perinductance. The fluxonium is inductively coupled to a readout resonator via a shared
grAl section. The readout resonator shares a capacitance with the cavity. The additional
control knob for the magnetic bias of the fluxonium is provided by a small superconduct-
ing coil sitting on top of a home-built magnetic flux hose, which guides the field into the
superconducting enclosure. This chapter focuses on each of the described elements and
their improvements over time.

Figure 4.1: Experimental setup. a) The device consists of a high-Q cavity, flux-
onium (the junction is marked with a red cross), a readout resonator on a
sapphire chip (blue), and a flux hose (gray) and superconducting coil (red), and
coupling pins (yellow). b) A photograph of the actual setup used. The chip is
visibly poking into the cavity.

4.1 Post cavity

The workhorse of any bosonic qubit is the memory mode. The main source of error in
microwave cavities is the single-photon loss. As mentioned in Sec. 2.2.1.1, 3D architectures
are longer-lived due to the reduced energy participation in the lossy surfaces[135]. In
particular, the lifetime of the seamless cavities and their ease of manufacturing make them
the preferred choice for bosonic information processing.

49
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In this thesis, a post cavity was used. As depicted in Fig. 4.1a, it consists of a coaxial part,
short-circuited at one end and open at the other, as well as a circular waveguide part. The
former forms a A/4 cavity, where the height of the post determines the frequency of the
mode [ =~ \/4'. As the cut-off frequency of the waveguide section is much lower than the
fundamental frequency of the cavity, the mode can only propagate evanescently, making
the seam at the top virtually invisible for the mode. This effect is enhanced by elongating
the waveguide section”.

4.1.1 Design, machining and etching

To design a high-Q cavity, several key parameters must be taken into account. Here,
the length of the stub is 14.8 mm and has been chosen to achieve the frequency of the
fundamental mode, 4.5 GHz. This length has been determined after eigenmode simulations
in Ansys HFSS. The outer radius of the coaxial cavity is 5.8 mm, while the inner is 2.2 mm.
They were picked in a way that, after etching, their ratio is three to one to minimize the
losses from surface resistance[138].

The waveguide section continues 39.2 mm after the top of the stub. The waveguide supports
several modes with different propagation constants: TE and TM modes. The former one

have propagation constant[62] 5., = \/ (2%)2 _
the derivative of Bessel function of first kind J/ with respect to its argument. The latter
has the same propagation constant except p),,. is now replaced by py,, which is the m-th
root Bessel function of the first kind .J,,. The mode with the smallest propagation constant
propagates the fastest, and the electric field in the cavity decays as \E | o< €725 meaning
the TE1; mode would be the first to carry away any excitation from the cavity. For the
quoted dimension, the electric field at the end of the waveguide section is suppressed to
approximately 1.6 - 10710 of its original strength.

. N2
(”"Tm) , with p/,,. being the m-th root of

The tunnel, where the qubit chip is hosted, has a radius of 2 mm, a value picked as a trade-
off between ease of manufacture and cavity leakage into this tunnel. Its axial position is
aligned with the end of the post. The chip orientation can be used to reduce the coupling’s
susceptibility to variations in the chip position, and, therefore, to chip vibrations, compared
to the setup in Ref. [139]. Moreover, in this configuration, the coupling is less susceptible to
vibrations that might occur due to the pulse tube of the cryostat or to any imperfections in
the chip positioning. The chip itself dielectrically loads the cavity, lowering its frequency.

The cavity is machined into a block of high-purity aluminum. The waveguide and other
tunnels are milled away, while the coaxial part is manufactured using a plunge erosion
electric discharge machining (EDM) process, with the electrode specifically designed to
match the cavity dimensions. The ready piece is later cleaned with acetone in an ultrasonic
bath, rinsed with isopropanol, and blow-dried with nitrogen.

'The waveguide capacitively loads the cavity, leading to a reduced mode frequency compared to I = A/4.
2Note that the waveguide section length needs to be adjusted for a different post length to achieve the
same seam participation.
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Next, the aluminum piece is etched to remove scratches and residuals from the machining
process. The etchant used is a commercial aluminum etchant, Transene Type A[140]. The
screw threads are protected with aluminum, later with polytetrafluoroethylene (PTFE
or Teflon) screws. The process is exothermic, and the etch rate highly depends on the
temperature of the etchant. The etching process runs for a total of four hours, stabilized
at 50° C by a PID-temperature-controlled water system running between the walls of the
beaker, with feedback from a temperature probe inserted into the etchant. This process
is interrupted after two hours to replenish the etchant, as it gets depleted over time.
The aluminum piece must be positioned so that no air pockets form inside. This process
concludes with thoroughly rinsing the cavity with deionized (DI) water and blow-drying it
with nitrogen®. In total, about 200 ym of material is removed from each surface, less for
surfaces with reduced etchant flow, such as the qubit tunnel.

4.2 Fluxonium fabrication

The qubit design was provided by Dr. Daria Gusenkova and Prof. Ioan Pop from Karl-
sruhe Institute of Technology, similar to the design from Ref. [131, 141]. Originally, the
fluxonium is inductively coupled to a readout resonator via a piece of granular aluminum.
Additionally, the resonator itself is loaded with granular aluminum sections, allowing for
a reduction in total footprint while maintaining the readout frequency. This design was
adapted for the current dissertation application. To bypass additional coupling elements
between the qubit and the 3D cavity, the readout resonator was extended to 7mm total
length, and the coupling pads at the end were changed from rectangles to circles to avoid
field concentration at the sharp edges. Since the fluxonium couples to the cavity indirectly
via the resonator, the mutual qubit-readout resonator inductance was increased by thin-
ning the mutual grAl connection to attain reasonable qubit-cavity coupling. The design
was finalized and fabricated in the Quanten-Nano-Zentrum Tirol (QNZT) cleanroom in
the University of Innsbruck. A detailed fabrication recipe can be found in Appendix I.

The fluxonium is fabricated using a single-step electron-beam lithography process with
a Raith eLINE Plus 30kV. The design has two length scales: one for the readout res-
onator and another for the qubit itself. This dictates the need for different writefield sizes:
1mm and 200 um, respectively. As the resonator does not fit within a single writefield,
stitching errors may occur depending on the machine settings at the time of exposure. To
ensure overlap of the structures in adjacent writefields, the zoom factor is increased by
0.2%. For the smaller length scale, the design is proximity-corrected in Beamer GenlISys
software[142]. The aperture sizes used are 60 ym and 10 um for the large and small length
scales, respectively.

After development?, the wafer is loaded into an electron beam evaporator Plassys MEB5508S,
where we evaporate the aluminium and granular aluminium at three different angles to cre-
ate a Dolan-bridge junction[143] and the superinductance of the fluxonium. The wafer is
left in N-Methyl-2-pyrrolidone (NMP) for the lift-off, and later rinsed in isopropanol. After
probing, the wafer is diced using a laser cutting system, Coherent ExactCut 430[144].

3The cavity is also rinsed between etching rounds.
4The development solution is an isopropanol-DI water mixture chilled in a 6° C water bath.
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4.2.1 Parameters extraction

Each wafer contains 16 qubit chips, with three different resonator lengths, I = {6, 6.5, 7} mm,
and four different granular aluminum sections, w = {130, 145, 160, 180} nm. Moreover, 108
test structures are placed between the qubit chips to determine the junction and grAl pa-
rameters (see Fig. 4.2). The Ambegaokar-Baratoff relation[145] gives an estimate for the
critical current of the junction from the normal state resistance R,

TAT) L AT) _ wA(T)
2R, M 9kpT To0 2R,

I(T) = (4.1)

where A(T) is the temperature-dependent energy gap of the superconductor’. From the
extracted critical current, we can estimate the Josephson energy of the junction Ej;, as
pointed out in Sec. 2.2.1.2.

a) b) o)r;

——20 pm

d)
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Figure 4.2: GDS design file. Different colors represent different layers: the orange
layer includes qubit information, dicing lines, and a line for clamp aligning; the
green layer includes all pads and antennas for the structures; the remaining
layers are dedicated to the qubits and the test structures. a) Full wafer design,
b) fluxonium with its readout resonator and six test structures with their pads
and antennas, ¢) fluxonium with the shared inductance, d) grAl test strip, e)
test junction with a zoom-in (inset). All pictures are screenshots from KLayout.

The relevant parameter for the granular aluminum is the film resistivity p. For a grAl
strips with width W, length L and thickness ¢, the measured resistance is

L

5For aluminum An(0) = 180 pueV.
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With the extracted resistivity, we can calculate the kinetic sheet inductance®
ho p
o =—— 7 4.3
kin AgrAl(O)ﬂ' t ( )

Here, Aga1 = 1.76kpT,., where T is the critical temperature of the granular aluminum”.

From Eq. 4.3, we can estimate the mutual inductance between the fluxonium and the
readout resonator L,, as well as the superinductance of the qubit Lg. The inductive
energy E1 of the qubit depends on their sum.

Lastly, in contrast to the transmon, here the charging energy is dominated by the junction.
In its essence, a junction is a plate capacitor with dielectric constant e, ai0x ~ 10[146,
147]. Therefore, we can calculate its capacitance C; = 505r,AlOX% with the area Aj
being determined from SEM images and assuming the oxide barrier has a thickness t ~
2nm|[148], which gives approximately 3fF, or equivalently an estimated charge energy

ES'/h ~ 6 GHz.

A qubit, similar to the one used in this dissertation, is depicted in Fig. 4.3. The junction
size, measured with an SEM, is approximately 150 x 350nm. The grAl width on the
qubit superinductance is in the range of 200 — 220nm. The shared inductance section
width varies depending on the qubit. From the test structures, the estimated energies
are ES'/h ~ 14.8 GHz, E$'/h ~ 0.65 GHz. When cooled down and measured, however,
these values were always different, i.e., E/**/h = 10.8 GHz and E}**/h = 1.014 GHz,
partially explainable by the 10 — 20% difference in size between the test structures and
the qubit. The measured capacitive energy was always about a factor of two smaller than
the predictions for the measured junction size, i.e., EA®*/h = 3.5 GHz, which raises the
suspicion of a different dielectric constant or thickness of the oxide layer.

wam grAl and Al
e grAl
LN

Figure 4.3: False-colored images of a fluxonium. In the center, the full fluxonium
is visible with a small part of the readout resonator. The left inset depicts the
granular aluminum section that serves as a mutual inductance Ls. The inset
on the right shows the junction; the additional leads are formed due to the
angle of granular aluminum evaporation. Insets: SEM images; center: optical
microscope image.

5The sheet inductance is the inductance of a square sheet of metal. The total inductance is L = N LD,
where N = L/W is the number of squares.
“For the estimation, we use T, = 2 K|[84], but this value generally varies with the film resistivity.
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4.3 Evolution of the magnetic flux hose

Biasing flux-tunable qubits presents significant technical challenges. In 2D architectures,
this is typically achieved using on-chip flux bias lines, which function like coplanar waveg-
uides shorted to ground near the qubit. However, these lines can capacitively couple to
the qubit, introducing unwanted losses. In copper 3D enclosures, such as waveguides or
cavities, tunability can be realized by winding a coil around the device. By contrast, in
superconducting enclosures, the Meissner effect[6] shields qubits from both stray and con-
trol magnetic fields, preventing direct flux biasing. To overcome this limitation, several
approaches have been developed: introducing a coil with an orifice to guide the field, and
using on-chip pickup loops to direct the field toward the qubit[149], or integrating flux
bias lines directly into 3D enclosures[150]. Both approaches, however, present a significant
engineering challenge due to the additional elements involved. An alternative approach is
leading the magnetic field in through a so-called magnetic flux hose[151].

The first generation consists of alternating layers of p—metal and aluminum alloy shells
with a p—metal rod in the center. The magnetic sheets guarantee the transport of the
magnetic field created by a coil at the end of the structure, while the superconductor
diminishes the radial component of the field. The transport is maximized for a short
magnetic hose with many layers[152]. The superconducting shells protrude 1 mm further
towards the qubit, compared to the p—metal, maximizing the field transport while avoiding
the qubit from coupling to the lossy magnetic material. The cylindrical structure has a slit
to ensure no Eddy currents are created in the p—metal, and prevents the flux quantization
in the superconducting shells, so the field can be smoothly ramped. Moreover, the majority
of the magnetic field lines close through this slit, with the leftover closing through the
p—metal layers.

The coil body is fabricated from a Stycast 1266 rod, machined on a lathe. A superconduct-
ing wire is wound around the body and guided through a groove to preserve its insulation,
while a thin Stycast 1266 coating provides additional protection against scratching. The
coil has a diameter of approximately 1.8 mm, smaller than the outer superconducting shell
in which it is inserted. The aluminum shells are wire-eroded into the required cylindri-
cal shape with an initial thickness of 200 ym, then further etched down to 100 gm. The
p—metal sheets are also wire-eroded and subsequently hand-formed into the desired geom-
etry. The entire hose assembly, including the coil, is held together with a copper clamp
that must be well thermalized (e.g., with a copper braid). For fast flux pulsing, an SMA
connector should be soldered as close as possible to the assembly to minimize parasitic
effects, which would lead to slow operation due to stray inductance. Since the connec-
tor contains normal metal that can heat due to resistive losses, its clamp should be kept
separate from that of the hose assembly. A technical drawing and a photograph of the
completed assembly are shown in Fig. 4.4a and b.

To overcome the laborious assembly process of the first-generation hoses, a new design
was introduced, consisting of a single cylindrical piece of superconductor. A coil is wound
around the cylinder with a slit added to prevent flux quantization (see Fig. 4.4c). When
the coil applies a magnetic field, the superconductor generates screening currents. These
currents, in turn, create a field suitable for tuning a qubit[155]. Beyond simplifying fabrica-
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Figure 4.4: Magnetic hose generations. The first and second rows correspond to
the first and second generations, respectively. The first column contains the
schematic of the axial and radial cross sections, while the second column shows
a picture of an assembled magnetic hose. Cyan represents aluminum, gray -
pu—metal, red - superconducting coil, and orange - copper. The picture in b)
shows the actual device used in this dissertation, while the one in d) is taken
from Ref. [153], showing a device manufactured for a different project[154].
Both hoses have a diameter of about 2 mm.

tion, this design also allows the hose to be positioned closer to the qubit, since it eliminates
the need for lossy magnetic materials.

The device in Fig. 4.4d was the first proof of principle as a part of a master’s project[154].
The flux hose was machined with EDM, which allows for a 200 ym slit width. It then
followed the same etching procedure as the cavities, but the duration was reduced to one
hour. The coil is wound directly on the superconductor and then protected by Stycast 2850.
In the case of fast flux applications, there is no limit to the speed besides the inductance
of the coil itself. However, while a transmon qubit has been tuned with this design, the
speed is yet to be tested.

The second-generation hose supports a microwave mode because, when mounted, it effec-
tively forms a /4 post cavity.® In principle, the different field symmetries between the
qubit and hose modes should prevent coupling; however, small imperfections in chip align-
ment lead to residual interactions. The microwave properties of this mode were previously
investigated in a master’s thesis[156] that I supervised. That study showed that, for the
design shown in Fig. 4.4d, the mode quality factor is primarily limited by dielectric losses
originating from the coil insulation and the Stycast. To mitigate these losses, the geometry
was subsequently optimized to reduce the electromagnetic participation of these lossy ma-

8Note that also the first-generation hose forms a microwave mode, but its shape is not an ideal cylinder,
which makes this mode harder to predict. Moreover, it might get shorted by an accidental touch between
the hose and the walls of the enclosure.
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terials. With the improvements made in Ref. [156], the mode can potentially be employed
both for flux biasing and for qubit readout[157].

4.4 Wiring

A schematic of the cryogenic and room temperature setup is shown in Fig. 4.5. The
measurements were conducted in an Oxford Triton DU7-200 cryofree dilution refrigerator
system. The sample is mounted on the base plate of the fridge, thermalized to 20 mK.
Thermalization to a temperature much lower than the critical temperature of the super-
conductor is necessary to reduce the thermal population in the microwave modes, allowing
them to be initialized in their ground state.

4.4.1 Room temperature wiring

A Quantum Machine Operator X+ (OPX+) was used together with a Quantum Machine
Octave to generate and digitize the microwave signals. The OPX+ has arbitrary waveform
generators that produce the pulses used in the experiment, which are then mixed up to the
relevant frequencies and amplified in the Octave. For readout, the Octave down-mixes the
resonator and cavity pulses, which are digitized by the OPX+. In the low-frequency range
f € [1,6.8] GHz, the fluxonium pulses were up-mixed via a double-super-heterodyne[158]
(DSH) scheme that employs two local oscillators and two single-sideband mixers to produce
a wide range of frequencies without the need for calibration. For higher qubit frequencies,
the pulses are directly mixed by the Octave. Some details on the IQ and DSH mixing are
outlined in Appendix D. The pulse generation setup includes other amplifiers, filters, fast
microwave switches, and DC blocks to produce a high amplitude of the required microwave
signal, reduce leakage of unwanted signals, and prevent the formation of ground loops.

4.4.2 Cryogenic wiring

The radio frequency (RF) input coaxial lines were attenuated by 20 dB at the 4K plate
and 10 dB at the still (1K) plate. On the base plate, the input signal for the qubit line
was attenuated further by 30 dB (a 20 dB attenuator and a Quantum Microwave 10 dB
thermalized attenuator) and then filtered with a Mini-Circuits DC-14 GHz low-pass filter.
The experiment was in a reflection configuration, and a Low Noise Factory single junction
4-12 GHz circulator was used. The signal was finally routed through a home-built infrared
filter. The input signal for the cavity has the same configuration up to the 100 mK stage.
A low-pass K&L filter filters the cavity signal, which is then attenuated by a Quantum
Microwave 20 dB thermalized directional coupler and 10 dB attenuator from the same
brand. A narrow-band Mini-Circuits 4-4.8 GHz band-pass filter and an infrared filter are
placed just outside the shield. A Quinstar 4-8 GHz circulator allows for direct reflection
measurements of the cavity.
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Figure 4.5: Wiring diagram of the experiment. The lined part of the qubit control
corresponds to the low-frequency microwave setup. The dashed lines refer to the
different plates of the cryostat. Depending on the measurement, either the low-,
or high-frequency branch, or both branches are combined with the readout tone.
For the hose coil, either DC or fast flux setup is used. The elements highlighted
in yellow are specially thermalized to the baseplate. The components related
only to the parametric amplifier are not highlighted.

The output signal from the resonator was filtered by a 6-10 GHz Microtronics band-pass
filter and then routed through an isolator, a Krytar 10 dB directional coupler, and a Low
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Noise Factory circulator before reaching a parametric DJJAA (a Dimer Josephson Junction
Array Amplifier[159, 160]). The 10 dB directional coupler is used to couple the amplifier
pump line. After the parametric amplifier, the output signal goes through two Quinstar
isolators before being amplified at the 4K stage by a high-electron-mobility transistor
(HEMT) and again at room temperature. To avoid amplifier saturation, an additional
10 dB directional coupler is added before the room-temperature amplifier to cancel the
DJJAA pump tone from the fridge.

The flux biasing is achieved by leading DC signals through twisted pairs and commercial
low-pass filters. Two home-built high-attenuation filters” further refine the qubit bias.
Details on their fabrication can be found in Appendix J. The flux biasing in Chapter 5
was done with a current source, while for Chapter 7, the HDAWG of Zurich Instruments
provided the bias offset and generated flux pulses once triggered by the OPX~+. The signal
in the latter case was carried through a high-attenuation filter to the sample via a coaxial

line.

4.4.2.1 Shielding

The sample was thermalized to the base plate via copper clamps. The experiment was
shielded by a u-metal shield and enclosed by a copper can, covered with eccosorb paint on
the inside. In the inner can, the sample was surrounded by eccosorb foam.

The concerns of cross-talk between two different setups in the same shield gave grounds
for a new shielding design, which hosts a single setup. The requirements include:

e The main body with good thermalization to the base plate;

e Well thermalized superconducting layer with a high critical temperature, which expels
the magnetic field due to the Meissner effect[6];

e Well thermalized cryogenic u-metal shield to attenuate any residual stray magnetic
fields.

According to these requirements, the main body was constructed from copper and electro-
plated with tin. The choice of tin was motivated by its critical temperature being higher
than that of both aluminum and granular aluminum, which would prevent flux trapping on
the sample. Electroplating guarantees good thermalization of the superconducting layer.
Before plating the can, small samples of copper were electroplated with tin and cycled
several times to cryogenic temperatures to ensure no tin pest appears.'’ The Solid Works
drawings of the new shielding are shown in Fig. 4.6.

9The filters for the DC and fast flux biasing are made out of Eccosorb CR-124, while for the microwave
filters, Eccosorb CR-112 was used.
10The electroplating was done externally by Ulrich Bauer from CCI Eurolam GmbH, Dreieich, Germany.
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Figure 4.6: SolidWorks drawings of the new shielding can. a) Full assembly, the
gray represents the tin plating; b) Cut assembly so the interior is visible; the
width of the beam is 30mm. c¢) Upper panel: view from the bottom of the
assembly cut in the middle; Lower panel: view from the top of the assembly
containing only the copper can, the p—metal can, and the p—metal lid; d) Side
zoom-in where the copper can and lid touch the y—metal parts. The distance
of 0.1 mm between the top of the u—metal parts and the copper can, and the
indium put in the groove would guarantee good thermalization. e) Lid with
eccosorb filter bodies; f) Integrated eccosorb filter assembly: SMP connector is
on the left, SMA - on the right.
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To avoid photon-assisted quasiparticle tunneling through the junctions[161], the interior
of the can is protected from stray photons by cryogenically sealing all distinct parts with
indium. The p-metal shield, located inside the copper, is comprised of two parts as well.
Those are directly thermalized to the copper can by making them extrude 0.1 mm above
the copper can (see Fig. 4.6d). In this way, adding indium wire of diameter 1 mm in
a triangular groove of depth 0.5 mm would ensure both good thermalization and light-
tightness.

Furthermore, the can design needs to be compact and ideally stackable to fit several setups
on the base plate. For this reason, the SMA connectors on the inside are replaced with
SMP connectors, which have a smaller footprint. Finally, according to the requirements
for light-tightness, the IR eccosorb filters are integrated into the lid''. Those filters have
separate bodies, which makes them easily exchangeable in case they break.

The DC wiring was planned to be integrated via six pairs of 2.54 mm connectors on each
side of the can, connected by a flexible PCB. The gap between the lid of the can and the
PCB would be filled with Eccosorb.

DC measurements A silicon wafer was first sputtered with a 300 nm layer of gold to
improve conductivity and subsequently electroplated with tin. A long and narrow struc-
ture (I ~cm and w ~ pm) was patterned using a laser writer and a negative photoresist.
However, both wet and dry etching attempts proved unsuccessful due to the substantial
roughness and thickness of the tin layer (tg, = 5 um), as well as the low melting tempera-
ture of tin, which complicated standard processing techniques.'?

As an alternative approach, a narrow strip of the wafer (I ~cm and w ~mm) was me-
chanically cleaved and glued onto a thin copper substrate using GE varnish to facilitate
mounting on the cryostat base plate (see Fig. 4.7a). Four superconducting wires were
attached to the tin sample using a low-temperature Surface-Mount-Device (SMD) solder
paste, followed by annealing in an oven to ensure reliable electrical contact. The sample
was then mounted on the base plate of the cryostat, and its critical temperature and critical
magnetic field were investigated using a four-terminal sensing configuration[162].

In the critical temperature measurement, the resistance was monitored during cooldown
using a Stanford Research Systems SR830 lock-in amplifier. A resistor Rg = 1kQ) was
placed before the cryostat to transform the voltage source into a current source. A sharp
drop in resistance was observed at T' ~ 9 K, which is inconsistent with the expected critical
temperature of tin thin films, T, g, ~ 4 K[163]. This discrepancy is likely attributable to
the superconducting leads, which contain niobium and therefore exhibit a higher critical
temperature. A plausible explanation is that the leads formed an unintended electrical
shortcut, leading to imperfect subtraction of their contribution to the measured resistance.
Additional complications were encountered: the resistance did not approach zero in the
superconducting state, and the measured signal exhibited a pronounced frequency depen-

")\ ore information on their manufacturing, impedance matching, and characteristics can be found in
Appendix J.
'2The etching tests were executed by Christian Schlager (dry) and Julian Daser (wet).
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dence, suggesting the presence of capacitive or inductive loading, likely originating from
the DC filtering in the cryostat.
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Figure 4.7: DC measurements. a) Setup. The Sn sample is mounted on a copper
piece, and four wires are soldered to it. The cyan color highlights the current
path, while the violet indicates where the voltage drop is being measured. b)
Critical field measurement. The gray arrow indicates where the ramp to 200 mT
magnetic field in the magnet started. The magenta region highlights a constant
field after the last ramp-up. Afterwards, the field was ramped down. The
negative values are an error coming from the lock-in amplifier when a resistance
overload is reached. The x-axis is nonuniform in the magnetic field and uniform
in time. These and the critical temperature measurements of the tin samples
were executed together with Christian Schlager.

Rather than modifying the cryostat wiring, a new sample was prepared and transferred to
a different cryostat (Qinu L Pro), which is equipped with an electromagnet but lacks DC
filtering. The sample was positioned beneath the electromagnet, while another experiment
occupied the primary sample space. The magnetic field was ramped to various values while
continuously monitoring the resistance. The resulting data are shown in Fig. 4.7b. The
resistance sharply changes at a field indicated with a gray arrow. At this timestamp was
the onset of a field ramp to 200mT in the electromagnet, corresponding to an estimated
field of approximately 50mT at the sample location, after accounting for its radial and
axial displacement from the magnet center. This estimated critical magnetic field is in
good agreement with previously reported values[164].
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CHAPTER

Characterization

In this chapter, I describe the measurement techniques used to characterize the Hamiltonian
of the experiment. The measurements used for extracting the Hamiltonian parameters can
be split into two categories: frequency- and time-domain measurements. In the former,
one or numerous tones are applied, and their frequency is swept to observe the system
response. These tones can be either used for probing or pumping the system. The latter
records the system’s temporal evolution.

The first two sections present the measurements used to characterize the readout resonator,
the qubit, and the cavity. Sections 5.3 and 5.4 focus on their interactions. Some of the
findings of this chapter can be found in Ref. [165].

5.1 On-chip resonator and fluxonium

5.1.1 Spectroscopy

For the initial characterization, a Vector Network Analyzer (VNA) was used to measure the
scattering parameters Sj; and S22[62], corresponding to reflections from the readout and
cavity ports, respectively. A weak probe tone is applied to each port and is mostly reflected,
except when the probe frequency matches a resonance. At resonance, the reflected signal
exhibits a reduction in amplitude and a distinct phase shift, indicating the presence of a
mode at that frequency. We repeat this procedure for different flux bias points to acquire
the flux maps of the cavity and the readout resonator. Each trace is then fitted to a
Lorentzian curve to extract the resonant frequencies, which are plotted in Fig. 5.1 left and
right. The tunability of both elements is inherited from the fluxonium.

The qubit frequency is measured with two-tone spectroscopy. We monitor the resonator
resonance while sweeping the frequency of a second tone with a signal generator. At
the qubit frequency, the resonator shifts, and our readout signal changes. We repeat the
procedure for different applied magnetic fields and fit each data to a Lorentzian curve
to extract the qubit resonance frequency. The higher transition fio is extracted in the
same way around ®Pey /P9 = —0.5, where the non-zero excited state population of the
qubit allows direct excitation to the next higher level. For the fio data points around
the high sweet spot at @y /Po = 0, the qubit is first excited by applying a w-pulse to

63
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Figure 5.1: System spectrum. (center) The qubit frequency is measured as a
function of flux bias. By fitting this spectrum, we obtain the qubit energies
Ec/h = 3.5GHz, Er,/h = 1.014GHz, and E;/h = 10.8 GHz. The measured
data for the fundamental transition are plotted in purple, together with its fit
in red. The higher transition fio is in yellow, with the scQubits simulation for
it in cyan. The readout resonator (left) and high-Q cavity spectra (right) are
measured as a function of flux, respectively. The qubit is tuned through both
the readout resonator and high-Q cavity, resulting in avoided crossings with
coupling strengths gor/2m ~ 25.2MHz and ggc/2m ~ 1.5 MHz. The dashed
lines correspond to their fits.

the fundamental transition, followed by a time-domain two-tone spectroscopy around the
frequencies, where we expect the transition to appear.

We fit the fy; data with scQubits (Fig. 5.1 center) and obtain the qubit energies Fc/h =
3.5GHz, Fr,/h = 1.014 GHz, and E;/h = 10.8 GHz. The Hamiltonian is then constructed
by including the harmonic oscillators and the interactions, as described in Sec. 3.3. The
numerical results of the diagonalization are manually fitted to the cavity and resonator
spectroscopy (Fig. 5.1, right and left, respectively) as a function of the external magnetic
field. The avoided crossings between the resonator and the qubit, and between the cavity
and the qubit, give us the interaction strengths ggr/2m ~ 25.2 MHz with an accuracy of
about 10% and grc/2m ~ 8 MHz with 15%. The splitting of 2ggc /27 ~ 3 MHz we extract
from the avoided crossing in Fig. 5.1 (right) is a measure of the effective coupling rate
between the qubit and the cavity, which is mediated by the resonator and determined by
both gor and grc.

Near the high sweet spot, there is a discrepancy between the model and the measured
data. A possible explanation is the cavity’s higher modes, which we expect around 13.37
GHz, 13.73 GHz, and 13.78 GHz, according to HFSS simulations. Each of those modes
will couple to the qubit via the readout resonator. In addition, the symmetry of the second
additional mode will allow it to leak into the tunnel of the qubit and couple directly with
the fluxonium. Owing to all the additional interactions at those frequencies, the model
fails to fully capture the qubit behavior at the high frequencies.
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The higher cavity modes cannot be neglected and will influence the bare frequencies of the
harmonic oscillators, needed for the fit. They will also push the qubit resonance to lower
frequencies than anticipated. In Fig. 5.2, we show the influence of higher cavity modes
on the qubit fundamental frequency. Three higher modes of the cavity are included with
direct coupling to the resonator; the highest-frequency mode is also coupled directly to the
qubit, as the simulations show that this mode leaks further into the qubit tunnel. The
coupling strengths were based on expectation values from the scaling with /w and then
further increased to amplify their effect.! As the frequencies of those modes were never
measured” but extracted from simulations, the actual cavity modes could coincide with
the qubit levels, which would cause a further shift in the transition fp;. Such a coincidence
could explain why, around @y /Py = 0, the measured qubit frequencies overlaps with the
cavity mode at fl.
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Figure 5.2: Fluxonium spectroscopy with simulation curves including higher cav-
ity modes. In the model, apart from the fundamental modes of the cavity f.
and the resonator f,, three higher cavity modes are included: f! = 13.375 GHz,
f? =13.735GHz, and f2 = 13.734 GHz. They are capacitively coupled to the
resonator with rates g%%’é’?’ /27 = 16 MHz. Moreover, the highest frequency mode
at f2 is directly coupled to the qubit, as it leaks into the tunnel of the qubit,
while the modes f! and f? do not. This mode does not significantly affect the fo;
transition frequency, even with a direct coupling strength of g%c /2w = 16 MHz.
Inset: zoom-in of the region around ®ey /Py = 0.

5.1.2 Temperature measurements

The effective temperature of a mode in the circuit is typically higher than the physical
temperature of the dilution refrigerator’s base plate. This discrepancy arises from im-
perfect thermalization and residual noise coupling through the control and measurement
lines. Thermal photons originating from higher-temperature stages leak into the device
despite the use of attenuators and filters, as these components cannot completely suppress

!This scaling becomes evident from the derivations in Appendix E.
2They are out of the 4 — 8 GHz frequency range of the HEMT.
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noise transmission. Additional contributions stem from back-action noise of amplifiers,
especially HEMTs at 4 K, as well as insufficient filtering of infrared and high-frequency
radiation, which can generate quasiparticles[161] or directly excite the modes[166]. Ad-
ditional noise from room-temperature electronics further populates the qubit and cavity
with thermal photons. Consequently, even at base temperatures of 10-20 mK, the effective
mode temperature is typically in the range of 40-100 mK.

To characterize the mode temperature, one must measure the population distribution of
the mode. This can be achieved using either spectroscopy or selective Rabi oscillations
of the higher transition[167]. Those methods are suited to different temperature regimes.
For low temperatures, the qubit mode temperature can be extracted by measuring the
Rabi oscillations between the energy levels [0), — |1), and [1), —[2), and comparing their
amplitudes.
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Figure 5.3: Qubit temperature extracted from readout resonator spectroscopy.
a) The flux map of the resonator exhibits a double resonance around ey =
—0.5®¢, due to the non-zero excited state qubit population. b) In the region
around the low sweetspot, the qubit temperature can be directly extracted,
using the qubit frequencies from Fig. 5.1 and Eq. 5.1

At higher mode temperatures, the excited-state population becomes directly observable in
the resonator spectroscopy, as seen on the flux map in Fig. 5.3a. The two resonances,
corresponding to the qubit being in |0) q and |1) o are separated by the dispersive shift, and
the ratio of their amplitudes provides a measure of the qubit temperature as follows

Ay,  _n
=e M7 (5.1)
Ajo),

where A /1, is the amplitude of the readout resonance for the qubit in ground/excited

state. The qubit temperatures, as extracted from the resonator flux map, are summarized
in Fig. 5.3b.

The procedure for extracting the resonator temperature is similar, but A, /1), would now
be the amplitude of the qubit peak corresponding to 0/1 photons in the resonator, and
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the frequency will be replaced with f,.. The extracted temperature of the resonator at
the high sweet spot is 112 + 29 mK, extracted from the qubit spectroscopy in Fig. 5.4.
Nevertheless, the extracted temperature may exceed the true mode temperature, as the
measurement procedure involves opening the switch on the readout input before the qubit
spectroscopy. This process can lead to an increased photon population within the resonator
due to excitation from the amplified noise[139] and the local oscillator leakage while the
switch is open®, which can artificially elevate the inferred thermal occupation relative to
its equilibrium value.
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Figure 5.4: Qubit spectroscopy at the high sweet spot. From the amplitude ratio
of the two peaks in the spectroscopy, one can extract the resonator temperature.
Due to the positive dispersive shift, the qubit resonance corresponding to one
photon in the readout resonator is at a higher frequency.

It is worth noting that the mode temperature changes over time. Over the span of a
six-month cooldown, two different mode temperatures have been measured for the qubit,
T = {112,45} mK. The lowest qubit temperature was observed after the helium refill of
the cryostat, which reduced the base plate temperature from > 40 mK to < 26 mK*.

5.1.3 Fluxonium lifetime

For this system to be suitable as a bosonic qubit, further understanding of the fluxonium
losses is required. We measure the lifetime of the fluxonium qubit as a function of the flux
bias and estimate the TIQ limit from the dominant decay channels[168-170]: dielectric loss,
inductive loss, Purcell limit[171], and quasiparticle loss[172].

3The LOs are constantly on during the measurements.
4The exact temperature is unknown, because even the sensor needed to be recalibrated as this temperature
was out of its scope.
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5.1.3.1 Loss model

In this section, we discuss in detail the limitations on the fluxonium lifetime via the various
qubit decay channels[168, 169, 173]. The decay rate of the qubit is given by Fermi’s Golden
Rule[170] of the type

Lo = %|<0|ﬁ\1>!2[5(w01) + S(=wor)]. (5.2)

The operator & is the qubit operator which couples to the lossy bath, and S(wp;) is the
noise spectral density at the qubit frequency. The first term corresponds to emission into
the bath, and the second to absorption.

We consider the most common loss mechanisms. For dielectric loss, the flux operator
O = ¢pp couples to the voltage of the bath with density
Qhw%lCJ

va(wm) + SVV(_U.)Ol) = Qdiel(w) coth (;2:;) (5.3)

where C; = e%/2E( is the junction capacitance, and T is the qubit mode temperature.
The quality factor of the dielectric loss is weakly frequency-dependent[168, 169, 174]

0.7
27r6GHz> . (5.4)

jwl

Here, the Qgiel is the nominal quality factor quoted for 6 GHz.

Qaiel(W) = Qiel (

In the case of inductive losses, the flux operator & = ¢g¢ couples to the current of the
bath with density[168, 169]

h h
Str(ein) + Srr(—sm) = 75— coth (2;:;) (5.5)

where L = qﬁ%/EL is the fluxonium superinductance and Qj,q is the inductive quality

factor.

The quasiparticle loss would result from the qubit operator & = 2¢gsin$ coupling to a
noise variable with density

S (@) + Sap(—w) = 2heo R{ Vi (c0) beoth <27ZZ;> (5.6)

with the dissipative part of the Josephson junction admittance having the form[169, 172]

2 8E; 2AA1)1~5 hw
RYp@)= |2
{Yop(w)} 7 RoAar ( hw Lap 2% T
Rlw| Y\ . hlw|

Kyl =—= h{—x]. 5.7
o <2kBT) o <2kBT) (5.7)
Here, Rg is the resistance quantum, and Ap; the Al superconducting gap with critical
temperature TcAl. The fitted value here is the quasiparticle density x, relative to the

number of Cooper pairs. For Fig. 5.5, the qubit operator has been transformed to & =
Po sin(% + %)[137], where I is the identity operator.
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5.1.3.2 Purcell limit

The Purcell loss denotes the qubit relaxation arising from the coupling to the resonator.
It is modeled according to the supplementary material in Ref. [171]. We assume that the
resonator is coupled to a bath of harmonic oscillators H/h = >, wkb,zbk. The interaction
Hamiltonian is given by

Hine/h = ng(rbz + rTby). (5.8)
k
This interaction is treated perturbatively, causing energy transitions at a rate
2w 9
vig = - 0(Ei = Ey) (¢ ] Hine [43) | (5.9)

from the dressed state [¢;) with energy E; to the dressed state |¢f) with energy FEy.
Here, 0 is the delta function. The total rate is a sum over all initial and final state
configurations of the bath, taking into account the thermal probability of occupying a
given initial configuration.

The absorption rate from the bath of oscillators through the readout resonator[171] is

Tiocsity, = Pres(0)nan (wor)|01]rT100) (5.10)

while the emission rate into the bath is

TSy, = Pres(0)r[nen(—wor) + 1]1{00[r(01)[. (5.11)
Here, P(n) = [1 — e "wr/ksTR)e—nhwr/kBTR is the probability to have n photons in a

resonator with mode temperature Tg, & is the total loss rate of the resonator®, and ngy, (w) =
m. The state |00) corresponds to the dressed state of the coupled qubit-resonator
system with the largest overlap to |0),|0), in the bare basis. Equations 5.10 and 5.11 are
valid in case the thermal occupation of the resonator is negligible, i.e. P(n > 0) ~ 0.
Otherwise, additional terms are introduced to account for other thermally occupied initial

states of the resonator.

5.1.3.3 Summary

Figure 5.5 summarizes the fluxonium lifetime results. From the fitted bounds for the
quality factors of each dissipation channel, we deduce that the lifetime of the fluxonium
at the zero field spot is limited by dielectric losses. Besides the range where the qubit is
close to resonant with the readout resonator, it is evident that the qubit is also Purcell
limited[173, 175] at ®ext/Po = 0.5. These limits are further reduced at this flux bias when
including the high thermal population of both the qubit and the resonator.

For the fit in Fig. 5.5, a qubit mode temperature of Ty = 45 mK, a nominal resonator
mode temperature Tr = 50 mK, and the total loss rate at the low sweet spot kr /27T = 922
kHz were used. However, the qubit mode temperature obtained before the sample was

®The loss rate can be expressed in terms of the density of states of the bath p(w), i.e. k = 2whp(w)|gr|*.
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Figure 5.5: Fluxonium lifetime and loss mechanisms. The measured fluxonium
TlQ is plotted over the lifetime limits set by different loss channels: dielectric,
inductive, non-equilibrium quasiparticles (QP), and Purcell. The losses are
calculated for qubit mode temperature of Ty = 45 mK and resonator mode
temperature of T = 50 mK. The following quality factors were used for the fit:
Qdiel = 0.15 - 105, Qing = 30 - 10%, and xq, = 1.25 - 107C.

fully thermalized to the base plate of the cryostat is Tg = 112 £ 2 mK, measured similarly
to Fig. 5.3. The minimum measured qubit temperature is 45 mK five months after the
cooldown. In Fig. 5.6, the effect of qubit mode temperature on the quasiparticle and
dielectric losses is shown. Depending on the qubit mode temperature, the quasiparticle
density (Fig. 5.6a) and the dielectric quality factors (Fig. 5.6b) need adjustment to fit the

same qubit lifetimes.
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Figure 5.6: Temperature dependence of the quasiparticle and dielectric losses for
45 (blue dashed line) and 112 mK (red dashed line) qubit mode temperature.
a) Quasiparticle losses for quasiparticle density zqp, = 1.25 - 1075, b) Dielectric
losses for quality factor Qgiel = 1.5-10°. The biggest influence the temperature
has is around ®eyt /Py = —0.5 as at this bias the qubit frequency is low, making
the qubit more susceptible to thermal excitation (increased FI) Only the re-
spective loss channel for each plot is considered, and all other loss contributions
are neglected.
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From a qubit spectroscopy measurement (see Fig. 5.4), we set the upper limit on the

resonator mode temperature to Tr = 112+ 29 mK. For this temperature, the Purcell limit
set on the qubit lifetime lies below the measured data. As the biggest contributors to
the Purcell decay around ®ey/®Po = 0.5 are the coupling strength ggr and the resonator
temperature, we vary both, as shown in Fig. 5.7. The lower temperature of 50 mK is
chosen to be slightly above the minimum measured qubit mode temperature, while the
variation of the coupling strength corresponds to 10% of its nominal value (refer to Table
A.1). Even with reduced interaction strength, the Purcell limit at T = 112 mK lies
below the measured fluxonium lifetimes, which dictates our choice to use T = 50 mK
instead. For the lower resonator mode temperature and reduced coupling strength, the
qubit lifetime is fully Purcell-limited around the low sweet spot.
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Figure 5.7: Adjusted Purcell limit. The temperature of the resonator mode
is adjusted from 112 to 50 mK to show the temperature change during the
measurements. The shaded regions correspond to a change in the coupling rate
gqr of £10% for each resonator temperature. All other loss mechanisms are
neglected.

To justify the limits we have set on the inductive losses, we plot the bound set by both
Purcell decay and inductive loss with varying quality factor Qinq (Fig. 5.8). The biggest
impact of these dissipation channels is around the low sweet spot. When dielectric loss is
included, the total bound is lowered further, imposing a high inductive quality factor to
fit the qubit lifetimes around ey /Py = —0.5. It is worth noting that another model for
the Purcell loss exists[176], according to which the lifetime of this qubit at the low sweet
spot would be limited by inductive loss rather than Purcell decay. This model, however,
assumes that lumped element approximation is valid, which is not true for this system.

The system would greatly benefit from a Purcell filter and improved fabrication techniques.
A possible improvement in the fabrication would be to treat the sample with hydrofluoric
(HF) acid after fabrication, which has been shown to reduce dielectric losses due to two-level
system defects in resonators on silicon[177]. Another possibility is to adapt the fabrication
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Figure 5.8: Limit for Purcell decay and inductive losses with varying inductive
quality factor. The solid line represents the sum of inductive and Purcell loss,
while the dashed line is only the limit set by inductive loss. The inset focuses
on the illustrated losses around the low sweet spot.

process so it is compatible with more aggressive surface cleaning by swapping the Al with
either tantalum[178, 179] or niobium capped by another metal[180].

5.1.4 Fluxonium decoherence

Ramsey T4 and echo T times provide valuable insight into the frequency components
of the environment noise to which the qubit couples. Ramsey measurements capture the
inhomogeneous dephasing time caused by both environmental flux noise and other sources
of low-frequency noise. Echo T measurements provide complementary information about
higher-frequency components of the noise spectrum. We address the flux stability in our
system by measuring both 74* and T times of the fluxonium as a function of flux bias
(see Fig. 5.9). At the flux sweet spot ®ey, = —0.5P¢, the qubit frequency is first-order
insensitive to flux variations. At this flux bias, the Ramsey time approaches the echo
time but decreases rapidly away from the sweet spot. This behavior indicates the primary
source of dephasing originates from low-frequency 1/f flux noise[181]. Further filtering and
shielding of the setup, as well as the flux bias line, are required to reduce the susceptibility
of the fluxonium to flux noise. The decoherence at the high sweet spot, although not shown
here, is tenfold worse.

5.2 Cavity measurements

This section presents the measurements employed to characterize the cavity. Since the
coupling between the qubit and the cavity is relatively weak compared to other decoher-
ence rates, the system operates in the so-called weak dispersive regime. While this regime
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Figure 5.9: Fluxonium coherence times from Ramsey T4 (blue) and echo T4
(vellow) measurements as a function of flux bias. The sharp drop of T4 away
from the sweet spot, compared to T, indicates that the main coherence limi-
tation is low-frequency flux noise.

offers the advantage of reduced sensitivity to ancilla-induced noise, it also introduces chal-
lenges, as achieving universal control requires a more unconventional set of measurement
techniques.

5.2.1 Echoed conditional displacements

When a resonant drive is applied to the cavity, the qubit-state-dependent frequency shift
leads to different displacement trajectories in phase space, effectively realizing a conditional
displacement[182]. The rate at which the states |0, ) and |1, @) would separate in phase
space depends on the dispersive shift. To avoid ancilla-induced dephasing, a small disper-
sive shift is desirable, which would considerably increase the gate and the state tomography
time.

To maintain a low dispersive shift, i.e., x < I'1, 's, £, while not compromising on gate times,
a new technique was developed, known as Echoed Conditional Displacement (ECD)[126,
183]. It combines large displacements on the cavity with a cleverly engineered sequence of
pulses to achieve fast state separation (i.e. faster than ~ y~!). Therefore, ECD enables
the extraction of the Hamiltonian parameters even when the dispersive shift is smaller than
the qubit decoherence rate.

The working principle of the protocol is illustrated in Fig. 5.10. Consider an ideal two-level
system dispersively coupled to a cavity mode. The system is initialized in a superposition
of the qubit ground and excited states, with the cavity in the vacuum state. A cavity
drive at frequency (w‘c())q + w'cl)") /2 is applied, displacing the cavity into a coherent state
|a). Due to the dispersive interaction, the two states |0,«) and |1, «) acquire opposite

phase rotations during a wait time t,,. The cavity is then displaced back towards the
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Figure 5.10: Echoed conditional displacement: Sequence and phase-space trajec-
tories. a) For the sequence, the initial state could be either ground or excited,
while the cavity is said to be in vacuum, but can be in an arbitrary state. b) The
sequence D(roa)T (ty)D(—ria) X7 D(—r1a)T(ty,)D(«) is split in two for visual
clarity. The coefficients 71 = cos(xtw/2) and 19 = cos(xt,) ensure the states
are displaced only to an amplitude || and back to the [-axis. The illustration
assumes instantaneous pulses.

@ = 0 axis by an amount —a cos(xty/2); the cosine term compensates for the different
displacement amplitude required due to this evolution. A non-selective m-pulse flips the
qubit population, after which a second displacement D(—a cos(xty/2)) is applied. During
the subsequent wait time t,,, the two components of the state separate further in phase
space before being displaced back to the [-axis, D(acos(xty)). Due to the symmetric
sequence and the intermediate echo pulse, this protocol achieves a conditional displacement
while simultaneously canceling unwanted dynamical phases arising from dispersive and ac
Stark shifts. The ECD gate is the workhorse of all cavity characterization methods used
in this manuscript.

5.2.2 Semi-classical trajectories

To develop an understanding of the working principle underlying the following measure-
ments, we first consider the theory of semiclassical trajectories. A detailed derivation of
the formalism can be found in the Supplementary Information of Ref. [183].

We restrict our analysis to the qubit-cavity subsystem, described by the Hamiltonian
H/h = Aclc+ xq'qcte + X' (¢Tq)%cle + Ko(c'e)® + K (q'q)? + € (t)c + Q(t)g + hec., (5.12)

expressed in the frame rotating at the respective drive frequencies after applying the
rotating-wave approximation. Here, €(t) and () denote complex-valued, time-dependent



5 Characterization 75

drives applied to the cavity and qubit, respectively. In addition to the dispersive shift
X, we include a higher-order cross-Kerr term x’, while K. and K, represent the self-Kerr
nonlinearities of the cavity and the qubit.

If the qubit is not driven, one can extract the cavity phase-space trajectories conditioned
on the qubit state. Choosing an appropriate time-dependent displaced frame U = D' («(t))
removes the terms linear in « in the transformed Hamiltonian. This condition leads to the
following coupled differential equations:

K

81505‘0)‘1(25) = iAa|0>q(t) — QiKC’Oé|0)q(t)‘2a‘o>q(t) — 50&\@)(](75) — ie(t) (5.13a)
. . K o
Oy, () = iap), (1) =2k |ap, () e, ()=o), () —ie) =i0+2x o, (O ) o, (1)-

(5.13b)

In the limit of small displacements, the terms proportional to the cavity Kerr coefficient and
the non-linear dispersive shift can be neglected, and for the initial condition a(t = 0) =0,
these equations can be solved to obtain the semiclassical cavity trajectories

) ) t )
a\o/l)q(t) = e—%(izxﬂc)t (eé(izx-m)toa'o/wq (to) _ Z/t e;(izx-m)re(T)dT) ) (5'14)
0

Here, we have picked A = x/2. In the case of an initial coherent state at ¢ = ¢p and no
drive €(t) = 0, this state will acquire a phase +xt¢/2 with the sign depending on the qubit
state [0/1),. Moreover, it will decay towards the vacuum at a rate x/2. An applied drive
would change the position of this state in phase space; for non-instantaneous drives on the
time scales of x ™!, the free evolution would curve the trajectories during the drive.

5.2.3 Out-and-back measurement

In systems operating in the strong dispersive regime, the Hamiltonian can be character-
ized by displacing the cavity and performing spectroscopy on the qubit. The resulting
photon-number-split peaks in the qubit spectrum can then be fitted to extract the effec-
tive dispersive shift. However, in the weak dispersive regime, these number-split peaks can
be difficult or impossible to resolve. The sequence out-and-back was developed in Ref. [183]
to deal with this problem and extract Hamiltonian parameters, which are small compared
to the qubit decoherence.

The measurement sequence, illustrated in Fig. 5.11a, begins with the preparation of the
qubit in either |0) q Or 1) , Py applying a selective 1.2 us Gaussian pulse. The preparation
is executed through active reset, enabled by the parametric amplifier (see Appendix G for
details on active reset). The cavity is then displaced with a 40 ns square pulse and allowed
to evolve for a duration t,, = 1 us before being displaced back toward vacuum by a second
pulse with a variable phase ¢. Large displacements on the cavity enable the extraction
of the Hamiltonian parameters even when the dispersive shift is smaller than the qubit
decoherence rate. At the end of the protocol, we flip the qubit with a narrow-bandwidth
m-pulse and then read it out with a 2 us square pulse. The m-pulse is only successful if the
phase for the displacement back to the cavity ground state is correct, i.e., when the phase
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of the second displacement pulse matches the accumulated phase of the cavity evolution.
The measurement sensitivity is enhanced by repeating the cavity sequence five times.
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Figure 5.11: Out-and-back measurement. a) Sequence. The first part includes an

active reset conditioned on the measurement result x. The cavity sequence
D(—¢ea)T(t,)D(a) (enclosed between the two yellow dashed lines) is re-
peated five times to enhance the effect. b) Raw data from the measurement
at Pexy = 0.5@¢ for |0), and [1),. The dataset corresponding to each cavity
pulse amplitude is fitted with either a single Gaussian for |0) or two Gaus-
sians for [1) , accounting for decay. c) Frequencies extracted from the fit of b)
as a function of the pulse voltage squared. The rotation frequency A|0>q /2T
is plotted in yellow, while the difference (AH)q — A|0>q) /27 is plotted in blue.
The data sets are fitted by linear regression (red). From the fit, we extract
A/2m = —24.21 £0.03 kHz and xgc/2m = —15.6 0.2 kHz, the latter of which
we use to find the unknown constant from the x-axis and thus calibrate the
photon number n. d) Data sets and fits from the last linecut in b), i.e. cavity
pulse amplitude is one. The blue corresponds to |0),, while the red to [1),.
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The raw measurement data are shown in Fig. 5.11b, where the upper panel corresponds to
the qubit initially prepared in |0), and the lower panel to preparation in |1) . For the |0),
case, each line cut is fitted with a Gaussian function, whose mean position and standard
deviation are then used to constrain the fit for the |1), data, which exhibits a sum of two
Gaussian components. This double-Gaussian behavior deviates from the single-peaked
response observed in the initial implementation reported in Ref. [183]. The origin of this
difference lies in the relatively short qubit relaxation time: during the sequence, the qubit
can spontaneously decay or become thermally excited, and this stochastic behavior averages
out over multiple repetitions, producing a composite signal that reflects contributions from
both the intended [1), state and the decay to |0),.

Finally, the mean phase accumulation obtained from the Gaussian fits is converted from
degrees to frequency by dividing it by the waiting time t,,. The resulting data are shown in
Fig. 5.11c. The displacement amplitude is scaled by the voltage range of the AWG (0.4 V),
and the squared value of this quantity is proportional to the average photon number in the
cavity, up to a constant factor. Using the semiclassical trajectories derived in Eq. 5.13, the
cavity rotation frequencies for the qubit in its ground and excited states can be expressed
as

A|O>q =A— KCTL (515&)

A‘1>q =A—x— (2Kc + 2)(”1)71 (515b)

where n denotes the mean photon number in the cavity. Here, y,; is the same as y’
from Eq. 5.13. The experimental data are fitted with a linear regression to extract the
intercepts, corresponding to the cavity detuning and the qubit-cavity dispersive shift. For
this flux bias point, the extracted parameters are A/2m = —24.21+0.03 kHz and xgc /27 =
—15.6 £ 0.2 kHz. To determine the slopes accurately, the calibration between the AWG
pulse amplitude and the cavity photon number must be established.

5.2.4 Photon number calibration

An essential part of extracting the Hamiltonian parameters is calibrating the conversion
coefficient between the output of the AWG and the number of photons in the cavity. In
the strong dispersive regime, one can use conditional 7-pulses on wl,0>°, w(‘zwc, ...,wtllm e,
By simultaneously fitting the traces corresponding to each qubit frequency for varying
AWG pulse amplitudes, the conversion factor can be extracted[184]. In the weak dispersive
regime, the qubit frequencies for different numbers of photons in the cavity are not resolved,

no matter how selective the pulse driving the qubit is.

Calibrating the displacements in the weak dispersive regime exploits the geometric phase
acquired by the qubit during an ECD-like sequence, depicted in Fig. 5.12. We prepare the
qubit in a superposition (|0), +[1),)/ v/2 and apply a sequence described by the drive

€(t) = €olg(t) = rg(t = (tp + tw)) = rg(t = 2ty + tw)) + 9(t = (2, +2t))]  (5.16)

where ¢ is its amplitude and g(¢) can be an arbitrary pulse shape, but I have used a simple
square pulse of duration ¢, = 40 ns for both simulations and measurements. This sequence
is designed to create the trajectories, depicted in Fig. 5.12b, which enclose an area in phase
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Figure 5.12: Geometric phase. a) The sequence
D(a)T (tw)D(—r1a)D(—r1a)T(ty)D(«) is used to measure the geometric
phase acquired by the qubit. b) Qubit trajectories during the ECD-like
sequence, depicted in a). The qubit will acquire a geometric phase proportional
to the enclosed area, and therefore to the displacement a. ¢) Measured (dots)
and fitted (lines) data for the phase acquired during the sequence for varying
displacements. The red color corresponds to X/, at the end of the sequence,
and blue to Y. The extracted conversion coefficient is about 41.1. The
measurements were run for ¢,, = 200 ns, while the simulation in a) was chosen
to have a ten-fold higher dispersive shift to make the enclosed area more visible.

space for both ground and excited qubit states. These trajectories have been numerically
calculated by solving Eq. 5.14. At the end of the sequence, the qubit and the cavity are
disentangled, i.e. the cavity is back to n = 0 no matter the qubit state, and the qubit
state is (|0), +e' 1) 2/ V2, where ¢ is the enclosed area. To extract this phase, we need to
measure both expectation values, (0.;) and (o), by applying either X /5 or Yz /5 before the
readout. This procedure is executed at the low sweet spot Pyt = 0.5P¢, and the results are
plotted in Fig. 5.12c. From here on, the displacement amplitude for a 40 ns square pulse
is calculated as |a| = 41.1Aawq, where Aawg is the amplitude of the pulse at the AWG.
With this scaling and by using Eq. 5.15, we can extract the self-Kerr coefficient of the
cavity K./2m = 1.224+0.13 Hz, and the higher-order nonlinearities y,; /27 = 0.4+0.1 Hz.

5.2.5 Characteristic function

To complete the toolbox of cavity measurements, a method for state tomography is needed.
While the conventional method involves the use of Wigner[112, 185] or Husimi Q[186]
functions, these methods both benefit from a high dispersive shift. The time it takes for
a Wigner function measurement is ¢ = 7 /x, plus the duration of the pulses on both the
cavity and the qubit. If this dispersive shift is on the order of a hundred kilohertz, the time
for this measurement would exceed 60 us, requiring coherence times of the ancilla, which
are inaccessible for many labs. The Husimi QQ function measurement also requires a strong
dispersive regime to play qubit pulses selective on the number of photons in the cavity.
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The characteristic function C(£) provides an alternative and powerful way to represent
quantum states in phase space. It encodes the complete information of the density op-
erator, and is connected to the other probability function via the Fourier transform. A
full description of the characteristic function can be found in App. C. By measuring the
system’s response to controlled sequences of displacements and phase rotations, one can
experimentally reconstruct C(£).
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Figure 5.13: Characteristic function. a) Sequence for measuring the characteristic
functions. The £X /, pulse compensates for both decay and excitation of the
ancilla during the readout. The two measurements are subtracted. The pulse
X2 or Yy /9 at the end corresponds to measuring the real or the imaginary part
of C(§). b) Scaling. A linecut of C(§) is used for calibrating the scaling in phase
space. Here, t,, = 600ns, t, = 40 ns, giving the scaling |£| ~ Aawa/0.312.

To measure the characteristic function, the pulse sequence from Fig. 5.13a is played on
the system. It consists of an ECD gate embedded in a qubit Ramsey sequence, which
maps the qubit expectation values (0,) and (o,) to the real and imaginary parts of the
characteristic function. This state tomography method is more forgiving in terms of qubit
coherence times, as the dispersive shift does not limit the time it takes to measure C(§).
The phase space sampling depends both on ¢, and t, from the ECD sequence. For a
fixed set of parameters, we can calibrate the phase space displacement by measuring a
vacuum state in the cavity. As the characteristic function of this state is a 2D Gaussian
function with ¢ = 1, a simple line cut is sufficient to extract the scaling. Fig. 5.13b depicts
R(C(¢)) for t, = 600ns and t, = 40ns. From the fit, we extract the phase space scaling
|€] ~ Aawg/0.312.

5.2.5.1 Cavity lifetime

The lifetime of the cavity mode is a key parameter characterizing the overall performance
of a system as a bosonic qubit. There are several methods to measure this quantity,
depending on whether the cavity is directly accessible or coupled to an ancillary qubit.
In the absence of a qubit, the most direct approach involves populating the cavity with a
weak coherent pulse and monitoring the reflected or transmitted signal using heterodyne
detection[70]. The exponential decay of the signal amplitude yields the photon lifetime.
When the cavity is coupled dispersively to a qubit, its lifetime can also be inferred indirectly
through the qubit. One method is to use a displacement pulse on the cavity with a variable
delay time afterward, and probe the state similar to a Husimi Q measurement[153]. This,
however, requires the ability to play number-selective pulses on the qubit, conditioned on
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no photons in the cavity. The alternative approach is to measure the characteristic function
of a decaying coherent state, as done in Ref. [126].
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Figure 5.14: Cavity 71 measured via characteristic function. a) Real (top) and
imaginary (bottom) parts of the characteristic function, measured at the axis
Q = 0, or equivalently () = 0. The left column presents the normalized
data, while the right column presents the fit to the data. b) In order to get
the fit parameters in a), we first fit C(§) for each time stamp t; € [0,200] us
to extract the coherent state at the time a(t;). Here, the blue and red dots
represent the line cuts from a) at t; = 2.016 us with their respective fits. The
fit is run for £ € [—0.5,0.5]. ¢) Once we have extracted «(t), we fit its real part
to Ae~ /2Tt cos(2nAf + ¢) + B to extract the cavity lifetime T} = 210 = 40 ps.
The fit is restricted to times smaller than 66 us, as the data quality does not
allow the extraction of a(t > 66 us).

We use the same protocol for the ECD gate from Fig. 5.10a with ¢, = 200ns®, but
preceded by a pulse, creating the coherent state ag = a(t = 0) = i(42.4 £ 0.3)". Then the
characteristic function is measured after a varying delay, allowing the state to decay. The
process is depicted in Fig. 5.14a. The characteristic function of a coherent state is

le(®? oo

Cla(t)) =e 2 ¥3®E) (5.17)

5The different wait time results in a different scaling between AWG amplitude and &, which is |£] =~
Aawec/1.166.

"This value is extracted from the amplitude of the fit in Fig. 5.14c. It is purely imaginary, as the real
part is zero at t = 0.
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where «(t) is the decaying coherent state

ot
at) = age Ble 7T, (5.18)

There are two competing effects in the data plots of Fig. 5.14a. Firstly, the imperfect 7—
and 7/2—pulses on the qubit result in stray oscillation on top of the data (see Fig. 5.14a left
for ty 2 70 us), which becomes more prominent as the delay increases. Secondly, the width
of the coherent state is ideally the same as that of the vacuum state; however, since cavity
decay is enhanced by the number of photons present, the measured characteristic function
appears to have a smaller width compared to the simulations plotted on the right side of
each map. Nonetheless, this data quality is sufficient to extract the cavity lifetime.

For the extraction of «(t), each dataset, consisting of R(C(t)) and J(C(t)), is fitted to
Eq. 5.17, an example of which is shown in Fig. 5.14b. The characteristic function C(&) is
measured only for £ € R, which means that we only have access to the real part of a(t). To
measure the imaginary part, one would need the same dataset for £ € iR. As both the real
and imaginary part decay with the same constant, and due to the lengthy measurements
required to extract this additional information (>24 hours), we extract the cavity lifetime
T; = 210 £ 40 us only from the fit of R(«a(t)), as shown in Fig. 5.14c. This procedure was
only feasible at ®o = —0.5P( as the fluxonium coherence time was insufficient at other
flux bias points. More simulations and considerations on these measurements can be found
in Appendix C.

The cavity mode is continuously coupled to the readout resonator, allowing excitations
to leak out through Purcell decay potentially. To rule out the possibility that the cavity
lifetime is limited by this coupling, we investigate the Purcell effect on the cavity. The
simulations follow the method outlined in Section 5.1.3.2; with the matrix element adjusted
to account for excitation loss from the cavity. In this analysis, we neglect internal losses
of the fluxonium; only the direct loss via the readout resonator is included. The measured
cavity lifetime lies below the calculated Purcell limit of Tﬁ;g‘f}llmc ~ 2.8 ms. This limit
remains nearly constant across the entire flux bias range, except near the point where the
fluxonium’s first excited state intersects with the fundamental cavity mode.

5.3 Dispersive shifts

Having determined all Hamiltonian parameters, the dispersive shift between the qubit and
the resonator xgr and between the qubit and the cavity xgc can be calculated as depicted
in Fig. 5.15. We extract the dispersive shifts xgor and xgc using various measurements,
which will be described in detail below. The different methods are required as xgr is
higher than the qubit linewidth at any external flux, and xgc is lower.

The extracted data is plotted together with the numerical model predictions in Fig. 5.15.
The dispersive shift between the resonator and the fluxonium is much higher than both
the linewidth of the resonator and the qubit, allowing for easy extraction of the quantity
as a function of flux bias. For Fig. 5.15a, several approaches were used. Firstly, because
of the high mode temperature of the qubit, the excited state population is non-negligible
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Figure 5.15: System dispersive shifts. a) The dispersive shift between the qubit
and readout resonator as a function of flux bias. The shaded region corresponds
to a 10% variation in the coupling strength ggr. b) The dispersive shift between
the qubit and high-Q cavity as a function of flux bias. The yellow point is
measured with an echoed conditional displacement sequence, while the rest (red)
are extracted from qubit spectroscopy as a function of the number of photons in
the cavity, measured in the same (full) or consecutive (empty) cooldown. The
shaded region is a confidence interval, which corresponds to 15% uncertainty
of the coupling strength grc. Note the smooth transition between positive and
negative values of the interaction around @y /Py = —0.35.

around ®ey /Py = 0.5, causing the resonator response to split by an amount equal to the
dispersive shift (see Fig. 5.4a). At higher qubit frequencies, i.e., fo1 > 5 GHz, the qubit
cannot be thermally excited by the bath, and the resonator has a single resonance. At these
flux bias points, a two-tone measurement was used, in which an extra tone at the qubit
frequency was applied, while the resonator spectroscopy was monitored. At the high sweet
spot Pexi/Po = 0, XQr Was extracted from the qubit time-domain spectroscopy measured
after populating the resonator by applying a pulse.

The yellow point in Fig. 5.15b was measured with the out-and-back method®. As this
method is time-consuming, only the dispersive shift at ®ex/Po = 0.5 was measured this
way. As the cavity frequency does not change much as a function of flux threading the
fluxonium loop, we use the same photon number calibration from the measured dispersive
shift for the rest of the points in Fig. 5.15b. These points were extracted by monitoring
the qubit frequency after the cavity had been displaced to a different coherent state. We

8The raw data for this measurement can be found in Fig. 5.11.
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fit the qubit resonance shift observed as a function of the photon number and extract the
dispersive shift xgc/2m. These subsequent measurements allowed for fast characterization
of the dispersive shift across the entire flux map.

We notice that in Fig. 5.15b, the dispersive shift xgc is smoothly tunable between positive
and negative values through zero, meaning we can switch off the interaction between the
fluxonium and the cavity. The feature at @y =~ —0.3P(, stems from the crossing between
the fluxonium and the readout resonator (see Fig. 5.1 left). This feature is not detrimental
as the required qubit frequency change to go from xgc /27 = 0Hz to this crossing is about
a hundred times larger than the qubit linewidth, which is limited by flux noise at this flux
bias point, and it would require a large change in ®ct. The largest negative dispersive shift
we measured is min(xgc)/2m = —51 £+ 2kHz, which is comparable to other recent works
[56, 57, 183]. Also, the closest to zero we measured was min(|xgc|)/2m = 30+94 Hz. While
such measured results can also be achieved with a tunable transmon as an ancilla[187], in
this setup, it is possible to tune the interaction strictly to zero without any additional
elements or pump tones. Furthermore, we can tune to the opposite sign of xgc, with our
largest measured value at 78 +£ 9 kHz, similar to tunable transmon implementations using
additional elements like an inductive coupler[188].

The last remark concerns the fitting routine from Fig. 5.1 center. Initially, the non-
linear optimization and curve fitting of the qubit resonance as a function of flux were
executed with a Python solver Imfit with the model given by the scQubits simulation for
fo1. However, the energies from the initial fit were adapted from F;/h = 10.34+0.04 GHz,
Ec/h = 3.36 £ 0.04 GHz, and E;, = 1.038 & 0.003 GHz to the values from the caption of
Fig. 5.1 to accommodate the avoided crossing in Fig. 5.15b, observed around the high
sweet spot. Upon further investigation, the cause of this crossing is the two-photon qubit
transition fi3 crossing the cavity resonance. The exact location of the higher energy lev-
els plays an important role in how y behaves. Even small changes in the qubit energies
E;, Ec, Ep, result in new features, such as the aforementioned avoided crossing. For the
most accurate predictions of the dispersive shift, the fit must include the higher fluxonium
transitions.

5.3.1 Qubit-induced dephasing of the cavity

When the qubit relaxation rate I ? is much smaller than the dispersive shift |xgc/|, the
cavity dephasing time depends solely on the thermal population of the qubit and its
lifetime[189, 190]. If this relationship swaps, i.e., |xgc| < F? (around the zero-crossing
flux bias), the cavity dephasing becomes proportional to X(iév

¥
XQc"h
where ngl is the thermal population of the fluxonium. If we take our best qubit lifetime

TC ~ 40 s, this equation becomes valid for a dispersive shift |yoc|/2m < 4 kHz. Com-
pared to the limit set by the cavity lifetime of 210 us and assuming the same thermal
excitation of the fluxonium as measured at @y = —0.5P, the qubit-induced decoherence
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becomes negligible for |xgc|/2m < 1.8kHz. In fact, this limit is further raised by the
smaller thermal occupation of the qubit at higher frequencies.

As aresult, in the regions where the qubit lifetime is compromised by Purcell decay through
the readout resonator ®ey; ~ —0.3P(, the cavity coherence is preserved as the dispersive
shift is much lower than the qubit relaxation rate (see Fig. 5.15 and Fig. 5.5). To measure
this effect on the cavity dephasing times, fast flux control is required as qubit coherence is
only sufficient at ®eyy = 0.5Pg.

5.4 Kerr shifts

In the coupled fluxonium-cavity-resonator system, nonlinearities originating from the Joseph-
son potential of the fluxonium give rise to both self-Kerr and cross-Kerr frequency shifts.
These nonlinear interactions determine how the resonance frequencies of the cavity, res-
onator, and qubit depend on their photon populations and on the excitation states of one
another. Depending on the context, Kerr shifts can either limit bosonic state fidelities[153,
191] or be harnessed as a resource for generating[192] and stabilizing[117] nonclassical
states.

The self-Kerr shift K; of a mode manifests as a photon-number-dependent correction to
its resonance frequency, such that the effective frequency becomes

where n; is the average photon number in the mode with bare frequency w;.

The cross-Kerr shift quantifies the photon-number-dependent coupling between two modes,
leading to a frequency shift of one subsystem depending on the occupation of the other”.
This interaction can be described by

Hcross—Kerr = hKcrncnra (5.21)

where n, and n, denote the photon-number operators of the cavity and readout resonator.
While Eq. 5.12 does not explicitly include the resonator-related nonlinear terms K, and
K., these contributions are essential for a complete Hamiltonian description of the sys-
tem.

Experimentally, the self-Kerr coefficient can be extracted by measuring the cavity resonance
frequency as a function of the average photon number, typically calibrated through the
drive amplitude. Alternatively, the out-and-back protocol (see Sec. 5.2.3) offers a more
sensitive method, capable of resolving frequency shifts on the order of a few hertz. The
data presented in Fig. 5.16a are obtained following the same analysis procedure as in
Fig. 5.11. Notably, the cavity self-Kerr coefficient changes sign at the avoided crossing
with the qubit. Although its magnitude remains on the order of a few hertz across most

9The dispersive shifts yor and xoc are often referred to as the cross-Kerr coefficients between the qubit
and the resonator, and the qubit and the cavity, respectively.
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Figure 5.16: Kerr shifts. a) Cavity self-Kerr K, is extracted with the help of out-
and-back protocol. This is done for both above and below the bias point @, ~
—0.372®¢, where the cavity and the qubit cross. The Kerr shift changes its sign,
ie. K./2n(®x —0.010®¢) = —6 + 1 Hz, and K./27(P« + 0.014Py) = 3 £ 1 Hz.
b) The cross-Kerr coefficient between the cavity and the resonator is measured
via the shift of the resonance frequency of the latter. The extracted shifts for
the low and high sweet spots are respectively K,./27(0.5®¢) = —138 + 15Hz
and K,./2m(0®¢) = 16 £ 18 Hz. All data has been shifted by the offset A/2m,
extracted from the linear fit to Eq. 5.15.

of the flux bias range, it diverges near the avoided crossing'’, highlighting a regime where
the enhanced Kerr nonlinearity could be harnessed for generating cat states. The self-Kerr
of the readout resonator was not measured.

The cross-Kerr shift is experimentally measured by monitoring the readout resonator fre-
quency shift after applying a displacement pulse of varying amplitude on the cavity. The
frequencies are extracted by taking the minimum of the spectroscopy transitions, which
is why no error bars are present on the plot. The results for both flux sweet spots are
summarized in Fig. 5.16b. This concludes the characterization of the system, with the
results summarized in Table A.1 from App. A.

0The cavity self-Kerr diverges also around ®ext =~ —0.23Py.
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CHAPTER

Dissipative cat code with SNAIL in 3D
cavities

The initial goal of this project was to realize a logical dissipative cat qubit. In retrospect,
this objective was overly ambitious for the scope of a PhD project, though this became
clear only during my research stay at LPNS in Paris. As my understanding of dissipation
engineering deepened, so did my awareness of its practical limitations, and the prospect of
achieving a 3D dissipative cat—or even a logical qubit—became increasingly remote. The
following analysis ultimately led to the decision to abandon this direction.

To advance beyond the current state-of-the-art architectures, we considered a 3D seam-
less cavity resonantly coupled to a two-photon dissipation element. Several approaches to
engineering such an interaction were evaluated, including the Asymmetrically Threaded
SQUIDJ[121] (ATS), the Superconducting Nonlinear Asymmetric Inductive eLement[193]
(SNAIL), and the rf-SQUID[194]. Their respective advantages and drawbacks in the con-
text of a 3D implementation are summarized in Table 6.1. An honorable mention goes
to the Josephson Ring Modulator[195] (JRM), which also supports three-wave mixing but
involves three modes. Even when tuning the memory and buffer to two of these modes,
the Wheatstone-bridge geometry cancels mixing terms of the form ¢ ch%; (or equivalently
©pp2,)t, which are essential for implementing two-photon dissipation.

The ATS represents the most widely used method for realizing two-photon dissipation.
While most implementations rely on 2D resonators as memory modes, Ref. [150] reports
the first integration of an ATS within a 3D cavity. In that setup, flux bias lines wire-bonded
to a printed circuit board (PCB) are employed to tune the device, and an on-chip Purcell
filter is added to prevent memory leakage through the buffer. As summarized in Table 6.1,
the main challenge in this design is achieving differential biasing. To circumvent this, we
propose using two offset flux hoses in place of the bias lines, together with a modular
Purcell filter[153] instead of the on-chip version.

The ATS creates a two-photon exchange with rate go = %EPQO%L@(), where E; is the
Josephson energy of the junctions and ¢, is the amplitude of the pump tone, used to match
the frequencies, i.e., wy = |2wy, —wp|. A typical parameter regime for a 3D implementation
is €y <1, ¢, = 0.01 and ¢y ~ 0.1.

'Here, ;, short for @zpf.,i, denotes the phase zero-point fluctuations of mode ¢; X, Y are two of the modes
that JRM supports, while the indices b, m correspond to buffer, memory.
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Table 6.1: Advantages and disadvantages of different two-photon dissipation
elements in a 3D architecture.

H Element \ Advantages Disadvantages \ Biasing H
ATS 1. flux bias for desired differential flux 1. PCB integrated[150]
operation at the bias in 3D 2. two offset flux hoses
sweet spot
2. high g9
rf-SQUID | 1. easy to implement flux bias for desired flux hose
in 3D operation not at the
2. high g9 sweet, spot
SNAIL easy to implement flux bias for desired flux hose
in 3D operation
1. not at the sweet spot
2. coincides with
Wy = 2w,

An alternative approach employs an rf-SQUID as the mixing element. Its main advantage
lies in its simplicity of fabrication, requiring only a single Josephson junction shunted by
a superconducting loop. This circuit naturally exhibits a Kerr-free point at @ey = /2.
In this configuration, the two-photon exchange rate is given by go = %gpfngob, which, for
comparable junction parameters, can reach values similar to those of the ATS (depending
on €,). However, this design also presents drawbacks: the frequency exhibits a steep
gradient at the Kerr-free bias point, and to avoid hysteresis, the junction inductance must
exceed that of the loop, placing constraints on the Josephson energy. Furthermore, the
loop inductance cannot be reduced arbitrarily, as it is limited by practical considerations
on the strength of the applied magnetic field.

The final candidate for a dissipation element is the SNAIL. While it circumvents the biasing
difficulty, it possesses other disadvantages compared to alternative wave-mixing elements.
Those will be discussed in the following subsection. However, at the time, it seemed like
the most straightforward option for engineering the two-photon dissipation of our memory
mode.

6.1 Diagonalization

The SNAIL consists of a superconducting loop interrupted by several Josephson junctions
arranged asymmetrically: typically one small junction in parallel with n larger ones. The
Hamiltonian of a SNAIL embedded in an LC resonator (see the left part of the circuit in
Fig. 6.1) reads

FE
Hsnarr = 4Ecn? + TL(@ — ¢a)? + Us(¢a). (6.1)
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Figure 6.1: Lumped element circuit representation of a memory and a buffer mode
with a SNAIL. For the sake of visual clarity, the junction notations are missing,
except for a, denoting the junction with energy aF;.

where we have introduced ¢ as the total phase across the capacitive portion of the circuit.
The non-linear potential energy is

Us = —aFjcosp, —nkEjcos (M) (6.2)
n

where ¢, is the superconducting phase across the small junction, « is the junction asym-
metry ratio, and @ext is the reduced external flux threading the loop. The SNAIL has the
following current-phase relation

_ iaUS _ & . . Ps — Pext
Is(ps) = o0 02. o0 {asm(gps) + sin <n ﬂ . (6.3)

The asymmetry between the junctions breaks the inversion symmetry of the current-phase
relation, enabling odd-order nonlinearities (e.g., three-wave mixing) that are forbidden in
symmetric circuits like the SQUID. In the limit of small phase fluctuations, the potential
Us can be Taylor expanded around its minimum, which is determined by the condition
that no DC current flows across the SNAIL, i.e., Is(pamin) = 0. We get the effective
potential in terms of $o = Yo — Pa,min

- Cy _
Usefs(¢s)/Es = 59@3 +

C3 . Cq
@+ Egoi + o (6.4)

3!

The coefficients ¢z and ¢4 are flux-tunable and correspond to the three- and four-wave
mixing capabilities of the SNAIL.

For a memory mode, capacitively coupled to a buffer mode with embedded SNAIL (see
circuit in Fig. 6.1, the total Lagrangian is

_ Cmga 1 Cs
2 ™ 2L, ™ 2
$,\° —
+¢>a+<a> —i—ozEJcoscpa—i-nEJcos(M)
n

L
21,

. . Cs .
(B — €1)° = 57 (B0 — Bp)* + 70
(6.5)

n n
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Note that, due to the added junction capacitance, the SNAIL possesses a mode with an
independent phase variable ¢,,, otherwise p, = o (¢p). Rewriting the Lagrangian to group
all flux variables, we get

Cb+05-2+0m+05d)2 +Cj7eff¢2

L= =10 5 2 5 — C, 0D,
1 2 1 2 2
¥ B —<1> Lo,
oL, b oL, om ar, et T, Pe® (6.6)

4+ aFjcos pq +nEjcos (M>
n
where we have introduced an effective junction capacitance Cj.rr = Cy (a + %)

We use Legendre transform to define the conjugate charges Q; = dL/0®;

(Cy+ Co)Ppy — Cs®@py = Qp (6.7a)
(Cm + Cs)q)m - Csci)b - Qm (6.7b>
Creri®a = Qa. (6.7¢)

We then calculate the Hamiltonian using H = )", @% - L

Cy + Cs <(Om +Cs)Qp + Cst>2 Com + Cs <<0b +Cs)Qum + chb>2
H = +
2 Cnorm 2 Cnorm
1 Cs
+ 26,7@ C2 ((C +C )Qb+C Qm) ((Cb+CS)Qm+CSQb)) +U(EJ)
Jeff norm
(6.8)
with the normalization factor defined as Chopmn = CinCp + CsCp + CsChy,.
We introduce renormalized capacitances for each mode
CI;; = ((Cp + C5)(C + CS)Z - Cg(cm + CS))/ norm (6.9a)
Cs_,% = ((Cm + CS)(Cb + C )C 03)/ norm (69b)
Crain = (Con + C5)(Cy + C5)? = C2(Cy + Cs)) [ Cr o (6.9¢)
and rewrite the Hamiltonian as
_ QL Qh Quam QF 1 1 )
= 5 T 2Cmn T Con 20, T 2qu)b e oz, o 2L ®am T, b+ U(ES)

(6.10)

Similarly to the fluxonium, we use the Fock basis {|bma) } for numerically diagonalizing this
circuit, where b, m and a represent the number of excitations in the buffer-like, memory-
like, and SNAIL-like modes, respectively.
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. (s 2 . . . 2 .
Defining the capacitive E¢; = 56— and inductive energies Ef ; = % for each mode i, we

i,m

get the following expression

H = 4Ecy(bmalni|b'm’a’) + 4Ec ,, (bma|nZ, |b'm/d’) + 8Ec s (bma|nyng|b'm’a’)

Ery Ery (

+ 4E(j7a(bma|n2]b’m'a’> + <bma!g0§]b/m’a’> + bma]gai]b'm’a’> . (6.11)

Erm
— Erp{bmaloppa|b'm’a’) + %(bmahpmb'm’a') + (U(Ey))

The dressed frequencies of each element are w; = /8E¢;Er ;, and the zero-point fluctu-
4/ 2E¢;

ations are rescaled with the new energies, i.e., p.,r; = o for the flux and n,r; =
3
¥ 3 ELCZ for the charge number variable. Moreover, we can introduce the coupling rates
X3

between the buffer and the SNAIL modes g; = Erp¢@.pfp9Pzpf.ar a8 well as between the
buffer and the memory modes g. = 8E¢ sn.pfpnzpfm- The final Hamiltonian that goes
into the numerical simulation is the following

H=h Z (wpb + wimm + waa)|bma) (bmal

b,m,a€EN

— hg. Z (bma|mb + mibt — mfb — mb'|b'm’a)
b,m,a,b’,;m’'eN

—hg; Y. (bmalab+ a'b’ + alb + abl|bm’a’)
b,m,a,b’,a’eN

—aklly Z Caa’ (¢a)|bma) (bma’| (6.12)
b,m,a,a’ €N

—nEj|cos(pext) Z Caa’ <('j;¥) |bma) (bma'|

b,m,a,a’ €N

Ssin(pos) 3 s (22 |bma><bma'\]

b,m,a,a’ EN

where the matrix elements have been defined in Eq. 3.9.? In this Hamiltonian, all terms
contribute to the diagonal elements, except for the ones in the second and third lines of the
equation. The frequencies of the dressed modes, together with their tunability, are derived
by numerically diagonalizing Eq. 6.12.

2For ease of reading, I repeat Eq. 3.9 here
cki(p) = (k| cos(p)|l)

B (—1)% vV %(szpf)l_ke_(%f’f)z/{?,é*k I:(()Ozpf)Q:I for k + 1 even (6.13a)
0 for k41 odd

_Jo for k+ 1 even (6.13b)
(-1 75 B pupg) e 2L (oo )] for k41 odd.
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Figure 6.2: Dressed frequencies and nonlinearity coefficients of a SNAIL, em-
bedded in a buffer mode, coupled to a memory mode. a) Frequencies of the
two-photon memory transition fJ5 and the single photon buffer transition f&
as a function of both the external bias and the junction imbalance . b) Line
cuts from a) for @« = 0.3. c) Nonlinear coefficients for three- and four-wave
mixing, ¢3 and ¢4, respectively. d) Line cuts from c) for a = 0.3. Parame-
ters: Ey = 20GHz, Z, = 226, Z,, = 66, f,, = 4.484 GHz f;, = 7.833 GHz,
a=03,n=3,Chp =108 fF, C; =10 fF. The parameters are picked in a
way that the zero crossing of ¢4 is at the same flux bias as the avoided crossing
between f& and fI3, i.e. ¢exs = 0.387. The thin black line in a) and c) shows
where the coefficients ¢3 and ¢4 change sign.

Figure 6.2 presents the results of the diagonalization. The first row shows the dressed
frequencies corresponding to the two-photon transition of the memory mode and the one-
photon transition of the buffer mode. As seen in Fig. 6.2b, these modes exhibit an avoided
crossing around ¢ey; = 0.387, indicating a resonant two-to-one-photon exchange. At this
same bias point, the four-wave mixing coefficient vanishes, resulting in a purely three-
wave mixing process—that is, a Kerr-free interaction. One of the main challenges lies in
designing and fabricating such a dissipative element with sufficient precision to achieve this
delicate balance required for a resonant, Kerr-free operation.
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6.2 Dissipation engineering

Once we have diagonalized the Hamiltonian from Eq. 6.12, we can express it in the second
quantization notation

H/h = Ommm + apb'b + Oaala + U(E) (6.14)
where @; are Lamb-shifted frequencies of each mode.

zwdeb i2d me ioaala

In the rotating frame U = e e , where wy is the drive frequency, the

Hamiltonian is transformed to
Hyot/h = <(Z)m — u;) mim + (p — wd)bTb — aFjcosy + 3E; cos <%Xt3_(p> (6.15)

where the phase operators take the form ¢ = ;¢ ) 1 @i(17 +1),% with the newly defined

rotated annihilation operators @ = e~ @otq b = e~ ™watph and m = e~ wWat/2p
For n = 3 and low zero-point ﬂuctuatlons, we can expand the cosine terms in the poten-
tial

9 4 2 4 3
o _ e et N L
U(EJ) ~ —aky (1 ol + 4|> 3E; [COS@ext (1 399] + 344|> —+ SIN Yext (3 333[)

(6.16)
By replacing the operators with their expressions as a function of the rotated annihilation
and creation operators, we get a plethora of interactions of different orders. After Rotating-
Wave Approximation (RWA), the terms :7¢ would shift the respective mode frequency, the
terms 415 (ij7) would alter the coupling between the mode with creation (annihilation)
operator ' (i) and the mode with annihilation (creation) operator j (j'). Third-order
terms correspond to three-wave mixing processes. In particular, what we are interested
in is the mixing terms converting two photons in the memory to one photon in the buffer
mode, i.e., terms of the type 2, ¢

Hsw/h = 5—4EJ sin goextgomgob(( ) b+ m2bT) = ga(m )213 +g*m2l~)T. (6.17)

Upon driving the buffer on resonance wy = wp = 2w, photons are injected into the system
and immediately converted into pairs of memory photons. The process is described by the
Hamiltonian

Hawar/h = go((mh)20+m2b") 4+ eqb’ +€5b = go (( N2 4+ ;d) b+ g3 <m2 + ;i) b, (6.18)
2 2

After adiabatically eliminating the buffer mode, the memory dynamics are described by the
dissipator from Eq. 2.44, which stabilizes the manifold {|«),|—a)} with o = y/eq/g5.

Any other mixing process left after the RWA is parasitic. The most pronounced parasitic
process is the four-wave mixing, governed by the Hamiltonian

K K K
Hawyr /b=~ —*(a")*a® — =7 (mh)*m? — =2 (0%
awn/ 5 (a')a 5 (m') m (b")? (6.19)

ab&TELi)TE — Kmmerhi)TB — amaTame.

3Here, we use the shortened notation ¢; = p.pf ..
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Here, we have introduced both self- and cross-Kerr coefficients, i.e,

o 1
Ki = Ejp} (2 + 51 9 @ext) (6.20)
and
9 o[ 1
Kij = Ej9;¢j @3 + 162 08 Pext ) - (6.21)

respectively, which can be canceled by tuning eyt such that the expression in the brackets
for either K; or Kj;; nulls.

6.3 Discussion

One of the most important figures of merit for a dissipative cat is the ratio between the two-
photon dissipation and the single-photon loss rates. This ratio determines the protection
of the dissipative cat qubit against phase flips. Therefore, a ratio of at least xg/k1 > 102
is desirable for the operation. So far, the highest ratio reported is in Ref. [122], which
implements a resonant two-photon exchange, similar to the concept described here.

To boost this ratio, one can take two different paths: decreasing the single-photon loss of
the memory or increasing the two-photon dissipation rate. The former can be achieved by
using 3D seamless cavities instead of 2D resonators, as they generally have higher lifetimes.
However, the zero-point fluctuations reduce significantly as these structures have much
higher self-capacitance. This, in turn, harms the two-photon exchange gs. As a reminder,
for adiabatic elimination we require that |g2| < Ky, and the two-photon dissipation rate
is ko = 4|g2|/kp. A delicate balance between these parameters needs to be achieved, as
simply increasing x; would decrease the two-photon dissipation rate and compromise the
cat qubit operation.

In 3D cavities, the zero-point phase fluctuations ¢, are typically on the order of ~ 0.01,
and since they enter the two-photon exchange rate quadratically, their impact is further
amplified. These fluctuations can be increased by enhancing Ej, g;, or g.. However, it
should be noted that modifying E; also strongly affects the mode frequencies, which com-
plicates the task of matching the Kerr-free bias point to the avoided crossing. Considering
state-of-the-art experiments, such as the ones from Ref. [122] and [24], and the time it
takes to engineer such interaction by a one-man team, after my stay in LPNS, a decision
was taken: the project will not proceed in this direction.



CHAPTER

Fast flux implementation

The ultimate objective of this work is to utilize the system for generating quantum states.
As discussed earlier, the dissipative approach to realizing cat states is no longer considered
feasible within the current experimental constraints. Alternative strategies were therefore
explored, including the coherent exchange of excitations between the fluxonium and the
cavity for Fock state preparation, the generation of resonant cat states[196], the applica-
tion of variational or machine-learning-based optimization techniques for arbitrary state
synthesis[57, 183], and the exploitation of the self-Kerr nonlinearity to engineer multi-legged
cat states[192]. For the majority of these protocols, the state preparation and subsequent
tomography are performed at distinct flux bias points, thereby requiring fast flux control
of the device. Precise control of the magnetic flux threading a superconducting qubit loop
is essential for achieving high-fidelity gate operations, especially when fast flux pulses are
used to dynamically tune the couplings.

Implementing fast flux control in superconducting circuits presents several experimental
challenges. The primary difficulty lies in balancing the need for high bandwidth with the
requirement for low noise. Flux lines must be heavily filtered and attenuated to suppress
thermal and flux noise, but these components inherently limit the achievable pulse speed.
Moreover, fast flux pulses can suffer from distortions and dispersion due to impedance
mismatches, reflections, bandwidth limitations, and filtering effects along the wiring, ne-
cessitating precise calibration and pulse pre-compensation. Overcoming these challenges
requires careful line design, shielding, and calibration to enable high-fidelity, fast flux op-
erations without compromising qubit performance.

This chapter outlines the strategies developed for fast flux tuning and pulse pre-compensation.

It explores the possible approaches for generating non-classical states within the system
and discusses the associated experimental challenges. Finally, the chapter presents some
efforts towards the experimental realization of a Kerr cat state.

7.1 Filtering and precompensation

Flux control waveforms generated by an arbitrary waveform generator (AWG) are subject
to distortions along the flux control line. These distortions arise from various sources,
including the finite bandwidth of the AWG, the wiring and components between the room-
temperature electronics and the cryogenic device, as well as the device packaging. Filters
placed along the signal path each introduce their own time constant, which is determined

95
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by their design parameters, such as type and cutoff frequency. As a result, compensating
for these distortions requires addressing effects across a wide range of time scales, from
nanoseconds to tens of microseconds.

The step response of the full signal path contains all the information to model the response
to an arbitrary pulse'. From that information, we can extract the time constants of the
path response and apply digital filters at the AWG level that adjust the pulse in a way that
compensates for the distortions. Depending on the time scales and the response, different
filters can be used. All digital filter information is summarized in Table 7.1.

Table 7.1: Types of digital filters[197] applied for correcting a distorted signal.
The first three filters are of the type Infinite Impulse Response (IIR) filters,
which respond indefinitely, while the last is a Finite Impulse Response (FIR)
filter, which has a finite duration. Here, 7 is the filter time constant, k() is the
filter kernel, A is the filter amplitude, * denotes convolution, and x(t) is the
input signal. This table is rewritten from the Zurich Instruments (ZI) HDAWG
manual[198].

H Compensation ‘ Model response y(t) ‘ Applications ‘ Time scales H

High-pass e tT DC-block, Bias-tee few hundred ps

to hundreds of ms

Exponential 1+ Aje U7 LCR elements, few ns to a few ms

i.e. low-pass filters
Bounce z(t) + Agy(t — 1) reflections due to up to a hundred ns
impedance mismatch

FIR k(t) = z(t) short timescale distortions few tens of ns

While the room-temperature part of the signal path can be directly characterized by mea-
suring the response to a square pulse with an oscilloscope, the section inside the cryostat
remains inaccessible. Due to the components on the line, the signal behaves differently
under cryogenic conditions, even if measured at room temperature. This necessitates spe-
cialized methods to characterize and correct the full response of the flux control line. In the
following section, I discuss the most common strategies for measuring and compensating
distortions in flux bias lines.

7.1.1 Cryoscope

The Cryoscope technique, developed in Ref. [199], uses the qubit itself as a fast, high-
sensitivity flux-to-frequency transducer. The principle relies on a modified Ramsey in-
terferometry sequence, schematically shown in Fig. 7.1. In this protocol, a flux pulse of
controlled amplitude and duration ¢, is applied to the qubit between two 7/2 pulses. The
qubit accumulates a phase ¢(t,) that depends on the instantaneous qubit frequency wq(t),

Tdeally, the impulse response to a Dirac delta pulse should be measured, but such a pulse is inaccessible
with an AWG.
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which in turn depends on the applied flux ®(¢). The accumulated phase can be expressed
as

tP
olty) = [ dwy(@(t) (7.)
where dw,(®) is the deviation of the qubit frequency from its idle value. By measuring the
expectation values (o) and (o,) as a function of ¢, (see Fig. 7.1b and c), one can extract

¢(tp) as shown in Fig. 7.1d and thus reconstruct dw,(t) = ¢t§f:5;¢t, providing a direct

measurement of the flux waveform experienced by the qubit. By comparing the measured
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Figure 7.1: Cryoscope. a) Sequence. The flux pulse duration ¢, € [0,340]ns is
always smaller than the fixed time t,, = 528 ns between the two pulses and
starts 67 ns after the start of T'(¢,,). b) Measured (o,) and (oy) as a function of
time, with the longest flux pulse amplitude (right y-axis) plotted in black. c)
Qubit trajectory in phase space as a function of time, indicated by the colorbar.
d) Accumulated phase. e) Extracted change in frequency due to the applied
flux pulse. In both d) and e), the data is plotted in blue, while the solid purple
line is the data smoothed by applying a fourth-order Savitzky-Golay filter with
a window size of 20 samples.
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frequency response with the target waveform, one can extract the impulse response function
(or equivalently, the transfer function) of the flux line. Once the line’s transfer function is
known, pre-compensation can be applied to future control pulses—typically by filtering the
waveform through the inverse transfer function—so that the flux at the qubit follows the
desired temporal shape with high accuracy.

The Cryoscope technique enables precise calibration of flux control lines over a wide dy-
namic range and across multiple time scales, without requiring direct access to the cryogenic
circuitry. However, the accessible time window is ultimately limited by the qubit’s Ramsey
coherence time TQR. In this setup, T: QR was observed to decrease from approximately 10 us to
2 us after replacing the DC wiring with a coaxial line. The formation of ground loops most
likely causes this degradation. Since the coaxial cable is directly connected to the refriger-
ator without a DC block, ground noise is coupled into the flux line, effectively translating
into additional flux noise at the qubit. Moreover, the accuracy of this method is directly
correlated to the amplitude of the pulse: the bigger the displacement, the better the con-
trast, but also the higher the sensitivity to flux noise. Due to all these constraints, the
extracted change in frequency has an insufficient signal-to-noise ratio even after smoothing
the data with a fourth-order Savitzky-Golay filter (see Fig. 7.le). Therefore, alternative
methods must be used to calibrate the flux control line.

7.1.2 Spectroscopy

A less accurate method involves measuring the spectroscopy of the qubit as the flux pulse is
applied. This method depends on the qubit lifetime 73 instead of the Ramsey decoherence
time TQR. This method is used in this manuscript due to the limitations of the qubit
decoherence time. The protocol is presented in Fig. 7.2a. A m—pulse is played after some
varying delay t¢,, 1. For the readout contrast to be consistent, the time after the m—pulse
tw,2 is varied such that the sum ¢, 1 + t, 2 remains constant. For an uncorrected pulse,
the response corresponds to a low-pass filter (see Fig. 7.2b top left), which is consistent
with other flux hose devices of the type[151]. The frequency is extracted by fitting each
resonance to a Lorentzian curve. Due to the non-linear voltage-frequency relation, the
frequencies need to be converted to bias currents and then fitted to the filter responses
from Table 7.1 and corrected for.

Using a set of five exponential filters, we compensate for most of the distortions arising
from the low-pass response of the flux control line, as illustrated in Fig. 7.2b (bottom left).
However, the accuracy of this correction is inherently limited by the m—pulse duration.
Achieving compensation on shorter time scales requires the application of shorter m-pulses.
The minimum achievable pulse length is constrained by the sampling rate of the arbitrary
waveform generator: in our setup, the Quantum Machines hardware allows for a minimum
pulse duration of 16ns, while the Zurich Instruments AWG enables pulses as short as
13.33ns. Such short pulses exhibit a broad spectral width, which in turn broadens the
qubit resonance, making the precise determination of its frequency more challenging (see
right column of Fig. 7.2b). A zoomed-in view of the response in the bottom left panel is
shown in the top right panel of Fig. 7.2b. By including four additional filters, we observe
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Figure 7.2: Flux line calibration via spectroscopy. a) Pulse sequence. The sum
tw,1 +tw 2 remains constant while both wait times are varied. b) Compensation.
The 7-pulse length for the left column is a Gaussian with ¢ = 25.33 ns, and for
the right column with ¢ = 2.67ns. The top left panel is the raw response
to a square flux pulse. The bottom left panel is corrected with five exponen-
tial filters with the following parameters: A; = —0.0407, 7 = 7.119 us, Ay =
—0.4969, » = 66.5ns, A3 = —0.1058, 73 = 999ns, Ay = —0.4839, 74 =
12.51ns, As = —0.157, 75 = 188.8 ns. The top right panel is a zoom of the area
indicated with a magenta square. The bottom right panel is corrected with
three additional exponential filters with the parameters: Ag = —0.4839, 74 =
12.51ns, A7 = —0.4839, 77 = 23 ns, Ag = —0.4865, 75 = 15.58 ns. All the fil-
ters are multiplied.
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a further improvement in compensation performance and response speed, as shown in
Fig. 7.2b (bottom right).

The corrections were confirmed by measuring the Ramsey time as a function of qubit
frequency 70 ns after applying the flux pulse. This measurement is more sensitive to pulse
distortions compared to a simple spectroscopy measurement, but less sensitive compared
to the cryoscope protocol. As long as the Ramsey time is stable over the time it takes to
measure the characteristic function, the state tomography would be possible. The results of
such a measurement are presented in Fig. 7.3. The only distortion which is uncompensated
for is a weak oscillation in the first 200 ns, which is correctable with a bounce filter.
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Figure 7.3: Ramsey decoherence time measured 70 ns after a flux jump from the
avoided crossing between the qubit and the cavity to the low sweet spot of the
qubit.

7.2 State creation

The preparation of non-classical bosonic states in superconducting circuits is a key ingre-
dient for exploring quantum information processing with continuous variables and for im-
plementing hardware-efficient error correction schemes. Without two-photon stabilization,
we explore different techniques to generate a non-classical state in the system. Depending
on the strength of the qubit-cavity coupling and the accessible control techniques, various
approaches can be employed to generate and manipulate bosonic states. In this section,
we focus on three conceptually distinct protocols relevant to the fluxonium-cavity archi-
tecture: vacuum Rabi state transfer, resonant cat state creation[196], and Kerr-cat state
generation[192].

In the dispersive regime, the qubit-cavity system is well described by the dispersive Hamil-
tonian from Eq. 2.33?. However, when the detuning between the two subsystems is reduced

2For ease of the reader, I include the dispersive Hamiltonian here: Haisp = fi(wr + on)aTa + MU,
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via a fast flux pulse, the system temporarily enters the resonant regime, governed by the
Jaynes-Cummings Hamiltonian,

Hjc/h = wea'a + %UZ +goc(a'o_ +aoy), (7.2)

where ggc is the coupling rate. In this regime, the excitation coherently oscillates between
the qubit and cavity at the vacuum Rabi frequency Qg = 2ggc, enabling deterministic
preparation of single-photon Fock states through timed excitation swaps. Higher-order
Fock states can be synthesized by repeating the sequence of excitation and swap operations,
provided fast flux control with nanosecond precision is available[200, 201]. Additionally,
this protocol requires the lifetime of both the qubit and the cavity to be longer than the
time required for swapping the excitation tswap = 7/290c-

Beyond Fock-state generation, resonant cat state creation exploits the evolution of the sys-
tem under the JC Hamiltonian after preparing the cavity in a coherent state and the qubit
in [£Y) or |£Z). After a time teolapse = V2/ gqc, the vacuum Rabi oscillations collapse
and a cat state is formed, as demonstrated in Ref. [196]. Achieving this regime requires
precise control of both the flux trajectory and pulse timing, as well as high coherence times
of the qubit.

Alternatively, cat states can be generated by exploiting the cavity’s intrinsic self-Kerr
nonlinearity. In this regime, the phase-space evolution of an initial coherent state undergoes
self-interference due to the photon-number-dependent phase accumulation, leading to the
formation of multi-component cat states[192], i.e., n-legged cat state after a waiting time
teatn = 2m/nkK. In this system, the Kerr nonlinearity can be tuned via the flux bias,
opening a path toward Kerr-cat creation.

Each of these state-preparation techniques presents distinct experimental challenges. Among
them, Kerr-cat creation is the most practical choice, as it requires optimizing only a single
step of the square flux pulse rather than both steps needed for the vacuum Rabi protocol.
Moreover, its performance depends primarily on the qubit relaxation time TlQ ;3 rather
than the coherence time TZR, which limits the resonant cat protocol. For these reasons,
we focus on generating a four-legged Kerr cat state using this approach. The following
sections describe the implementation of the method, the associated calibration procedures,
and the experimental results obtained in the fluxonium-cavity system.

7.2.1 Geometric phase calibration

We use characteristic function measurement for the bosonic state tomography. For this
purpose, the qubit is prepared in a superposition [¢;) = |+) = (|0), + |1>q)/\/§. After
the ECD gate, the qubit acquires an additional phase, i.e., the final qubit state is [¢f) =
(10), + e 1) 2/ V2. This phase can be analytically calculated by solving the Schrédinger
equation for the system during the gate (see Supplementary material of Ref. [183] for

3Due to the stronger cavity-qubit hybridization close to their avoided crossing.



102 7.2 State creation

detailed derivations). We only present the results of this calculation. The phase is given
by

o(t) = —2 /0 "Rl (r)o(r)dr (7.3)

Here, 0(¢) is the conditional displacement
¢
3(t) = = [ sinfo(r) = o(0)e(r)ar (7.4)

€(t) is the pulse sequence from Eq. 5.16 and ¢(t) = —*2< [y 2(T)dr represents a qubit-state-
dependent rotation of the cavity with z(¢) = 41 being the sign of o,. This accumulated
phase can either be calculated and compensated for analytically or it can be directly
extracted from experimental measurements.

a)
‘0>q — X’IF/Z |X7r | XW/Z/YW/Z
|0>c - EOD(&) ECD(—ﬁ)
b)
RN
W, b4 it
o | p* N \~_—l’~

o 10), 1D, @ [0/1),

Figure 7.4: Phase accumulation during ECD. a) Protocol for measuring the accu-
mulated phase. b) Phase space trajectories. The first two panels are identical
to those in Fig. 5.10b and represent the first ECD gate. The other two panels
represent the second ECD gate after the m—pulse. The enclosed areas, which
correlate to the accumulated phase, are highlighted for each panel. The red lines
and arrows highlight the imperfection between the final state and the vacuum.

The employed protocol is shown schematically in Fig. 7.4a. The qubit is initialized in a
superposition state, followed by the application of an ECD gate. To extract the geometric
phase, the phase-space trajectories must form closed loops; hence, a second ECD gate
with the opposite displacement is applied after a m—pulse on the qubit. The expectation
values (o) and (o) are then measured to determine the acquired phase 6. Note that the
measured accumulated phase is 26, due to the phase space trajectories encompassing twice
the area of the ECD during the protocol.

As illustrated in Fig. 7.4b, the trajectories do not close perfectly after applying ECD(—§).
A more accurate implementation would replace EC'D(—¢) with the inverse operation
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ECD™(¢), achieved by reversing the gate order®. If the correction factors r; and 79
are sufficiently close to unity, the residual error due to imperfect closure is negligible.

a b
) 0 (rad) )

AWG amplitude Q (arb)
o
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AWG amplitude /(arb) 6 (rad) AWG amplitude /(arb)

Figure 7.5: Reconstructed accumulated phase and corrections. a) Reconstructed
phase (left) from the measurement (right). The black line on the left plot de-
notes where the data was sampled. Blue dots in the right plot are the extracted
phase from the measurements, while the red line represents the ideal case of
a parabolic dependence. b) From the reconstructed accumulated phase 6, the
correction €' is calculated, with its real and imaginary parts plotted here.

The results of the phase calibration measurements are presented in Fig. 7.5. The phase was
measured along the I = 0 axis with small amplitude steps. Since the correction depends
only on ||, the complete phase correction map can be reconstructed for the specific phase-
space grid later used in the characteristic function measurements. This is done for each
point in phase space with coordinates (AI,AQ)5, calculating (/A% + AZQ and taking the
measured ¢ corresponding to the closest value Ag measured in phase space. For the phase

space points, where , /A% + AzQ > 2, the last measured point , /A% + A% = 2 was taken for
the reconstruction.

To ensure sufficient qubit coherence during tomography, the waiting time in the ECD
gate was decreased to t,, = 200ns. This modification necessitates a recalibration of the
conversion factor between the AWG output amplitude and the corresponding displacement
in phase space; therefore, the axes in Fig. 7.5 are expressed in units of AWG amplitude.

The nominal output voltage recommended for the Octave module is limited to 0.125V,
which was initially used for the pulse amplitudes. The reason for this is most likely to
avoid saturation of the built-in amplifiers. However, to sample regions of phase space
farther away from the vacuum, the maximum pulse voltage was intentionally exceeded up
to 0.3 V. As a result, the measured phase deviates from the expected parabolic dependence
on &, as illustrated by the discrepancy between the data and the red curve in Fig. 7.5a
(right). Consequently, the phase-space response becomes increasingly nonlinear once the
normalized amplitude exceeds unity.

Yie. D(—)T (tw)D(r10) X D(r1a)T (ty)D(—r2)
5Here, A; /@ are the real and imaginary parts of the AWG amplitudes.
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Figure 7.6: Steps for correcting the characteristic function of a vacuum state.
1. Shows the raw data. 2. The same state after applying the correction from
Fig. 7.5b. The black lines denote the locations from which the linecuts were
taken for each colormap. The red lines represent a Gaussian fit to the data (the
same for both linecuts). 3. From the o of the fit, the { can be extracted. The
characteristic function is limited in the range [—1, 1], so the data is normalized
and multiplied by ¢ (the imaginary unit).
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The simplest benchmark state for validating the phase correction is the vacuum state.
As previously discussed, the real part of its characteristic function should form a two-
dimensional Gaussian centered at the origin, while the imaginary part should ideally vanish.
However, the measured data exhibit nonzero values in both components, as shown in
Fig. 7.6 (top). To compensate for the acquired phase, we apply the transformation C - €',
with the resulting characteristic function displayed in Fig. 7.6 (middle). Interestingly,
the real and imaginary components appear swapped relative to the expected behavior.
Multiplying the corrected data by an additional factor of ¢ restores the correct orientation.
The precise cause of this anomaly remains unclear, though it is likely related to hardware
implementation details, such as the OPX-Octave interface (see App. F).

Even after applying the phase correction, residual features remain visible in the real part
of the characteristic function. These appear either near the vacuum state or at larger
displacements, specifically for points where ,/A% + Aé > 2. The latter artifacts originate
from the extrapolated correction beyond the measured region and could be mitigated by
performing the phase calibration along one of the diagonal axes, I = Q or I = —Q.
The residual signal near the vacuum requires further investigation, as its origin is not
immediately clear. The linecuts, however, show that the residual information is negligible
compared to the signal in the imaginary part.

Finally, linecuts of &(C) along the I = 0 and @ = 0 axes are fitted to extract an updated
conversion factor between the AWG pulse amplitude and the corresponding phase-space
coordinate . Moreover, the characteristic function C(§) is multiplied by the imaginary
unit ¢ and subsequently normalized to recover the expected form of the vacuum state’s
characteristic function, as shown in Fig. 7.6 (bottom).

7.2.2 Kerr cat

As a final demonstration of universal control, we prepare a four-legged cat by using the
Kerr-cat protocol. For this purpose, we bias the system close to a cavity—qubit avoided
crossing, where the self-Kerr coefficient of the cavity diverges. Care must be taken that
this bias is not identical to that of the avoided crossing, which would cause a Rabi swap,
or the cavity lifetime would be compromised by the qubit.

The protocol begins by displacing the cavity and waiting for a variable time for the cavity
to evolve. The waiting time is varied as the exact Kerr coefficient could not be measured
so close to the avoided crossing. Then, a flux pulse is applied such that the qubit bias is
shifted to the low sweet spot, where the state tomography is executed. At the right waiting
time tear4 = m/2K, a four-legged cat state is formed in the cavity.

To get an idea of how the characteristic function of a four-legged cat would look, we simulate
it with QuTip[202] where the initial displacement is o = 2 and the evolution time is exactly
teat,a = m/2K. The Hamiltonian used for the evolution is H/h = XQccchTq + K.(c'c)?.
Figure 7.7 shows the resulting characteristic and Wigner functions for both the ideal and
realistic scenarios. In the realistic case, which incorporates the finite lifetimes of the cavity
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and qubit, as well as qubit decoherence, the contrast is significantly reduced, and the state
acquires a small additional rotation.
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Figure 7.7: Four-legged cat o = 2 simulation. a) Characteristic function. The first
column corresponds to the real part, the second column to the imaginary part.
b) Wigner function for comparison. The first row always shows the idealized
case, while the second has been simulated for T'C = 100 us, TIQ = 10 pus, and
TS = 100 ns.

We track the evolution of a coherent state with amplitude o = 3 over a total duration
of 60, us, recording snapshots every 2, us. The characteristic function is measured using
the same parameters described in Sec. 7.2.1. Figure 7.8 shows a selected subset of the
data, displaying snapshots spaced by 10 us for clarity. For comparison, we simulate the
evolution using the same Hamiltonian employed in Fig. 7.7. For a cavity self-Kerr coefficient
of K./2m = 10.8 kHz, simulated snapshots are generated every 1.05 us. To match the visual
density of the experimental data, only every third snapshot is shown, corresponding to an
effective step of 3.15 us between plotted frames, except for the final snapshot, where the
interval to the previous frame is 4.2 us.

We can see that after t; = 10 us, there is barely any Kerr curving of the coherent state
fringes. Instead, the rotation of the state allows us to set a limit on the detuning between
the cavity and the drive |A/27w| < 250kHz. After 20 us, the curvature becomes more
pronounced and can be compared to the second snapshot of the simulated evolution. For a
four-legged cat, the imaginary part almost vanishes. However, in the last measured dataset,
the imaginary part of the evolution has a similar amplitude to the real part. This behavior
matches the simulated state from either the last frame of the first row or the first frame
of the second row in Fig. 7.7. This allows us to put an estimate on the cavity self-Kerr
coefficient at this bias K./2m € [1.7,2.3| kHz. We can therefore conclude that a cat state
has not yet formed. Based on the comparison, approximately twice the current evolution
time would be required to generate a four-legged cat state.
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Figure 7.9: Qubit stability. The data is extracted from a detuned Ramsey mea-
surement after applying a flux pulse. The blue data is the qubit detuning from
its sweet spot, while the red points correspond to the measured T5°.

When attempting to repeat the experiment with longer delay times, the evolution became
unstable and nonuniform, e.g., consecutive snapshots occasionally appeared identical or
even a bit rotated in the opposite direction. Such behavior may arise from flux noise,
which can couple either through the ground, as the flux line is grounded, or through the
microwave control used for the pulses. To monitor this effect, the qubit frequency as a
function of time was extracted from Ramsey measurements, as shown in Fig. 7.3. The
time picked for this experiment was identical to the one required for reconstructing the full
characteristic function (i.e., ~ 3hours). Each measurement takes 18s and is dominated
by the initialization of the OPX+. An example of such a frequency stability measurement
is shown in Fig. 7.9. The two peaks in decoherence time are spaced 45 min apart. The
increase in frequency appears at the same time as the T4* time plummets. Despite trying
to investigate external culprits for this instability, as other labs nearby work with high
magnetic fields (e.g., Zeeman slowers, magneto-optical traps), as well as power supplies
that can induce ground noise®, we could not find the cause of this noise.

5Many thanks to Dr. Peng Yin for sharing his ground noise measurements with me at the time.



CHAPTER

Conclusions and Outlook

In this thesis, I present a novel platform for quantum information processing based on a
bosonic mode. It combines the high coherence properties of a post cavity and the rich
energy spectrum of a fluxonium. This approach addresses a longstanding limitation com-
mon to most bosonic quantum computing architectures—dephasing induced by the ancillary
qubit—and proposes an alternative solution. The following paragraphs summarize the goals
and results of this work and highlight open questions for future research.

Chapter 2 is written with a pedagogy purpose in mind, targeting a broad audience of physics
students and researchers with basic knowledge of quantum mechanics. It provides a general
overview of quantum information processing and illustrates key concepts with examples
drawn from various physical platforms. The theoretical framework for information carriers
is extended to encompass open quantum systems, introducing the mechanisms of energy
relaxation and dephasing. This chapter also offers a comprehensive introduction to circuit
quantum electrodynamics, covering the most common superconducting circuits and their
interactions. In addition, it includes a concise overview of quantum error correction, with
particular emphasis on its implementation in superconducting architectures. While not
intended to be an exhaustive reference, the chapter provides ample pointers to the relevant
literature for interested readers.

The first scientific question addressed in this thesis is how to model highly anharmonic
circuits that lie beyond the validity of the lumped-element approximation, such as the
circuit used in this work. This challenge is compounded by the need to incorporate flux
quantization. I discuss several modeling approaches, including lumped-element circuit
quantization and black-box quantization, highlighting both their applicability and their
limitations. The lumped-element method requires all components to satisfy the lumped-
element approximation, but it can accurately capture the flux tunability of a fluxonium
circuit. In contrast, black-box quantization is compatible with distributed elements but
relies on the rotating-wave approximation to extract key system parameters and cannot
account for flux quantization.

To overcome these limitations, I propose a hybrid modeling strategy in which the fluxonium
is treated within the lumped-element approximation, while harmonic modes and their
couplings are incorporated in a manner similar to QuT7P. This approach is implemented
in scQubits, a Python package for simulating superconducting circuits. It enables the
introduction of arbitrary interactions without imposing constraints on the physical size of
circuit elements relative to the relevant wavelengths. A related methodology has recently
been introduced in Ref. [136] and implemented in the pyEPR package. Although both
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the scQubits- and pyFPR-based approaches provide powerful tools for modeling highly
anharmonic circuits, they have yet to be tested on larger-scale systems, for instance, those
incorporating multiple flux-tunable or distributed components.

In Chapter 4, I describe the experimental setup and its fabrication. Several key components
of the platform were improved through my contributions. These include establishing a
temperature-controlled cavity-etching procedure, developing a new design of the flux hose—
the superconducting flux hose—and later repurposing it for both readout and flux tuning of
a transmon qubit[157]. Additionally, I propose an improved shielding design for cryogenic
operation. While the benefits of temperature-controlled cavity etching and the simplified
fabrication of flux hoses are clear, the performance of the new shielding concept remains
to be experimentally tested.

Chapter 5 validates the model introduced in Sec. 3.3. The system is fully characterized with
the help of recently developed techniques for probing a harmonic oscillator weakly coupled
to a qubit[183]. Due to this weak interaction, the cavity lifetime of TC = 210440 s is not
substantially compromised by the lossy qubit. The key result is the successful realization
of a platform in which the dispersive shift between the cavity and the fluxonium can be
tuned in situ to positive, negative, or vanishing values[165]. This tunability enables precise
control during gate operations while allowing the interaction to be effectively switched off
during idle periods, thereby suppressing qubit-induced dephasing of the bosonic mode. A
similar behavior was recently observed with a 2D platform[203] developed in parallel with
the setup from this thesis.

This tunability has important implications for protecting the encoded bosonic informa-
tion from ancilla-induced dephasing. When the qubit decay rate is much lower than the
dispersive shift, a single thermal excitation in the qubit persists long enough to impose a
full phase rotation on the cavity state, thereby completely dephasing the encoded infor-
mation. In this regime, the dephasing rate is set solely by the qubit’s lifetime and thermal
population and is essentially independent of the magnitude of xgc.

However, when the hierarchy is reversed, i.e., the qubit decays at a much faster rate
than the dispersive interaction, a thermally excited ancilla induces only a small, random
phase rotation on the bosonic mode before relaxing. In this case, reducing the dispersive
shift directly suppresses cavity dephasing. For our system parameters, even in the most
pessimistic scenario, the ancilla-induced dephasing becomes negligible when the dispersive
shift satisfies |xgc|/2m < 1.8kHz. This establishes a quantitative threshold below which
the cavity can effectively be decoupled from qubit thermal fluctuations.

The potential of this platform to operate as a dissipative cat qubit was evaluated by
coupling the cavity to a SNAIL, used as a buffer mode. By diagonalizing the Hamiltonian
of the composite system, we extracted the parameters required for resonant operation of a
dissipative cat qubit, specifically the condition wy = 2w,,. Although the increased lifetime
of the post cavity would, in principle, improve the dephasing properties of the cat qubit, the
intrinsically small zero-point fluctuations of the 3D architecture suppress the two-photon
exchange rate, ultimately limiting efficient qubit operation. In addition, incorporating
an extra nonlinear element would have introduced substantial experimental overhead, well
beyond the scope and timeline of this project. For these reasons, implementing two-photon
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dissipation was deferred and remains an interesting direction for future work, building on
the results presented here.

Fast flux control is the final ingredient needed to achieve universal control of this platform.
It enables coherent vacuum Rabi swaps between the qubit and the cavity—an essential
capability for preparing coherent superpositions of Fock states. Implementing fast flux,
however, introduces significant challenges, including the need for a clean, loop-free ground
and careful pre-compensation of pulse distortions arising from impedance mismatches and
filtering along the flux-control line.

Transitioning the flux-bias control from DC to AC unexpectedly reduced the fluxonium
coherence to T4 ~ 2 us,' adding substantial operational complexity. Protocols relying on
long qubit coherence times, such as the one demonstrated in Ref. [204], became impractical.
Consequently, the focus shifted toward generating a four-legged cat state by exploiting
the cavity’s self-Kerr nonlinearity. Although the initial evolution of the coherent state
appeared promising, the formation of a cat state was ultimately prevented by the onset
of sudden flux noise in the system—noise whose origin could not be identified despite
extensive investigation.

For a future generation of this setup, incorporating a Purcell filter will be essential, as
decay through the readout resonator currently sets the dominant limit on the fluxonium
lifetime at the low sweet spot. Beyond extending coherence, a Purcell filter could also
enable single-shot readout, substantially reducing measurement time. The system would
further benefit from improved qubit fabrication, e.g., introducing a hydrofluoric acid dip
after liftoff to reduce dielectric loss, which is the main limitation at the high sweet spot.
Enhancing the qubit lifetime in this way would also make the bosonic mode more resilient
to ancilla-induced dephasing at flux bias points where the dephasing rate is insensitive to
the dispersive shift.

The cat-state formation experiments highlight the need for improved wiring to avoid ground
loops, as well as the overall magnetic shielding, partially achievable with the shielding
design proposed in this thesis. Inspired by the setup at LPNS in Paris, an external y—metal
shield was added around the cryostat at room temperature, but further refinements are
necessary. These include eliminating magnetic components within the shielded region at
cryogenic temperatures, regularly demagnetizing py—metal shields, and exploring the use
of finemet films[205] as part of a multilayer magnetic shielding strategy. An alternative
strategy to the flux noise problem is implementing a direct stabilization to counteract
offsets in real time, such as the Pound-Drever-Hall locking technique[206].

As a final remark The infinite Hilbert space of bosonic modes continues to expand
the landscape of quantum exploration, enabling advances in simulation[25, 207, 208],
precision measurements[209-212], and the pursuit of fault-tolerant quantum information
processing[189, 213-215]. As experiments become increasingly complex, the importance of
effective decoupling schemes grows accordingly. Novel interactions do not always require

!The 50 Hz peak of the flux line, extracted via fast Fourier transform of the signal from a fast oscilloscope,
had a height of 107 V.
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complex coupling elements; they can be achieved by combining already existing compo-
nents.
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APPENDIX A .

System parameters

Table A.1: System Parameters. The cavity frequency w./27 has an additional
uncertainty of 400 kHz coming from the 15% variation in grc. Due to the
dephasing at @y /Py = 0.5 caused by the excited qubit population, the cavity
coupling rate and linewidth were not measured at this flux bias.

H Parameter \ Symbol \ Value H
Josephson Energy E;/h 10.8 GHz
Inductive Energy Er/h 1.014 GHz
Capacitive Energy Ec/h 3.5 GHz

Bare High Q Cavity Frequency we/2m 4.535854 GHz

Bare Readout Resonator Frequency wy /2T 6.8176 GHz

Qubit-Resonator Coupling gqr/2m | 25.2 MHz +10%

Resonator-High Q Cavity Coupling grc/2m 8 MHz+15%

High Q Cavity Lifetime at ®ey;/®o = 0.5 ¢ 210 £ 40 ps

Qubit Residual Mode Temperature at @yt /Py = 0.5 Tq 112 + 2 mK
Qubit Excited State Population at ®ey/Po = 0.5 P, 39.1+0.7%
Resonator Residual Mode Temperature at ®eyi /Py = 0.5 TR 110 + 30 mK
Readout Resonator Linewidth at ®eyi/Po = 0.5 KR/2m 922 + 3 kHz
Readout Resonator External Coupling Rate at ®ey /Pg = 0.5 Hﬁ%‘t /27 549 + 2 kHz
Readout Resonator Linewidth at ®eyi/Po =0 KR/2m 956 + 4 kHz
Readout Resonator External Coupling Rate at @yt /Po =0 m%‘t /27 801 + 2 kHz
Cavity Linewidth at ®eyi/Po = 0 Ko /2m 550 + 20 Hz

Cavity External Coupling Rate at ®ex /Py = 0 K& 2w 233 + 7 Hz
Dielectric quality factor at 6 GHz Qgdiel >0.15-10°

Inductive quality factor Qind >30-106
Non-equilibrium quasi-particle density ZTap <1.25-1076
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APPENDIX B .

Engineering dissipation

This appendix follows the lecture given by Prof. Zaki Leghtas at the Les Houches summer
school in 2019. To engineer a certain type of dissipation Hamiltonian, we start with the
Hamiltonian of a driven harmonic oscillator, which has some non-linearity, represented by
the function f(b,b)

H —iw * _Tw.
= = wpblb + (epe™ ™! + exe™P!) (b + b) + f(bT,b). (B.1)

where bf(b) is the respective creation (annihilation) operator, wp is the oscillator frequency,
and the drive has amplitude ¢, and frequency w,. This oscillator is coupled to the envi-
ronment with a rate x;'. To reveal the dynamics of this system, we derive the quantum
Langevin equation for the operator b

i

bt) = —1

b, H] — %b — —iwph — i(epe Pt 4 €5t — b, f(bT,b)] - %b (B.2)

where we have used the identity [b, H] = OH (b, b') /b

We undertake a couple of transformations to simplify Eq. B.2. In the displaced frame
b = b(t) + B(t), where B(t) € C is the classical response of the mode to the drive, Eq. B.2
changes to

b+ = —iwy(b+ B) —ilepe " + epe!) —ifb+ B, f(b1 + 8, b+ B)] = T (b+ ). (B3)

We impose that

B = —iwpf —i(epe” Pt + e;‘,ei‘”pt) — %ﬁ (B.4)
to cancel the term proportional to the drive. The response of the mode 3(t) converges, after
a transient regime over a time-scale of order 1/kp, to a solution of the type 3 = fBye~“r!,
where )

i€
By =— b (B.5)

i(wp — Wp) + 35

This ratio provides a measure of the drive strength, its detuning from the oscillator, and
the oscillator’s loss.

In the rotated frame b = be~ bt Eq. B.3 is transformed to

be~ bt —jupbe =t = —jpbe vt — [be~ st f(be™™rt 4 B, bl el 4 8*)] — %Be_iwbt. (B.6)

1Equivalent t0 Kext-
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All the terms with exponents cancel, as well as the second term on the left side of the equal
sign and the first term on the right side of the equal sign. The resulting Hamiltonian in

this displaced, rotated frame is
‘H T —iwpt 7t iwpt *

This procedure is used to eliminate the pump term as well as the free Hamiltonian so the
exact form of the two-photon exchange rate g2 can be extracted, as done in Ref. [121].
In the case of a SNAIL coupled to a cavity, no pump tone is applied due to the resonant
condition wp = 2w,.

Adiabatic elimination The following section provides a recipe for engineering an arbi-
trary loss operator. We introduce an additional oscillator with creation operator m’, which
couples only to the previously introduced harmonic oscillator with a strength g, but not
to the environment. For clarity, the new mode will be our memory, while the old one-the
buffer. We assume their interaction Hamiltonian is

H/h=gMb' + g*M'b (B.8)
where the memory operator that couples to the buffer is M = f(mf, m).

We extract the dynamics of this coupled system by writing the Master equation

= ~ilH. pl + D(iab)p = ~ilH, g} + o (b0~ 5 {b1b.}) (B.9)

where p is the density matrix of this system, and the second term represents the single
photon loss of the buffer. In the limit, where the buffer is always close to a vacuum, i.e.,
lool 5 « 1, we look for a solution of the Master equation of the type

Ky

p(t) =poo @ |0)(0p+
§(p10 ® [1)6(0p + po1 @ [0)p(1]p)+ (B.10)
5% (p11 ® [1)5(16 + p20 ® [2)5(0l6 + po2 @ 0)5(25) + O(6°)

where p;; is the memory part of p. By tracing out the buffer

pm = Trp[p] = w(ilpli)o = poo + O(0) (B.11)
ieN

we see that the dynamics of the memory depends only on the term pgq.
We project the Master equation into the vacuum state of the buffer
b(01p(1)[0)y = poo = —id(g* M p1o — gpo1 M) + 5*kppr11 + O(8°) (B.12)
and similarly extract the rest of the terms
g

. KR
por = i pooM T — ?bpm +O(6) (B.13a)
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*

. . K

p1o = —Z%Mpoo - Ebplo + O(9) (B.13b)
. L.
i = 5i(g"proM’ — gMpor) = rppi1 + O(6%). (B.13¢)

We simplify the equations B.12 and B.13a by substituting M = % into them

1, e e _
oo = —i6(g* M p1o — gpor M) + 6% p11 + O(6%) (B.14a)

1. . —_ 1
P ipoo Mt — SPo1 +0(9) (B.14b)

Let us examine the equations B.14a and B.14b. The first term in Eq. B.14b can be consid-
ered as an external drive, while the second one corresponds to damping. The dynamics of
the drive is much slower, i.e., proportional to §2, compared to the damping terms. So the
system converges to the right solution exponentially fast and then follows the driving term
adiabatically, meaning that pp; and pg; are continuously in their steady state, giving us the
solutions of equation B.13a and B.13b. Due to the same considerations, the assumption
that pi1 is in its steady state is justified, solving Eq. B.13c. The solutions for pg1, po1 and
p11 are all a function of pgy; we can plug the expressions back into B.12, giving us

 4lgf? 1
poo = EJ (MPOOMT - §{MTM, P00}> = D(VkestM ) poo (B.15)

The dynamics of the system are fully governed by a dissipation operator Leg = /KoM .
Ideal dissipative cat qubit operation implies working in the limit ke > k1. If we substitute
M = m? — a2, keg becomes the effective two-photon dissipation rate ks.
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APPENDIX

Bosonic state representations

Phase-space representations provide a powerful framework for visualizing and analyzing
quantum states of bosonic systems. Instead of working directly in the Hilbert space, where
wavefunctions or density matrices describe states, one can map the states onto quasi-
probability distributions defined over the conjugate field quadratures Z and p

1 i

@:§(a+5ﬁ), p:i(af—a) (C.1)

They act similarly to the position and momentum operators of a harmonic oscillator. These
observables have continuous eigenspectra, i.e.

Zlr)==z|2), plp)=rlp) (C.2)

with continuous eigenvalues x € R, p € R. The eigenstates define two bases connected by
a Fourier transform |p) = .Z|[|z)] and inverse Fourier transform |z) = .7 ~1[|p)].

Common representations include the Wigner function, the Husimi Q-function, and the
Glauber-Sudarshan P-function, each offering a different perspective on the quantum state.
The Wigner function, in particular, is widely used in circuit QED and quantum optics, as
it captures both classical-like features and nonclassical signatures such as negativity. All
those representations can be derived from the so-called characteristic functions. Together
with the Wigner function, they are usually measured using an ancillary two-level system.
The characteristic function has been gaining quite some interest in the field of bosonic
quantum computation[128, 183], as its measurement is faster compared to the Wigner
function, which is beneficial in the case of low dispersive shifts and coherence times of the
ancilla.

C.1 Characteristic function

The characteristic function is the expectation value of a displacement D(§)

C(€) = tr(pD(€)) = tr(pes®' ~¢"®), (C.3)

The characteristic function is a complex number with C(£)* = C(—¢). Therefore, for a
density matrix with symmetric wavefunctions in x and p, e.g. of a coherent state, the
imaginary part of the characteristic function vanishes.

There are three operator orderings
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« symmetric Cs(€) = tr(pef® €%
o normal Cy (&) = tr(ﬂeéme_g*d)
o anti-normal C4 (&) = tr(pe_g*def‘ﬂ)
giving the three density distributions by taking the inverse Fourier transform
« Wigner function W(a) = .7 1[Cs(¢)] = # Jef o Cy(€)d3E
« P-function P(a) = .Z YCn(§)] = # [ eSO CN (&) d%E

« Husimi Q-function Q(a) =.Z HCa(&)] = 25 [ €5 @75 Cx(£)d*¢

To measure a characteristic function, one uses a conditional displacement of the oscilla-
tor depending on the ancilla state. In case of a weak coupling, i.e., number-unresolved
regime, the conditional displacements are achieved via the Echoed Conditional Displace-
ment (ECD) protocol. Starting with the ancilla in a superposition state |+), applying
two ECD gates with an opposite sign and a m-pulse in between, we can recover the char-
acteristic function. Measuring the expectation value (o) gives the real part R(C), while
measuring (o) gives its imaginary part 3(C).

As the characteristic function shows only correlations between the bosonic state and its
displaced copy, it is sometimes harder to interpret, compared to, e.g., the Wigner function,
where the negativities denote a quantum state. The vacuum state overlaps only with small
displaced states, symmetrically around the zero of phase space. Therefore, its characteristic
function is

le[?

e =e 7. (C.4)

In phase space, this function represents a 2D Gaussian with a standard deviation o = 1.
The width of the vacuum state is sometimes used for calibrating the AWG amplitude to z
and p scaling.

Another common example is the coherent state, which has a characteristic function

2 FCx *
ClO)(g) = e~ 23, (C.5)

In phase space, this state has the same Gaussian envelope as a vacuum state, but its real
part is amplitude-modulated in the p axis with a cosine and its imaginary part—with a sine.
The modulation frequency is w = 2|3|.

C.2 Characteristic function: considerations

For measuring the characteristic functions, tuning precise 7— and 7/2—pulses is essential.
Due to the AC Stark shift, the 7/2—pulse cannot simply be considered to be half the
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Figure C.1: Imaginary part of the characteristic function of a vacuum state with
an imperfect m/2—pulse. A m/2—pulse with varying sign prepares a different
superposition before the first ECD gate. An imperfect w/2—pulse leads to
stray oscillations on top of the expected Gaussian for the vacuum state. If the
measurements with initial 7/2— and —n/2—pulse on the qubit are combined,
they partially compensate the residual oscillations.

amplitude of the m—pulse. Figure C.1 shows an example, where J(C) of vacuum was
measured with the m/2—pulse not properly tuned. The full Gaussian is not visible as
the cavity pulse amplitude varies from —1 to +1, compared to —2 to +2 used in the
main text. Preparing the qubit in a different superposition before the first ECD gate, i.e.
1), = (10),%£[1),)/ /2, could partially compensate for the pulse imperfection when the data
is combined (see yellow data in Fig. C.1). However, this would double the measurement
time. Instead, before running a long measurement, it is worth spending extra time and
care on fine-tuning the pulses.
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APPENDIX D .

IQQ and DSH mixing

High-fidelity control of superconducting quantum circuits requires precise generation of
microwave signals with well-defined amplitude, phase, and frequency. In most experiments,
this is typically achieved using In-phase and Quadrature (IQ) mixing, but alternative
schemes such as Double-SuperHeterodyne (DSH) mixing become more and more popular.
Both methods enable flexible synthesis of arbitrary microwave envelopes starting from
digitally generated baseband signals.

D.1 1Q mixing

A general microwave signal at frequency wr,o with a time-dependent complex envelope can
be written as

V(t) = I(t) cos(wrot) + Q(t) sin(wrot), (D.1)
where I(t) is the in-phase component and Q(t) is the quadrature component. By inde-
pendently controlling I(t) and Q(t), one can generate microwave pulses with arbitrary
amplitude and phase modulation.

Experimentally, the baseband signals, also known as intermediate-frequency (IF) signals,
I(t) and Q(t) are produced by an AWG at low frequencies (typically a few hundred MHz).
The mixing happens in an IQ mixer, seen in Fig. D.1, a device which consists of two
single sideband mixers, 90°-hybrid splitter and a power combiner. The LO is applied at
its respective port, where inside it is split with the hybrid splitter and applied to each of
the two single sideband mixers, where it is mixed with either I(¢) or Q(¢). At the end,
the resulting signals are combined. IQ mixing is used for both up-conversion before the
experimental setup and down-conversion after the setup for the signal processing.

By choosing
I(t) = A(t) cos(wipt + 1),  Q(t) = A(t) cos(wirt + ¢q), (D.2)

where A(t) contains the envelope information, the resulting signal at the output of the 1Q
mixer would have components at wr,o & wir. By tuning the phases ¢; and ¢g, one can
suppress one of the two components and use this signal for quantum control. Note that
the quadrature amplitudes can be picked to be different, i.e. Ay and Ag.

In practice, imperfections in the mixer, such as amplitude imbalance between the I and
Q paths, phase errors in the 90° hybrid, and DC offsets, lead to incomplete suppression
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O (D

e — R
LO X Experiment @ ®RF— Experiment
/\/ 90° %¢

@

Figure D.1: Up-conversion with an IQ mixing setup: extended (left) and simplified
(right). The components highlighted in blue show the IQ mixer. I and Q are
the two AWG channels.

of the unwanted sideband and leakage of the LO tone. LO leakage arises from DC offsets
in the I and Q channels and leads to an unwanted tone at wrp. Amplitude and phase
mismatches result in imperfect sideband suppression. These errors are typically corrected
by measuring the output spectrum and iteratively adjusting DC offsets and scaling factors
in the AWG.

Additionally, nonlinearities in the mixer can also generate spurious tones, especially for
large-amplitude pulses. This necessitates recalibration in case the input signal amplitude is
changed. Moreover, recalibration is required if any of the frequencies are changed or in case
the ambient temperature changes. Moreover, the higher-order mixing terms wy,o & 2w;p,
wr,o * 3wy, etc., cannot be calibrated out and can address an available transition in the
system. Despite these limitations, IQ mixing remains the standard technique for microwave
control in circuit QED.

D.2 Double Superheterodyne Mixing

Double superheterodyne mixing enables flexible frequency translation and improved spec-
tral purity by performing frequency conversion in two successive stages. This approach is
particularly advantageous when generating or detecting microwave signals at frequencies
that are difficult to access directly, as is the case for fluxonium qubits. One of the main
benefits of double superheterodyne mixing is that it does not require calibration.

The mixing scheme consists of two LOs, two single-sideband mixers and a narrow bandpass
filter. Each mixing process generates both sum and difference frequency components,
necessitating careful filtering after each stage to suppress image frequencies and unwanted
spurious tones. In the first mixing stage, a single IF signal is mixed with the first local
oscillator to produce microwave tones with frequencies wr,o0,1, wr,0,1 & nwir, where n is the
sideband order. A narrow band pass filter is placed after the first mixer to filter all but one
tone, e.g. wro,1 +wir. In a second stage, this intermediate signal is mixed with another
local oscillator to reach the final target frequency. The resulting tones are at frequencies
wLo,2,wro,2  n(wro + wir). A low-pass filter removes all but the tone at frequency
wro,2 £ (wpo,1 + wir), which is used for the control. The same principle can be applied in
reverse for down-conversion.
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Experiment

300 MHz 1 GHz

Figure D.2: Up-conversion with a DSH mixing setup with typical frequencies used
in my setup. The LO frequencies are omitted in the intermediate sections.

In a typical operation, the first LO frequency is picked according to the central frequency
of the filter and remains fixed, while the second LO frequency is calculated to achieve the
desired frequency at the output. The IF needs to be larger than the filter bandwidth in
order for the other mixing terms to be sufficiently suppressed. During large frequency
sweeps, it is beneficial to first use the full bandwidth of the AWG before switching the
frequency wr,02, as it is faster than changing the LO frequency.

The advantages of this method come at a price. The primary drawback of this approach
is the increased system complexity. Frequency or phase drift in either local oscillator can
directly impact the stability of the generated or detected signals. Moreover, the LOs must
have high spectral purity as any higher harmonics or sub-harmonics would go into the
mixing products and influence the signal at the output. Lastly, the real-time phase control
is sacrificed as only one IF signal is mixed, unless the AWG can directly output a complex
signal.

Due to the limitations of both mixing methods, the field has started its move towards Direct
Digital Synthesis (DDS) for creating arbitrary waveforms from the reference clock.
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APPENDIX E .

Capacitively coupled LC oscillators

Two LC oscillators coupled via a shared capacitor Cs can be described by the following
Lagrangian

o C]_ @1 02 . @2 C - 2
L= T oL + 5 (132 5L, + (<I>1 Dy)“. (E.1)
The Hamiltonian of the system, instead, is
C —|— Cs o7 C + Cs @2
H= "0+ -+ 503 (E.2)
2L1 2C

where here Cx. = C1Cy + C1Cs + CoCs.

In the second quantization language, the interaction Hamiltonian (last term of Eq. E.2)
becomes
h Cs ,]C1Co

i _ T
2 0102 L1L2 ( 0/1)(0/2 a2) (E3)

Hint = -

where we have already replaced @; = 11/22 (a I a;). We can rewrite this equation in

terms of the oscillators’ frequencies w; = (L;C;)~ 1/2 ¢ get
h wiw
Hiyyy = —=C4 12 (aJ{ - al)(ag —ay) = —hgm(aJ{ - al)(ag —az) (E.4)
2 C1Cy

from which the scaling g;; ~ \/wiw2 becomes evident.
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APPENDIX F -

Lessons learned

This list originated as part of the mixing chapter but was eventually promoted to a chapter
of its own, as it may be the most useful part of this thesis. It is an incomplete list of things
I did wrong, perhaps even multiple times, or I wish I knew at the beginning of my PhD.

e Most IQ mixing routines optimize only for the LO and the first-order products from
the mixing. Higher-order mixing terms exist and will affect the spectral purity of the
pulse unless filtered, i.e., with a YiG tunable filter.

e If you get a warning while calibrating in mixers in Octave, don’t trust this calibration.
o If the frequency is swept, Octave + OPX looks for the calibration of the first applied
frequency. If it cannot find a calibration matrix for this LO-IF frequency pair, it is

unclear which, if any, calibration is applied.

¢ Be cautious when updating the firmware of an instrument. Known old bugs may be
preferable to unknown new ones.

e The second harmonic of the LO in Octave is not filtered. This is a well-known secret.
e Use LOs with high spectral purity for the DSH mixing. While Valon’s might be a
tempting choice for IQ mixing, because they are cheap, they do have higher harmon-
ics, as well as subharmonics, which could be detrimental for the qubit, especially if

it is a fluxonium.

« Never trust your hardware!! (connected to the previous points) If something looks
wrong, the chances are you are not discovering new physics.

¢ Avoid instruments powered via USB if you value your ground hygiene.

e Don’t trust other people connecting your experiment. Two out of two times I did
that, my wiring was messed up.

¢ Always note the wiring before cooling down or when changing it outside the cryostat.
You never know when you might want to revert a change.

!Except for (maybe) the fast oscilloscope and the signal analyzer.
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e The better the bookkeeping, the easier it is to find the data when needed.

e Try to enjoy the process. No matter how hard you try, there will always be hiccups
on the way. Take your holidays, and don’t take your laptop with you.



APPENDIX

Active reset

The presence of a parametric amplifier allows us to do an active reset on the qubit by
measuring its excited state population and playing a m—pulse depending on the result.
For this purpose, we first measure the qubit via the readout resonator, multiple times
without averaging, and build a 2D histogram in phase space, similar to the ones shown in
Fig. G.1. We observe two coherent states corresponding to [0), and [1), due to the finite
temperature, and thus the finite excited state population of the qubit.! We fit a sum of 2D
Gaussian distributions to determine their crossing point and the threshold voltage, which
is the feedback for the AWG. The 2D fits are convenient for determining whether there
is a residual rotation in phase space that needs to be compensated for before setting the
threshold. Note that there must be some delay before playing the conditional w—pulse,
as there might still be photons in the readout resonator, which would influence the state
preparation fidelity. This delay needs to be tuned for optimal operation so the qubit
maintains the same state we have already measured.

From Fig. G.1, we extract that the excited state population in steady state is around
30.3%; after preparation in the ground state, it is reduced to 25.6%. The preparation
of the qubit in an excited state with active reset gives us 79.5% excited state population,
compared to 72.4% without feedback from the parametric amplifier. These numbers can be
improved by repeating the reset sequence multiple times. The preparation fidelity is limited
by the qubit lifetime and the external coupling rate of the readout resonator. To enable
single-shot readout without compromising the qubit lifetime, a Purcell filter is necessary.

LIf the qubit mode is cold, a 7 /2—pulse would be necessary prior to the resonator measurement.
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Figure G.1: Comparison of state preparation with (upper row) and without (lower
row) active reset. The right column corresponds to the ground state, while the
left column corresponds to the excited state preparation. In each subfigure,
the top plot shows a sum over all bins in @ from the map under it. The sum
is plotted in blue, with the two-Gaussian fit represented by a solid red line.
Single Gaussian fits are shown in yellow and purple, and the overlap of the fits
is indicated in green. The 2D two-Gaussian fit is plotted on top of the colormap
with contours of changing color to signify the z-axis of the fit. # is the number
of datapoints in each bin. The data was taken with the following parameters:
square readout pulse of duration 2.4 us, 100ns delay, Gaussian qubit pulse of
duration 20 ns, truncated at 6o, threshold at —0.7415mV.
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APPENDIX H .

SNAIL: Wave-mixing

This Appendix follows the derivations in Ref. [193]. The mixing capabilities of the SNAIL
can be investigated by Taylor expanding the potential from Eq. 6.2 about one of its minima
Vmin, resulting in the different order mixing coefficients

1 (de>
S . (H.1)
EJ dsos Pa=Pa,min

We determine this minimum by enforcing the condition that no DC current flows across
the SNAIL, but only circulating current within it in response to the applied flux. This is
equivalent to numerically solving the following equation

c1 = asin(@a,min) + sin (M) =0. (H.2)
n

The effective potential as a function of the new phase variable ¢, = @0 — Qa,min is

C C C
252 4 25 4 —4¢4 . (H.3)

Usefs(@s)/Ey = 3l

The coefficients ¢ are flux-tunable, allowing us to tune the wave-mixing processes in situ.

The same procedure can be extended by including the harmonic contribution of the buffer
mode (see Eq. 6.1). Instead of the Hamiltonian from Eq. 6.1, we work with the La-
grangian

Cy9% .o E %
29052 Bl a4 Us(pa) = G Upalprga)  (HA)

L= 2

where we combine the total potential energy of the system into the term Upo¢. Finding the
local minimum is equivalent to numerically solving the following equation

aUpot
0P

dU . . a — Fex
=Er(pa —p)+ dcp% = zj(pa — @) + asin(p,) + sin (T) (H.5)

0=
where we have introduced the junction-to-linear inductance ratio x; = L;/Ly, = Er/E;.
In the regime of small phase fluctuations, we use the Taylor expansion of Uy about its

minimum @, to reveal the mixing coefficients. The minimum is determined from the
condition

¢1 = 2 (Pmin — Pa(Pmin)) = 0. (H.6)

153



154

The third and fourth order nonlinearity coefficients are

~ P

C3 = _mj7d<p2 (min) (H.7)
and ) o

Cq = —l‘jTSOi;((Pmm)? (HS)

respectively. The explicit form of the first, second, and third derivatives are

-1
dpa 1 d? ;
(g as) - 7 )
dp Ep dp? (25 + acos(Pmin) + 7 €OS(Pmin/N — Pext))
dQSO(x . ingS (%)3 B i (d(pa>3 (asin(~ . )+ 1Sin<¢7min . ))
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The presence of the series linear inductor does not change the location of each SNAIL’s
potential minimum, i.e. Gmin = QYsmin. These equations are used for the calculations
presented in Fig. 6.2b.
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Nanofabrication recipe

This appendix contains a detailed recipe that we developed, together with Dr. Teresa
Honigl-Decrinis, which I used for the fluxonium fabrication. The lithography was done in
a Raith eLINE Plus 30kV, and the evaporation in a Plassys Bestek MEB 550S with the
structures facing away from the laser and without a protective resist. After the fabrication,
the wafer was diced in a Coherent 430 laser dicer. Some details on the dicing parameters
can be found in Appendix D of Ref. [153].

Table 1.1: Fluxonium fabrication recipe

Step \ Description
Piranha Solution HoSO4 : HoOy =3 : 1
Cleaning Clean for 5 min, rinse in DI water, blow-dry with Ng
MMA (8.5) EL13
Speed 1500 rpm
Acceleration 2000 rpm
Time 100 s
Resist quantity 1.05 ml
Bake 200° C for 5 min
Thickness 910 nm

Resist spinning

950 PMMA A4

Speed 2000 rpm
Acceleration 2000 rpm
Time 100 s
Resist quantity 0.55 ml
Bake 200° C for 5 min
Thickness 250 nm

Ti gettering 2 min at a rate 0.2nm/s
Al evaporation | 8nm at a rate 1 nm/s, planar rotation at 5 rpm
Aperature size: 10 um, Writefield size: 200 um for the small structures
Aperature size: 120 ym, Writefield size: 1000 pm for the big structures

Discharge layer

Electron beam

lithography Zoom factor: 0.2%, Exposure time for a 2-inch wafer: about 3 hours
Etchin TMAH-based developer for 1 min 30 s,

& rinsed in DI water, blow-dried with Ny
Development Solution Isopropanol : HoO =3 :1 at 6°C

Develop for 1 min 30 s, stop in DI water, blow-dry with No
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Loading and pumping overnight
Loadlock pressure | 9.9 - 10~8 mbar
Chamber pressure | 1.8 - 1078 mbar

Descum

Start at 10sccm, ramped down to 5sccm
5 sccm

Ar flow
O9 flow
Duration 2 min
Vbeam 200V
Vace 40V
Tveam 5mA
Planetary rotation

Ti gettering
Duration | 2 min
Rate 2 nm/s

Evaporation

First Al layer

Angle 28.5°
Thickness 20 nm

Rate 0.5 nm/s

Static oxidation

Pressure 29.6 mbar
Duration

5 min
Pressure ramp up 1 min 26 s
Pressure ramp down | 3 min 23 s
Second Al layer
Angle -28.5°
Thickness 30 nm
Rate 0.5 nm/s

grAl layer
Angle 0°

Thickness 20 nm

Rate 0.5 nm/s

Flow 2.2 sccm
Chamber pressure | 3.8 - 107> mbar

Planetary rotation

O, capping
Pressure | 10 mbar
Duration | 10 min
Duration: approximately 1 hour 15 min
NMP at 80° C for 10+ min
Clean in Isopropanol in an ultrasonic bath at 135kHz, 35% power
blow-dry with Ny

Lift-off
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Additional notes on the fabrication:

e The thickness of each resist layer was measured after baking at three different points
of the wafer with a Horiba SmartSE Liquid-crystal Spectroscopic Ellipsometer.

o A sputtered gold layer was used previously for the discharge layer, but its removal in
a 5% Lugold solution left visible residue after removal.

o For the discharge layer, I did not note the pressures in the chamber. The recipe was
started immediately after sufficient pressure for the machine operation was reached.

« TMAH does not attack the resist used; therefore, any TMAH-based developer avail-
able works for etching the Al discharge layer.

e The plasma in the descum process is ignited with the help of the argon. To ensure
the process stays uninterrupted, we increase the argon flow at the beginning of the
process and reduce it before opening the shutter to ensure the resist thickness does
not change significantly.'

o For the qubit evaporation, the angles for the first two layers are calculated depending
on the measured resist thickness.

! Argon milling is more aggressive and is used for etching metal by transfer of momentum.
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APPENDIX J -

Filters

J.1 Fast flux filters

This recipe for fabricating filters was shown to me by Dr. Romain Albert' and has been
conceptualized and realized in Ref. [216]. This appendix simply details their fabrication.
Things you need:

e wax

o holders (2 per filter)

e Eccosorb CR-124

e SMA connector toolkit

e RG-402 semi-rigid copper coax cable

o 0.5 mm wire (best out of stainless steel covered in tin)

e SMA connectors from Radiall

— R125.055.002W

R125.052.002W

R125.225.000W
— R125.222.000W
Preparations:

The fabrication requires two holders (see Fig. J.1) per filter. If using the old holders,
first they should be thoroughly cleaned with acetone and isopropanol. Ensure the inner

LCurrent address: Silent Waves, Grenoble, France.
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Figure J.1: Fast flux filter holders. The size of the cube (20mm) sets the scale
for all figures. The holders are usually machined out of aluminum alloy.

conductor hole is not clogged. Once clean, the holders have to be submerged in hot, melted
wax; it creates a thin layer that prevents the eccosorb from sticking to the metal.

Cut a piece of RG-402 semi-rigid copper coax cable with a length corresponding to the
desired cut-off frequency (10cm <« 300 MHz approximately). Create a clean cut with a
saw, then use sandpaper to smooth the cut further. Use the cable stripping tool from the
SMA toolbox to cut and strip the cable out of the dielectric and the outer conductor (see
Fig. J.2a). Secure the coaxial cable with a wire and dip it into liquid nitrogen (LN2) for
a few seconds. Pull the inner conductor, so you take it out together with the dielectric,
leaving you with only the copper tube.

Clean the tube in deionized water and RBS or citric acid solution. Rinse thoroughly with
deionized water and finish with isopropanol. Cut a piece of wire for the inner connector,
longer than the tube, as you would have to fix it, and wipe it with isopropanol. Insert the
wire into the tube, then into the holders together with the copper tube. Fix the wire with
the screws on the holders. Do that for both sides, ensuring the wire is straight by looking
into the holes for the syringe. The syringe holes should face up.

Heat up the eccosorb container (Part A) up to 60°C so it mixes easier’. Then mix with
Part B® (check ratios on the datasheet) and put the mixture in a desiccator (not the same
as the one for the samples) to remove any bubbles that formed during the mixing. There
is a caveat: if you leave it in for too long, the solvent will evaporate; a few minutes should
be enough. Once satisfied, pour it into a small syringe (10ml or smaller so it is easier to
push it in later)*. Put the end of the syringe into the hole on top of one of the holders and
push the eccosorb inside. Be careful not to push the syringe too hard inside and break the
inner connector. Stop when you see some eccosorb peeking out of the copper tube into the
holder on the other side (Fig. J.2b). Cure the holders with the filter attached for 12 hours
at 80°C.

Release the wire from the screws. Clean the holders from the eccosorb by drilling into the
syringe holes (drill size 4 mm) until you first hear the inner conductor breaking. The metal
should be visible at the bottom of the hole. To take out the broken wire, first push it a bit

2Pro tip: ask somebody who is regularly climbing to mix it.

3The ratios and the curing conditions can be found on the datasheet.

4Pro tip: pour it under such an angle that the outlet has all the air so you can easily push it out later
without creating bubbles.



J Filters 161

Figure J.2: Filter preparation. a) A piece of RG-402 semi-rigid copper coax cable,
prepared for extracting the inner conductor with its dielectric. b) The holder
that has not been used for the filling, the eccosorb poking in is visible. c¢) Filter
after the curing. d) Fixing the filter to solder the connectors.

in and then out to prevent it from breaking inside the holder. Remove the holders from
the filter; heating them up to melt the wax should help. Use the cable stripping tool from
the SMA toolbox again to cut only the copper, not the eccosorb. Create a groove in the
eccosorb with a scalpel; you shouldn’t need too much pressure. Break the eccosorb and
take it out while pulling straight to prevent the inner conductor from bending or breaking.
Check that you have only eccosorb and no wax left inside the filter.

Check the length of the inner conductor needed for soldering (it should be on the datasheet
of the connectors) and cut it accordingly. For each side, you would need a set of two
connectors as they fit either RG-405 or RG-402 coaxial cables, and we use a combination;
for example, use the inner conductor piece and dielectric from R125.052.002W and the
outer conductor piece from R125.055.002W. Before you continue, check that the socket fits
the outer conductor of the filter; otherwise, file the copper until it does.

Screw in the contact holder to the soldering fixture from the SMA toolbox as shown in Fig.
J.2d. Fix the filter on the fixture. Use the thinnest spacer/soldering gauge between the pin
and the end of the filter. Apply flux on the conductor, put solder on the iron beforehand
for good thermal contact, and fill the hole on the pin with solder. The recommended
temperature is about 260 degrees. If you use too much, remove the excess with the copper
wick.

Remove the contact holder and screw in the corresponding locator tool, which should fix
the position of the socket with respect to the pin. Fit the tool to the soldered pin and fix
everything. Put solder on the copper. Slide in the socket. Use the resistance soldering
tweezers for this part. If the tips are too oxidized, file them before usage. Prepare the
amount of solder you think you will use in one hand, and with the other, grab the bottom
of the socket, and use the pedal to heat it up while adding the solder between the copper
and the socket. Cool the connector with isopropanol immediately. Rinse off the flux with
water and isopropanol afterwards.
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Use the corresponding dielectric insertion tool to put the Teflon piece into the connector.
The dielectric should be either flush with the pin or with the step of the pin, depending
on the connector type. If that’s not the case, use the locator tool to push it further. Then
your filter is ready to be tested.

J.2 Microwave filters

The filter was conceptualized by Dr. Romain Albert; my contribution is in the time-domain
reflectometry simulations used for the impedance matching of the filter, as well as finalizing
the design.

Time-domain reflectometry (TDR) is a powerful technique for identifying impedance dis-
continuities along an electrical path by analyzing the time-resolved response to a voltage
pulse. The time at which a reflected signal appears indicates the location of a discontinuity,
while the detailed shape of the reflection provides insight into its physical origin. Here,
TDR is used to impedance-match the filter at both the SMP and SMA interfaces.

a) b)
- input — 0.93 mm = 1.13 mm
— 0.73 mm — 1.03 mm —— 1.23 mm
— 0.83mm —— 1.05 mm 1.33 mm
(- %—PTFE 1000 .
Vacuum——. —
oy S
E 500 114
4 : )
Eccosorb \ - W g N
o =500 - T T B T
0 200 0 200
. Time (ps)

Figure J.3: Time-domain reflectometry simulations. a) Model in Ansys HFSS.
The solution type used for the simulations in Transient Network. b) Reflection
at the SMP side (left) and transmission from the SMP to the SMA (right)for
different radii of the vacuum section. The input pulse is always plotted in blue,
while the remaining curves show the output signal.

The filter is modeled as shown in Fig. J.3a, with all dimensions taken directly from the
connectors used. The filter body and all inner conductors are treated as copper. The
SMP connector (top) contains a PTFE dielectric between its inner and outer conductors,
whereas the SMA connector (bottom) features a vacuum dielectric. The Eccosorb® is
placed between the two connectors.

5A custom material was defined in Ansys HFSS to reproduce the microwave properties of Eccosorb CR-112
accurately.
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Optimal impedance matching is achieved by simultaneously minimizing the reflection am-
plitude and maximizing the transmission. To this end, the radii of both the inner conductor
in the middle section 7pi, = 0.58 mm and the surrounding Eccosorb region recco = 2.7 mm
are selected based on a parameter sweep in the TDR simulations. These prior simulations
identified the SMP—Eccosorb interface as the dominant source of impedance mismatch. To
compensate for this, a short vacuum section is introduced at the boundary between the
Eccosorb and the SMP connector, and its radius is varied in the simulation to achieve
the best possible matching. The resulting reflection at the SMP port and the transmission
from the SMP to the SMA side are shown in Fig. J.3b. In the present design, this condition
is satisfied for radii in the range r € [1.23,1.33] mm.

Things you need:
« filter body out of copper
o 23_P(C35-50-0-51/199_U SMA connector
e R222.561.301B SMP connector
e Eccosorb CR-112
e 4 customized screws
o low-temperature (SMD) solder
e inner conductor
Preparations:

Initially, the two sides of the copper part are not connected (see Fig. J.4a left), so the
eccosorb can be poured. Working with Eccosorb CR-112 is substantially easier as the
viscosity is lower and therefore does not require heating of Part A in order to be mixed.
Similarly, the mixed eccosorb is put in a desiccator before pouring and before curing to
avoid the formation of bubbles. Once the eccosorb is cured, the top part is evened out by
milling so the eccosorb is flush with the body, the screw holes for the SMA connector are
drilled, the whole eccosorb is drilled axially through to fit the inner conductor, and the
SMP part together with the inner conductor is connected to the eccosorb (see Fig. J.4a
right).

The inner conductor is made out of a beryllium copper tube, which has a radius that
would match the eccosorb section to 50€2, i.e. 7pin = 0.58 mm as determined by the TDR
simulations. At the SMA side, it has a reduced radius in order to fit the connector. The
inner conductor is soldered to the SMP connector by filling the interior of the tube with
some low-temperature solder. The solder should not come out of the tube once pressed to
the SMP connector. The two pieces are soldered together by heating them from the top
with a heat gun. Care must be taken that the inner conductor is not bent with respect to
the connector during the soldering.
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10.86 mm

Figure J.4: Microwave eccosorb filters. a) Filter body before (left) and after
(right) the eccosorb pouring and curing. After curing, the eccosorb and the
copper are drilled through to accommodate the inner conductor (orange). Ad-
ditionally, the vacuum section is created (darker gray). b) Full assembly. The
section between the SMP filter and the eccosorb has a cylindrical shape, instead
of the depicted conical one. The length scale of 10.86 mm for all subfigures is
set by the length of the filter body.

As previously mentioned, time-domain reflectometry simulations were used to determine
the approximate radius of the section between the SMP connector and the eccosorb. The
correct volume ratio of the vacuum part and the dielectric part of the SMP connector
results in impedance matching. Several different diameters were tested, each time incre-
mentally increasing the diameter of the vacuum section by 0.1 mm. For the final design, a
diameter of 2.6 mm was used, as a deterioration in the reflection was observed for the next
size. This is consistent with the expectations from the TDR simulations. The scattering
matrix elements are plotted in Fig. J.5. The filter is suitable for the typical working range
[0.5,17] GHz, with its bandwidth limited by the SMP side.

To assemble the filter, first, the SMP connector with the inner conductor soldered to it
is screwed into the body. Then the SMA connector is pushed into the top of the inner
conductor. Finally, we screw the SMA connector with the four customized® screws.

5The screw heads were too big to fit the connector, so we milled them down.
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Figure J.b: Scattering matrix elements of the final successful iteration of the
microwave Eccosorb filter. The SMP connector is on side 1, while the SMA
connector is on side 2.
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