ENGINEERING ROBUST AND ENTANGLED CAT STATES IN
SUPERCONDUCTING BOSONIC CIRCUITS
by

JONATHAN SCHWINGER
(M. Sc., Rubr University Bochum,)

A THESIS SUBMITTED
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY
CENTRE FOR QUANTUM TECHNOLOGIES
NATIONAL UNIVERSITY OF SINGAPORE

2025

Supervisor:
Assistant Professor Yvonne Y. Gao
Examiners:

Associate Professor Dzmitry Matsukevich
Associate Professor Dagomir Kaszlikowski
Associate Professor Warit Asavanant, University of Tokyo



Declaration

I hereby declare that this thesis is my original work and it has
been written by me in its entirety. I have duly
acknowledged all the sources of information which have

been used in the thesis.

This thesis has also not been submitted for any

degree in any university previously.

Jonathan Schwinger

30 July 2025



10 my family.
My parents, Annette and Bernd, whose unwavering support
continues to carry me through this world.
My sister Muriel, whose strength and perseverance in the face of
hardship never fail to inspire me.
My cousins, Christian and Manuel, who sparked in me a love for

pbysz'cs that culminated in this thesis.



Acknowledgments

With all the effort required to conceive, plan, and execute the experiments reported in this
thesis, writing these acknowledgments has proven to be the most difficult challenge. While
every line brings me closer to completing my thesis and earning my PhD, it also brings me closer
to graduating from Qcrew and saying goodbye. Though certainly not final, this departure leaves
a bittersweet aftertaste.

While there are many people to thank, one name stands out first. Yvonne Gao, your decision
to accept me as your first PhD student and allow me to help build and shape the lab while
growing alongside it has been one of the greatest privileges and joys of my life. Through your
guidance, I truly came to understand what it means to be a great scientist, never losing sight of
the goal while achieving understanding through structure, consolidating ideas, and distilling
them to their core. I want to thank you for your mentorship and for being an excellent role
model, both as a scientist and as a leader. You taught me countless things in the lab and many
more during our casual conversations at daily lunches. Among all your talents, your ability to
select the right members for the lab has been outstanding. While the science was exceptional,
the reason I will always look back on my PhD years as one of the best times of my life is the team
and environment you allowed to blossom.

While a few paragraphs are hardly enough to convey my gratitude to all of you properly, I
will give it my best try.

Atharv Joshi, not only are you the true OG of the Gaogang, but you are also my first friend
in Singapore. I remember our first virtual meeting vividly, even before arriving in Singapore,
I already knew I had found a friend. What I could not have known then is how important a
friend you would become and how much I would learn from working alongside you. Your
meticulously organized work style left me in awe more than once, and your dedication set me
and the lab on the path to success. I miss hearing about your coffee experiments, random bits of
trivia, and our philosophy discussions after a few glasses of booze. My sadness at your leaving
was overshadowed only by the pride and joy I felt knowing you got into a PhD program of your
choice!

Fernando Valadares Calheiros de Siqueira. Where to start? You joined shortly after me
and are thus the one constant throughout my PhD. From the start, we just clicked, sharing the
same sense of humor, love for science, and passion for video games. Besides the many things I

learned from working beside you, I want to thank you for all the small daily interactions that

if



brighten my day. Together, we have faced and beaten many challenges, like Dark Souls, Elden
Ring, and setting up two labs. You are a great scientist, and you often inspired me to level up
my game. I wish we had the opportunity to work on a project together. I wish you all the best
in Canada and hope that one day you can show me the beauty of Brazil.

Kong Lingda, we first met by memeing back and forth in your quantum optics homework.
I was thrilled when you joined our lab afterwards. My back thanks you for some of the best
massages, and I thank you for being a great friend and for all the piggyback rides through the
CQT corridors. I hope that our paths cross again.

Weipin Maximilian Chua, few people have had as profound an impact on my life in the
last five years as you. After we’d known each other only a short time, you invited me to your
home, introduced me to your friends, and thereby made me feel at home. You have the special
ability to make any activity you’re part of more fun, and I honestly admire your authenticity
in living the ’too smart to be an Ah Beng’ lifestyle. Some part of me selfishly hopes you will
stay in Singapore while I am still here, but visiting you in Switzerland and conquering the Alps
wouldn’t be too bad either.

Adrian Copetudo Espinosa, I am deeply grateful for our shared memories as labmates
and flatmates. We climbed mountains, explored mines, drove through Death Valley, enjoyed
the wine, paella, and beaches of Barcelona, and occasionally did some science. Your gentleness,
willingness to help, and hard work will surely help you succeed in whatever comes your way.

Clara Yun Fontaine, my PhD experience would not have been the same without you. You
have expanded my awareness in so many domains, from realizing the importance of shaping
your own experiences to many new fruits I didn’t know existed. I deeply admire your insistence
on having a voice and speaking up for what you believe, despite facing adversity. You are also
one of the best presenters I have met, and I have learned a lot from you. Your contributions to
Qcamp and the entire Quantum community in Singapore deserve much more praise than you
are getting. I am excited to see the path you carve for yourself and where it leads you.

Xiaozhou Pan, we worked together on the compressed cat project, which is now the core
of this PhD thesis, and your hard work and expertise were crucial for its successful outcome.
Looking back, I romanticize those first years of us working together and figuring everything
out. I wish you all the best as you start your research group.

Pengtao Song, your joining the lab was a blessing. You taught me a great deal about general
lab operations and how to operate the fridge without breaking a sweat. Whenever there was a

problem, a power shutdown, or cooling water issues, you remained iconically calm and knew

iii



what to do. Knowing that you were always there to turn to for help gave me great peace of mind.
Thank you for this.

Ni-Ni Huang, nice to e-meet you, a line as iconic as its speaker. We collaborated on the
compressed cat project, and I would like to thank you for your diligent efforts, which were
instrumental to its success. Watching your growth over the past years has been one of the many
joys of my PhD journey. Beyond this, it’s impossible to overstate how much fun I'have bickering
with you. You have the most expressive facial reactions, which probably make up 80% of all
the stickers on my phone. Furthermore, my palate thanks you for all the delicious food you’ve
introduced us to.

Fumiya Hanamura, we only got to work together for a brief time, but that was enough for
you to have a significant impact on my PhD. Thanks to your theoretical insights, we were able
to give the compressed cat the story it deserved. Talking with you has often been a humbling
experience, and I want to thank you for entertaining my questions and teaching me so much in
the process. I'm glad you found your way back to Singapore so we can hang out more. Visiting
the Furusawa Lab in Tokyo was a real highlight for me. Thank you for making this possible.

Kyle Chu is the superhero we need but don’t deserve. Even while juggling too many tasks at
once, you always find time to help the people around you, and you never lose patience. Thank
you for the many hours of debugging you saved me from. The fact that ’'m now moving on
to work with and under you speaks volumes about how much I appreciate and respect you.
Looking forward to the fun times ahead!

Amon Maria Kasper, it’s remarkable how seemingly unassuming decisions can set actions
in motion. My decision to join the NUS calisthenics training at the beginning of my PhD was
one of those, as this is where I first met Mr. Full Enjoy Travel himself. I want to thank you for
your friendship over the past few years. Whether it was a spontaneous weekend trek up Mt.
Kinabalu or celebrating my 3oth birthday moshing to ASAP Rocky. We share many memories
that hold great meaning for me. Your consistently cheerful spirit is contagious, and I wouldn’t
have had nearly as much fun without you.

Aleksandr Dorogov, there really is nothing pusillanimous about your approach to life.
You don’t look for a good time; you make the good time happen. Your energetic good morning
greetings in all languages of the world are still ringing in my ears. I genuinely believe that one
could lock you in an empty room, throw away the key, and you would still have a better time
than most people on their best night out. I want to thank you for always lighting up the mood

and for some of the most interesting conversations about life, politics, and physics. It was an

iv



honor to be your senior.

I Wayam Gedeh Tanjung Krisnanda, you are a late joiner to Qcrew, but turned very
quickly into a pillar, holding us all up. You are a menace of a scientist, a formidable mentor, a
climber operating on gradient ascent, and a great friend. There have been many days when I
just came to the office to chit-chat with you, make sure you don’t go to lunch without me, and
hear the latest proudly reported updates on your baby. Thank you for answering all my theory
questions and for never failing to lift my spirit with your never-fading smile.

Kehui Yu, I was lucky enough to work with you on the entanglement project. You turned
every idea I threw at you into something concrete and quickly provided the encompassing
theory. I want to thank you for your forward-thinking, can-do attitude. I hope to visit you soon
in China and hit the road together.

May Chee Loke, I want to thank you for the last few years that we spent working together.
The demonstration of tripartite entanglement would not have been possible without your
incredible hard work and dedication. While leaving it to you to finish the project is the one
regret of my PhD, working with you has been one of the absolute highlights. You have grown
enormously during this time, and I am proud to have contributed to that. I hope that you find
more time to cultivate your many other hobbies; your quantum poem is beautiful. I wish you
all the luck for what is coming next and hope to visit you during your PhD.

Celine Trieu, you went from the mysterious girl from Hamburg who was going to join
our lab to a dear friend. Many times, when I had a rough day, a quick back-and-forth with you
gave me a new burst of energy. Thank you for that. The sunfish you made for my graduation is
one of my favorite gifts ever!

Andrea Duina, I am thankful that we got to work together. Many things connected us,
our love for Zelda being just one of them. You must have had a fairy aiding you when making
the hero cable, which remains unbeaten to this day. Our trip to Phuket has been one of my
favorites, and undoubtedly not because of Phuket itself. Thank you for the best tennis matches
and Roman pasta. Your PhD position at EPFL is very well deserved.

Aniket Chatterjee, it was my privilege to assist you on the Readout project. Your enthusi-
asm and curiosity are contagious, turning the project into an absolute treat. Your well-thought-
out questions revealed several blind spots in my understanding, allowing me to learn a great deal
in the process. I am thrilled that our hard work and after-hours meetings paid off and turned
into a neat paper.

Steven Touzard, you had an enormous influence on my PhD. My thesis builds directly



on your work, and I learned so much from our conversations and from reading your thesis
over and over again. Your explanations are among the clearest I've found and greatly helped me
appreciate the amazing science of bosonic cQED. I also have to give you a shout-out for great
taste. The formatting of my thesis is directly inspired by yours.

Alexander Hue, my PhD experience started with you, and I am happy that you were able
to make it to my defense. You were one of the first people I met in CQT and were an enormous
help in showing me the ropes. Your three-day crash course in thermo and stat mech not only
helped me through QE 1, but also nurtured my love for physics. I've been increasingly busy in
the last two years of my PhD, and we haven’t had the chance to hang out as often as we used to.
Thank you for being one of my first friends in Singapore, and I look forward to hanging out
more often in the future.

There are many people in and around CQT without whom my PhD would not have been
possible. Mohammad Imran, you are an absolute legend at CQT. Not only was every chat
with you an absolute pleasure, but I always came out learning something new. I want to thank
the CQT Admin Team for doing a fantastic job, checking in on me during my quarantine
and during the preparation of my thesis, and always being flexible and helpful with any issue
I brought to them. Every morning, the first thing I would do is to visit Uncle Wong. I don’t
know how many of your coffees I drank during my PhD, but it must be in the upper hundreds.

I thank the members of my committee Dzmitry Matsukevich, Dagomir Kaszlikowski,
and Warit Asavanant for evaluating my thesis. Your comments improved it. It is also good to
know that there is a guaranteed readership.

I want to thank Amber Zhai. Your companionship during these last few years means a lot
to me, and many of my best memories in Singapore are with you. You were a constant source of
joy and happiness and an important counter-balance to my research life.

Finally, I want to thank my family. None of this would have been possible without your
everlasting support. You nurtured my curiosity and helped me through every step along the
way. Annette and Bernd, you are my role models for parenting done right. Muriel, thank you
for paving the way throughout my childhood. I am glad that you are my older sister. Even if

distance separates us, I know that you all are always with me.

vi



Contents

|[Acknowledgments|

Abstract]

[List of preprints and publications

List of figures
[List of tables

f__ Introduction

.1 Prologue . . . . ...

. Foundations of bosonic cQED)

.1 Quantum harmonicoscillator . . . . . . ... L oL L

.1 Quantum mechanicsin phasespace/. . . . . . .. ... ... ...

2 Statesofthe QHO . . . . . ... ... ... ... ... ......

[2..3  Physical implementation| . . . . . ... ... ... .. L.

1.4 Lossmechanisms . . . ... ... ... ... .. ... ......

s  DrivingaQHO[. . . . ... .. ... .. L oo

.2 Transmon| . . . . . . .. ..

[.21  Drivingatransmon| . . . . . ... ... .. L oL

[2.2.2  Operating the transmonasaqubit| . . .. ... ... ... .. ...

[r.2.3  Decoherencechannels|. . . . . . ... ... ... ... ......

.3 CouplingQHOsand transmons| . . . .. ... ... ... .........

[2.4 Operating a bosonic cQED architecture . . . . . . ... ... . L.

.41  Dispersivereadout . . . .. ... ... L L.

vii

ii

xi

xii

xiv



[2.4.2  Dispersivecontrol . . . . . ... ... oo o000

s Summary . ...

B Operating in the weak dispersive coupling regime|

.1 Echo conditional displacementgate . . . . . ... ... o000

.2 Displaced frame transformation . . . . . ... ... L L.

.3 Systemtune-up| . .. ...

.31 Measuring the Hamiltonian|. . . . .. ... ... ... ... ...

[3.3.2  Calibrating the ECD gate and characteristic function tomography| . .

[.3.3  Tracking coherent states and measuring cavity decay . . . . . .. ..

l4 Protecting quantum interference through phase-space engineering

l4a1  Cats and photon loss in the characteristic function . . . . .. ... .. ...

l4.2  Experimentalsetup| . . . . . ... ... ... L L o

l4.3 Creating a compressed vacuumstate | . . . . . . . . .. ... ... L.

l4.4 Creatingacompressed catstate| . . . . . ... ... ... ... .......

l4.5  Protecting a cat’s interference features| . . . . . ... ... ...

l4.6 Errorbudget. . . ... ... . ...

[47 Discussion|. . . . . . . . . ..

ls Creating tripartite entangled states in bosonic cQED|

[.r  One-to-all coupling architecture] . . . . . .. ... ... o 0oL

[.2  Protocols to createa GHZ-catand W-cat, . . . . .. ... ... .......

[.3  Efficient tomography of multimode entangled cats . . . . . . ... ... ..

[s.4 Experimentalsetup| . . ... ... ... ... .. o 0oL

[.s Preliminaryresults . . . . . ... ... L L Lo

[.6 Impactofdecoherence. . . . . . ... ... ... L L L.

.7 Discussion|. . . . . . . ...

[6 Conclusion and outlook]|

|A  Derivation of the echo conditional displacement parameters

B Characteristic function measurement protocol

viii

45
46
49
52
53
55
57

60
61

68
71
73
78
79

81
82

84
88
91
97
99

I0I

103

105

108



[C Dynamics of interference features| I

D Predicting the geometric phase of a driven dispersively coupled QHO| 3

Bibliography| s

ix



Abstract

Engineering Robust and Entangled Cat States in Superconducting Bosonic Circuits
by

Jonathan Schwinger

Superconducting circuits have emerged as one of the most promising platforms in the race to
build a useful quantum computer. Recent advances harness the extensive Hilbert space of Quan-
tum Harmonic Oscillators (QHOs) to significantly reduce the overhead required for Quantum
Error Correction (QEC). This hardware-efficient approach represents a broader paradigm shift.
Rather than constructing hardware to fit the theoretical vision of an error-corrected quantum
computer, hardware and theory are co-developed to identify optimal codewords that leverage
intrinsic symmetries and capitalize on knowledge of dominant error channels.

This thesis demonstrates how hardware-aware design principles lead to more robust quan-
tum codewords and enable efficient control schemes for generating multipartite entanglement.
In the first experiment, we demonstrate deterministic protection of non-Gaussian interference
features of cat states against photon loss, the dominant error channel in superconducting cavities.
We report a five-fold increase in the lifetime of the coherence features of a cat state of size 1.8
with —7.6 dB compression. We achieve this by engineering their phase-space distribution using
a technique based on Echoed Conditional Displacement (ECD) gates.

In the second experiment, we exploit the multimode capabilities of ECD gates to implement
and characterize tripartite entanglement. We create a GHZ-cat state and a W-cat state and
experimentally demonstrate the creation of genuine tripartite entanglement. Furthermore, we
efficiently characterize these macroscopic, entangled states by establishing a mapping between
points in the high-dimensional multimode joint characteristic function and Pauli operators.

The results presented in this thesis demonstrate the vast potential of bosonic circuit quan-
tum electrodynamics architectures for efficient quantum information storage and processing.
The tools and protocols we develop have broad applications beyond quantum computing,
including quantum metrology, quantum communication, and fundamental studies at the

classical-quantum boundary.
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Chapter 1

Introduction

1.1 Prologue

Looking back, the convergence of quantum mechanics and computer science into the field of
quantum computation appears to be a foregone conclusion. Quantum mechanical systems
exhibit phenomena, such as superposition and entanglement, that classical computers cannot
capture. The exponential scaling classical computers face when simulating quantum systems
exposes a daunting bottleneck. Nature effortlessly performs calculations that classical computers
struggle to handle. Quantum computation emerged at this crossroad towards the end of the
20th century. Following, I will briefly recount the modern history of both fields, their eventual
merger, and how my thesis fits into this context.

Living means constant problem-solving. As societies grew and technologies advanced, so
did the complexity of the problems they faced. This increasing complexity drove the invention
of novel, increasingly sophisticated computing tools, starting with mechanical machines like
the ancient abacus (2700-2300 B.C.) and Charles Babbage’s Analytical Engine (1830s). By
the beginning of the 20th century, computational demands from scientific, economic, and,
unfortunately, military applications skyrocketed. A new computational paradigm was needed.

In 1936, Alan Turing published a breakthrough paper [1] introducing the concept of universal
computation. Instead of building a specialized machine for each task, he envisioned and proved
thatasingle machine could, in principle, solve any problem reducible to well-defined calculations.
This is formalized in the Church-Turing principle, which states that any computation that
can be performed by following a finite set of rules can be done by Turing’s abstract machine.
While Turing conceptualized computation using abstract symbols on an infinite tape, Claude
Shannon’s insights transformed these theoretical ideas into practically implementable systems.

In 1938, in arguably one of the most profound master’s theses ever written [2], Shannon
93 guably p
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demonstrated how Boolean algebra can be mapped onto electrical switching circuits, establishing
the foundation for digital circuit design. Shannon did not stop there. A decade later, his
landmark 1948 paper "A Mathematical Theory of Communication” [3] established information
as a precisely quantifiable entity and formalized the bit as its fundamental unit. This work
bridged the gap between information as a theoretical abstraction and its physical implementation
with binary systems as its basic language. Or so it seemed. Just as quantum mechanics disrupted
the view that physics was nearly complete at the beginning of the 20th century, it eventually
demonstrated that classical information is an inadequate description of reality.

On December 14, 1900, Max Planck presented what he called "an act of desperation”. In
an attempt to bring his theory (Planck-Wien law) into accordance with experimental data,
he concluded that energy itself must be composed of a definite number of equal parts called
quanta. However, he saw it as no more than mathematical trickery, leaving question marks
rather than a proper understanding. It was Einstein who took the next step. Taking Planck’s idea
seriously, he used it to explain the photoelectric effect [4]. In the traditional Maxwell picture of
light, the energy of a light beam increases with its intensity. However, the photoelectric effect
shows that even a high-intensity, low-frequency beam cannot cause electron emission, whereas
a low-intensity, high-frequency beam can. To make sense of it, Einstein proposed that light
is not a wave, but composed of individual particles, light quanta (later called photons), each
storing a fixed amount of energy proportional to their frequency £ = h f. Hence, only above a
specific frequency does a quantum possess enough energy to overcome the binding energy of
an electron, leading to its photoemission.

While this explained the photoelectric effect, it raised an entirely new question. What is
light? Is it a wave or a particle? To add to the confusion, Louis de Broglie postulated in his
PhD thesis (1924) [s5] that electrons and all matter have wave properties. Davisson and Germer
experimentally proved this fact in 1927 [6]. Bohr addressed the wave-particle paradox with
his complementarity principle, arguing that quantum objects exhibit both wave and particle
properties. Still, these complementary aspects cannot be observed simultaneously.

Despite many revolutionary insights, quantum theory lacked a comprehensive mathemati-
cal framework for fully describing quantum phenomena. This theoretical gap led to intense
discussions among physicists and mathematicians, ultimately resulting in two complementary
formulations. Heisenberg’s matrix mechanics, Schrédinger’s wave mechanics, and eventu-
ally von Neumann’s rigorous mathematical foundation [j7] that unified these approaches and

established the abstract Hilbert space formalism for quantum mechanics.
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By the mid-1930s, quantum theory had matured from a controversial theory into an estab-
lished framework for understanding microscopic phenomena. While operational, quantum
theory left some of its founders with unease. Deeply troubled by the abandonment of deter-
minism and physical realism, Einstein proposed, along with Podolsky and Rosen, a thought
experiment that they believed exposed a flaw in quantum mechanics [8]. In what is now known
as the EPR paradox, they pointed out that quantum theory allows correlations between distant
particles and entanglement, and used this to argue against the locality principle. They proposed
a way out. Quantum mechanics is an incomplete theory, and there are hidden variables that, if
known, would restore determinism and realism in quantum mechanics.

In 1964, Bell developed a mathematical inequality that could be experimentally tested to
distinguish between the existence and non-existence of hidden variables [9]. Clauser conducted
the first experimental tests of Bell’s inequality in 1972 [10]], which was subsequently refined
by Aspect in 1982 [11]. Since then, further Bell test experiments have been done, each more
rigorous than the last. In 2015, groups led by Hanson and Zoller performed what they called
aloophole-free Bell test [12,13]. These experiments disproved any hidden-variable theory and
established entanglement as a fundamental nonclassical correlation.

Meanwhile, quantum theory began to be incorporated into engineers’ toolkits. One of the
most transformative inventions based on quantum mechanics is the transistor, the physical
implementation of a classical unit of information, the bit. While early electronic computers,
such as ENIAC (1945) and Colossus (1943-1945), operated using bulky vacuum tubes and relays,
their scalability was severely limited by the unreliability of these components. A notable example
is the origin of the term "computer bug", which is based on an actual bug found in a relay. The
invention of the transistor in 1948 by Bardeen, Brattain, and Shockley at Bell Laboratories [14]
marked a breakthrough, providing a more compact, reliable, and energy-efficient alternative.

As manufacturing techniques evolved, transistors became smaller. Eventually, many of them
could be placed on a single silicon chip, and integrated circuits were born. The miniaturization
of electronics led to an exponential increase in computing power. In 1965, Moore observed
what came to be known as Moore’s law [15], the density of transistors per unit area doubled
approximately every two years. Remarkably, Moore’s Law has held for the most part throughout
the years. In 2023, a four trillion-transistor chip was unveiled, with each transistor measuring
a mere 5nm in its smallest dimension [16]. However, as transistors approach fundamental
physical limits at the atomic scale, the pace of Moore’s law has begun to decline [17].

Even though computing machines have rapidly advanced, a fundamental rift between
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classical computation and quantum theory has become increasingly apparent. Mathematically,
quantum mechanics is described by matrices and vectors; the simplest quantum system, a
two-level system (qubit), is fully described by a 2x2 matrix. However, due to the nature of
entanglement, adding another qubit to the system doesn’t increase the dimension by two as one
would expect from a classical system, but by a factor of 2. This curse of dimensionality makes it
practically impossible to simulate larger quantum systems on a classical computer. An entire
level of reality remains locked away, unreachable. In 1982, Feynman addressed this problem by
calling for a paradigm shift: "To simulate a quantum system, we have to use a quantum system."

In 1985, Deutsch provided the theoretical foundation for quantum computing (18], proving
that a universal quantum computer could be constructed from qubits and that such a ma-
chine could efficiently simulate any finite physical system with only polynomial overhead, a
fundamental improvement over classical computers’ exponential resource requirements. This
breakthrough extended the Church-Turing principle to quantum systems, establishing quan-
tum computing as a fundamentally new computational paradigm with inherent advantages
over classical computation.

The first quantum algorithm to demonstrate an exponential speedup was conceived by
Deutsch and Josza in 1992 [19]. Although of no practical use, it proved the existence of problems
with quantum advantage. The practical use came only a few years later. In 1995, Peter Shor
published his factoring algorithm [20]. With this algorithm, a quantum computer can find
the prime factors of an integer with an exponential speedup. This problem was deemed so
intractable that a widely used cryptographic scheme (RSA public key cryptography) is based on
it. Accordingly, quantum computers can break this encryption. One year later, in 1996, Lov
Grover developed his database search algorithm, achieving a quadratic speedup for unstructured
search problems [21]. While these algorithms demonstrate the utility of a quantum computer,
they did not answer whether it was feasible to build such a device.

Quantum systems are intrinsically fragile, as the core of what makes them quantum mechan-
ical, their coherence, degrades the more they are coupled to the outside world. However, for
control, coupling to the outside is unavoidable. This seemingly hopeless paradox gave rise to the
field of quantum error correction. In 1995, Shor demonstrated that quantum error correction
was possible by showing how to encode a single qubit into a nine-qubit quantum error correct-
ing code, protecting against both bit-flip and phase-flip errors without directly measuring the
quantum information [22]. Steane’s 1996 seven-qubit error-correcting code quickly followed

this breakthrough [23], which represented a more efficient implementation. In the same year,
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Gottesman introduced stabilizer formalism, a robust framework for constructing codes [24].
The most studied code emerging from this framework is the surface code, which was developed
after Kitaev’s ideas in 2003 [25].

Another crucial theoretical advance came with the threshold theorem, independently devel-
oped by Aharonov and Ben-Or [26] and by Kitaev in 1997 [27], which showed that if error rates
are kept below a threshold, arbitrarily reliable quantum computation can be achieved through
concatenated error correction.

In 2002, Dowling and Milburn published a paper coining the term "second quantum
revolution” [28]. While the first quantum revolution helped us understand how the quantum
world works, giving us technologies like transistors and lasers that exploit quantum effects in bulk
materials, the second quantum revolution represents our ability to directly create, manipulate,
and control individual quantum systems. This transition from passive observation to active
engineering of quantum states marked a fundamental shift. Physicists were no longer merely
studying quantum mechanics but were actively designing quantum devices that could harness
superposition and entanglement for computation and sensing.

This shift manifested across multiple experimental platforms. In 1995, a team around
Wineland demonstrated the first quantum logic gate using trapped ions, achieving coherent
control over the quantum states of a 9Be+ ion [29]. Brune et al. observed quantum Rabi
oscillations between highly excited Rydberg atoms and a microwave cavity the following year [30].
In 1999, Nakamura et al. achieved the same milestone in superconducting circuit architecture
[31]. Since then, all these fields have seen massive developments. As the experiments in this thesis
are implemented in a superconducting circuit architecture, I will give a more detailed account
of the history of this domain.

The field’s origins lie in the discovery of superconductivity and the realization that the phase
of the superconducting condensate is a macroscopic manifestation of the microscopic order in
a superconductor. Josephson derived that the phase difference across a thin insulating barrier
separating two superconductors, what we now call a Josephson junction, behaves as if it were
the position coordinate of a classical particle moving in a tilted washboard potential.

Building on this insight, Leggett published a theoretical paper in 1980 exploring whether
this "phase particle” could exhibit actual macroscopic quantum behavior [32]. In 1985, Martinis,
Devoret, and Clark experimentally confirmed this prediction by demonstrating the quantization
of the phase particle’s energy levels trapped in the tilted washboard potential [33]. The path

to superconducting qubits accelerated in 1998 when a group led by Devoret proposed and
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implemented the Cooper pair box, demonstrating quantum tunneling of individual Cooper
pairs [34]. Leveraging an ultra-fast 40 ps pulse generator, Nakamura et al. subsequently achieved
the first vacuum Rabi oscillations in a superconducting device [31]. Further progress came
with the demonstration of Ramsey fringes in a hybrid charge-phase qubit architecture called
quantronium [3s]], which achieved a T5 of 0.5 ps by exploiting a simultaneous sweet spot for
flux and charge noise.

Adapting cavity quantum electrodynamics (QED) principles to these systems enabled a
significant breakthrough in coherence times and control techniques [36]. By placing the super-
conducting qubit between the lines of a coplanar stripline resonator detuned from the qubit’s
frequency, researchers can suppress unwanted modes, effectively reducing spontaneous decay
and extending the qubit’s lifetime. When properly tuned, this stripline resonator also enables
quantum non-demolition readout of the qubit. Another significant advance was the conception
of the transmon [37, 38], a Cooper-pair box with a large shunting capacitance. This design
choice has two crucial benefits: while the increased capacitance slightly reduces anharmonicity, it
exponentially suppresses charge noise, and the larger dipole moment enables stronger coupling
to microwave photons. Another leap in coherence was achieved by transitioning from planar
(2D) to three-dimensional (3D) architectures [39], reaching 75 values of 10-20 us.

As these technical advances accumulated, superconducting quantum computation turned
from purely academic research into a serious industrial effort. IBM accelerated its commercial
efforts by launching the IBM Q Experience in 2016, making cloud-based quantum computing
accessible to researchers worldwide. Google entered the effort in 2014 by hiring the John Martinis
group from the University of California, Santa Barbara. In 2019, Google claimed the significant
milestone of quantum supremacy, using their s3-qubit transmon-based Sycamore processor
[40]. IBM responded by unveiling their successively larger transmon processors: the 127-qubit
Eagle in 2021, the 433-qubit Osprey in 2022, and announcing plans for the 1000+ qubit Condor
processor. However, as the field races toward ever-larger qubit counts, the fundamental challenge
of error correction looms large. While surface codes show theoretical promise [41,|42], current
implementations require approximately 100-1000 physical qubits to create a single logical qubit.
This unfavorable ratio means today’s machines can, in principle, barely sustain a few logical
qubits, severely constraining practical quantum advantage for meaningful algorithms. Until this
ratio improves dramatically through higher qubit fidelities and more efficient error-correction
schemes, the gap between demonstrating larger and larger quantum systems and achieving

practical quantum computing applications remains enormous.
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This challenge motivated the search for alternative approaches. Bosonic quantum com-
puting emerged as a compelling alternative, where quantum information is encoded in the
continuous degrees of freedom of a quantum harmonic oscillator rather than in discrete two-
level systems. In their seminal 2001 paper, Gottesmann, Kitaev, and Preskill demonstrated
that discrete quantum information can be encoded in the infinite-dimensional Hilbert space
of an oscillator, correcting against displacements in position and momentum [43]. With this
work, they demonstrated that oscillators are not just auxiliary modes for qubit control, but can
store quantum information on their own. Beyond quantum computation, continuous-variable
systems have proven to be valuable for quantum communication, sensing, and fundamental
tests of quantum mechanics [44].

Bosonic circuit quantum electrodynamics emerged as the natural platform for realizing
and pursuing these ideas. Superconducting microwave cavities exhibit remarkable coherence,
routinely exceeding milliseconds [45] while also displaying a strong noise bias, with photon loss
dominating over the significantly smaller pure dephasing rate.

Over time, multiple encoding strategies have emerged. The GKP code encodes quantum
information on a grid in phase space, enabling correction of arbitrary displacements. [43,
46|). Cat codes encode information in the superposition of coherent states. They exhibit the
interesting property that their bit-flip rate is exponentially suppressed with increasing coherent
state size, whereas the dephasing rate increases linearly [47]. Binomial codes encode quantum
information in the superposition of specific photon number states chosen to suppress specific
errors [48]. Recently, the dual-rail encoding has gained attention. Quantum information is
encoded across two oscillators, with photon loss manifesting as erasure errors, with the location
and time of occurrence precisely known and correctable with minimal overhead [49-s1].

Experimental progress has validated this approach through several groundbreaking results.
Ofek et al. ran the first experiment to achieve error correction beyond the break-even point.
They used a four-legged cat code that achieved a 2 x lifetime improvement over the uncorrected
qubit [s2]. Sivak et al. combined the Gottesman-Kitaev-Preskill (GKP) encoding with real-time
neural network error correction to surpass break-even by a factor of 2.27 [s3]). In the same year,
Ni et al. demonstrate a 1.2 lifetime gain using a binomial encoding [48].

While recent experiments in bosonic circuit QED have demonstrated break-even error
correction with various encoding schemes, realizing practical quantum computation requires
both improved error-correction strategies and the ability to generate multi-mode entanglement.

This thesis contributes to both directions through two experiments. The first demonstrates how
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phase space compression can protect the quantum interference features of cat states, and the
second shows the first creation of macroscopic tripartite entanglement in the form of a GHZ-cat

and W-cat state in bosonic cQED.

1.2 Thesis outline

The overarching theme of my thesis is the development of hardware-aware quantum state
engineering techniques that exploit the extensive Hilbert space of bosonic systems to create
more robust quantum states and enable efficient multipartite entanglement generation. These
techniques look at the fundamental hardware limitations and capabilities and leverage them
to achieve in situ protection against the dominant error mechanism and efficient multimode
control.

I start my thesis in chapterEby establishing the theoretical foundations of bosonic circuit
quantum electrodynamics, beginning with the quantum harmonic oscillator and its phase
space representations. I will introduce the transmon as the nonlinear element and examine
how dispersive coupling between transmons and oscillators enables both universal control
and tomography over the quantum harmonic oscillator. Furthermore, I will discuss different
control techniques and their respective interaction times. This chapter provides the framework
to understand how bosonic modes serve as versatile platforms for storing and manipulating
quantum information.

In chapter[3} I give a detailed discussion of the echo conditional displacement gate (ECD),
the primary tool used in the weak dispersive coupling regime, where the experiments in this
thesis are performed. I will detail the experimental implementation of the ECD gate and
the displaced frame formalism, a crucial tool for enabling Hamiltonian simulations in the
weakly dispersive coupling regime. Finally, I will cover different calibration protocols used
to characterize the Hamiltonian and the experimental implementation of our tomography
method, the characteristic function. These techniques provide the foundation for the two
major experiments presented in subsequent chapters.

In chapter[4} I present the first major experiment of my thesis. We protected the fragile
interference features of cat states through deterministic phase space compression. Viewing
the effect of photon loss through the characteristic function lens transforms its action into
a Gaussian low-pass filter. At the same time, the coherence features of cat states appear as

high-frequency elements in this reciprocal phase space picture. I will demonstrate how to create
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compressed cat states deterministically and how this compression can push the interference
features under the Gaussian filter, providing protection by design. Using this method, we present
experimental results demonstrating a five-fold enhancement in the lifetime of the quantum
interference features against photon loss. This experiment demonstrates the importance of
understanding the hardware’s dominant error mechanism in designing intrinsically robust
codewords.

In chapter E, I demonstrate and leverage the excellent multimode control capabilities of
the ECD gate to implement the first tripartite entangled cat in a bosonic cQED architecture.
For this, I design a one-to-all coupling architecture in which three bosonic modes are simul-
taneously controlled by a single transmon, enabling parallelized state preparation and direct
joint-observable measurements. Besides preliminary data showing the implementation of a
Greenberger-Horne-Zeilinger-cat (GHZ-cat) state, I also developed a protocol to create a W-
cat state. This includes the novel Uneven Echo Conditional Displacement (UECD) transfer,
allowing conditional displacements in the qubits g-f subspace. Finally, we develop and experi-
mentally verify an efficient tomography method for our tripartite entangled cat states, mapping
three-qubit Pauli operators to points in the 8D characteristic function. This experiment opens
the door to a multitude of interesting follow-up experiments, including exploring the different
entanglement structures of GHZ-cat and W-cat states, and designing and implementing more

robust multimode codewords.



Chapter 2

Foundations of bosonic cQED

This Chapter serves as an introduction to the fundamental physics of bosonic cQED. Given
that there exist excellent review articles [s4, [ss], books [56,57], and Ph.D theses [58-61] that
cover the physics of superconducting circuits and bosonic cQED in depth, I will only briefly go
over the necessary fundamentals required to understand this thesis.

The logical progression of this Chapter moves from building blocks to coupling to op-
erational principles. In section 2.1} I begin with the principal element of bosonic cQED, the
quantum harmonic oscillator (QHO), followed by a discussion of the non-linear element, the
transmon, in section E Sectionprovides details on how these elements are coupled in the
dispersive regime, while sectiondemonstrates how the dispersive regime facilitates readout

and a multitude of control techniques.

2.1  Quantum harmonic oscillator

The harmonic oscillator represents one of the most fundamental systems in all of physics, serving
as both an introductory model and a powerful framework for understanding complex quantum
phenomena. The Hamiltonian of a classical harmonic oscillator in dimensionless units takes
the form:

H =p* + ¢ (2.1)

Here, p and ¢ are any canonical conjugate variables describing a single degree of freedom, such
as momentum and position for a mechanical system or charge and flux for an electromagnetic
system. The relevance of the harmonic oscillator becomes apparent when we realize that many
systems around a potential minimum can be approximated as harmonic oscillators. Taylor

expanding around the minimum and keeping only up to second-order terms naturally gives rise

10
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to the harmonic oscillator potential.

In circuit quantum electrodynamics, the harmonic oscillator manifests as an LC circuit,
where energy oscillates between the electric field stored in a capacitor and the magnetic field
stored in an inductor. The corresponding circuit diagram is shown in Fig. [2.1/(a). When a
superconducting circuit is cooled to cryogenic temperatures and operated with appropriate
energy scales, the circuit begins to exhibit quantum mechanical behavior. This transition is
captured mathematically by following Dirac’s canonical quantization approach, where dynami-
cal variables are represented as operators that obey the Heisenberg uncertainty principle. For
example, the canonical variables in Equation E, p and ¢ are promoted to operators obeying the
commutation relation [q, p] = ih. Note that throughout this thesis, I will indicate operators
in bold.

The Hamiltonian of a quantum LC circuit can be written as:

QQ @2

= 20 T ar (2.2)
where the charge Q and the magnetic flux ® are canonical conjugate variables, and C and L are
the capacitance and inductance of the circuit, determined by its geometry. As a consequence of
quantization, the canonical conjugate variables obey the commutator relations [®, Q] = ih.
From here, it is instructive to express the Hamiltonian in terms of dimensionless quantities. We
express the total flux in terms of the reduced flux quantum ¢y = h/2€ as @ = ¢¢p. Similarly,
we decompose the charge operator @ in terms of the number of charges. Considering that
charges in a superconductor come in Cooper pairs, we write Q = 2em. Using this approach,

the Hamiltonian takes the form:
E
H = 4E-n* + ?LQOQ (2.3)

2
where B = % and Ef, = d)—LO To diagonalize this Hamiltonian, we express 1 and ¢ through

ladder operators.

o = pZPF (aT + a) , n=inPr (aT — a) (2.4)
1 1
where p?PF = (%) " and n?FF = (2%“0) * are the zero point fluctuations of the flux

and charge of the oscillator and [a, a'] = 1. These scales establish the fundamental vacuum
fluctuation levels.

The newly introduced operators a' and a allow us to rewrite the Hamiltonian of the QHO:

H = hw <aTa + ;) . (2.5)



Chapter 2. Foundations of bosonic cQED 12
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Figure 2.1: LC circuit schematic and QHO spectrum. (a) Lumped element representation of

an LC circuit. The inductor stores energy in its magnetic field, while the capacitor stores energy

in its electric field. Energy oscillates between these two components at the resonant frequency
1 R . . .

w = Z&- (b) Energy spectrum of the quantum harmonic oscillator showing the discrete,

equally-spaced energy levels E,, = hw(n + 3). The ground state has zero-point energy iw/2,

and each excited state is separated by exactly fw, creating the characteristic "ladder” structure.

withw = \/% = \/8EcE /h. The spectrum of the eigenvalue equation H |n) = E, [n) =
fuwo(n+ %) |n), shown in Fig.E(b), exhibits two fundamental characteristics. First, the spacing
between energy levels is uniform by exactly hw, lending the analogy to the rungs of a ladder.
Second, the ground state (n = 0) has a vacuum energy of fuv /2.

The ladder operators @ and a' are named after their actions on the eigenstates. The anni-
hilation operator @ moves eigenstates one rung down while the creation operator a' moves
them one rung up. For many students, introducing ladder operators initially appears to sacrifice
physical intuition for the sake of mathematical convenience. This misunderstanding stems from
focusing too narrowly on specific physical quantities, such as electron motion in circuits or
magnetic flux strength, rather than recognizing the more fundamental and straightforward
description they provide: how energy is stored and transformed within the system. By inverting

Equation we can relate these operators to the physical variables of flux and charge:

a= /PPy 1 %nZPFn7 al = PP — %nZPF,n (2.6)
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This formulation reveals that the ladder operators are complex-valued. The quadrature operators
X:%(a+aT>, Pz%(aT—a) (27)

provide a natural way to represent the real and imaginary parts of the ladder operators, creating
quantum analogs of classical position and momentum coordinates. For our quantum LC
circuit, these quadratures operators are, up to the vacuum fluctuations, equivalent to flux and
charge number, see Equation I want to point out that the pre-factor in the definition of the
quadrature operators varies between sources and is either 1/2 or 1/+/2.

While every classical harmonic oscillator state corresponds to a either a single point or a distri-
bution of points in phase space (, p), every QHO state can be described by a quasi-probability
distribution over the quadrature operators f(X, P). This phase space representation bridges
classical intuition with quantum mechanics, providing powerful tools for visualizing and char-

acterizing quantum states in experimental implementations.

2.1.1 Quantum mechanics in phase space

Knowledge about the density matrix means full knowledge of the quantum state. Yet, density
matrices of complex states living in a large Hilbert space are difficult to grasp. Is there a quasi-
probability distribution that is isomorphic to the density matrix, captures intuition built from
classical phase space, and is also experimentally accessible? The Wigner function is just that.
It allows intuitive visualization that resembles classical phase space and is accessible in the lab.
However, later in this thesis, we will find that measuring the Wigner function is not feasible in
every cQED architecture. In these cases, the characteristic function, a relative of the Wigner
function, is the tool of choice. Following, I will introduce both representations and connect

them to experimentally accessible observables.

Wigner function

In 1932, Wigner found a mapping between the density matrix p and a quasi-probability distribu-

tion that is now known as the Wigner function [62], as defined below:

1 foo ‘
W(z,p) = = /_ <x — g‘ plr+ y> PV dy (2.8)

2

The Wigner function formalism provides a complete alternative formulation of quantum

mechanics.
Unlike a traditional probability distribution, the Wigner function takes negative values,

lending it the name quasi-probability distribution. It has been proven that these negative features
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are witnesses of non-classical behavior [63,/64]. Another fundamental property of the Wigner
function is that we can obtain the marginal probability distributions of position and momentum

by integrating over the complementary variable:

P(a) = (@l pla) = [ W(z.p)dp (29)
P@p) = (plplp) = [ Wie,p)do (2:10)

By inverting Equation|2.8, we can construct the density matrix in either the position or momen-

tum basis from the Wigner function, as shown here in the position basis.

(= 3le
2

For experimental purposes, the Wigner function can be directly related to a measurable

T+ ‘g> = /OO W (x,p)e *Pdp (2.11)

quantity, the photon number parity operator P = ¢7%'¢, The complete derivation can be
found in [56].
W(a) = = /" <32/‘ D()'pD(a)P ‘g> dy — iTr[D(a)TpD(a)’P] (2.12)
where &« = 2 + ip and D(«) is the displacement operator as defined in the next section.
In the next Chapter, we will discuss how cQED architectures allow measurement of the

parity operator P and, as such, direct experimental access to the Wigner function.

Characteristic function

The characteristic function is another representation of the density matrix in phase space. It is
related to the Wigner function through a double Fourier transform and is thus also referred to
as reciprocal phase-space. As such, it is less intuitive than the Wigner function, but it becomes

experimentally invaluable in regimes where accessing the Wigner function is challenging.

W(a) = 1/C(V)ea”*“*”d2u (2.13)

2
Alternatively, the characteristic function is defined as the expectation value of the displacement

operator. For a state [1)), this takes the form:

C(v) = (Y[ Dv) [) (2.14)

with the displacement operator itself defined as

D(I/) _ evaT_y*a _ e—i2Re(u)P+i2Im(y)X (2’.15)
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The displacement operator translates states in phase-space (Wigner function representation) by
Re(v) along the X axis and Im() around the P axis. Hence, for a pure state, the characteristic
function maps out the overlap of the state with itself after being displaced by v.

Unlike the Wigner function, the characteristic function is complex-valued and satisfies
C(—v) = C*(v). It follows that the characteristic function is real for states that follow the
symmetry C(v) = C(—v). An imaginary part shows up when this symmetry is broken.

All experiments in this thesis are performed in a regime where the coupling between qubit
and cavity is small compared to the qubit lifetimes. As a result, the Wigner function is not
accessible, and the characteristic function is our tool of choice. The protocol to directly measure
the real or imaginary part of the characteristic function is detailed in Section

In the following section, I will examine several commonly encountered quantum harmonic
oscillator states and discuss their representations in both the Wigner and characteristic functions

to build an intuitive understanding of how to read these phase-space distributions.

2.1.2 States of the QHO

The utility of the QHO stems from its rich, infinite-dimensional state space, which accommo-
dates diverse quantum states with distinctive properties. Here, I will introduce some of the
most common QHO states, which are of importance for this thesis. In particular, I will discuss
Fock states (energy eigenstates), coherent states (quasi-classical states), squeezed states (which
demonstrate reduced uncertainty in one quadrature), and cat states (superpositions of coherent

states).

Fock states

Fock states, or photon number states, occupy a privileged position as energy eigenstates of the
quantum harmonic oscillator a'a |n) = m |n) = n |n). They form a complete orthonormal
basis that is often used to represent any arbitrary quantum state. Their discrete nature allows for
effective truncation of the infinite-dimensional Hilbert space to a computationally manageable
subspace, making them ideal for numerical simulations. Furthermore, Fock states exhibit trivial

time evolution, simply acquiring a phase factor e~ iEnt/h

, significantly simplifying dynamic
calculations.

In phase space, Fock states possess a well-defined energy but an undefined phase, manifesting
as rotationally symmetric distributions around the origin. Fig.[2.2)(a) depicts the Wigner and

characteristic function of |n = 2). Their shapes are described by Laguerre polynomials under
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Figure 2.2: Wigner and characteristic function of a Fock and coherent state. (a) Depiction
of |n = 2). In both functions, Fock states appear as Laguerre polynomials under a Gaussian
envelope. Fock states are states with well-defined energy and complete phase uncertainty, result-
ing in a doughnut-like shape. (b) Depiction of |a = 1.5). In the Wigner function, coherent
states appear as a Gaussian distribution with minimal uncertainty. Their resemblance to states
of the classical HO earns them the alternative name of quasi-classical states. In the characteristic
function, a coherent state appears as a Gaussian modulated by a cosine in the real part and a
sine in the imaginary part. The coherent state size determines the oscillation frequency, while
the phase determines the angle of the oscillations. The full phase information is encoded in the
imaginary part.

a Gaussian envelope. Fock states are inherently non-classical, with negativity in their Wigner
function. However, it is essential to note that, unlike in the Wigner representation, negativity

in the characteristic function does not indicate quantum features.

Coherent states
Coherent states are eigenstates of the annihilation operator @, with a |a) = a |a). Their Wigner
function representation is a Gaussian distribution that minimizes the uncertainty relationship

between position and momentum with equal uncertainty in both quadratures as shown in Fig.
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(b). Furthermore, their time evolution follows classical trajectories, oscillating in a circle
while maintaining their Gaussian shape, which is why they are also known as quasi-classical
states.

In the Fock space basis, coherent states take the form:

la) = |n (2.16)

sy
« 2 *

From this, we find the overlap of two coherent states as (3|a) = e~ —1%+6" The Fock

state population of a coherent state follows a Poisson distribution P(n) = =™ O:l—zn with

average photon number (n) = |«|? and variance ||?.
Applying a displacement operator to a coherent state displaces it and generates a geometric
phase:
D) la) =e™ " |a+ 1) (2.17)

The characteristic function representation of coherent states follows by combining this relation

with the overlap formula between two coherent states:
v 2
Clay(v) = (a|D(v)|a) = e 2 e* V7" " (2.18)

Finally, using o = a1 + iag, v = v; + 10,, we can express this in terms of real and imaginary
components:

w12

Re(C(v)) = €™ 2 cos(2a1vy — 2a9v1)

|v|?

Im(C(u)) =e 2 Sil’l(2(111)2 — 2@21)1)

The characteristic function of a coherent state o = 1.5) is plotted in Fig. [2.2/(b). A key
observation is that the amplitude of the coherent state is encoded in the oscillation frequency of
the fringes, which appear perpendicular to the state’s position in phase space. One can only
recover the complete phase information from the imaginary part of the characteristic function.
As a bridge, if your left foot stands on the first positive oscillation and your right on the first

negative, the position of the coherent state in the Wigner function is in line of sight.

Squeezed states

Squeezed states represent another fundamental class of non-classical states where uncertainty is
redistributed between conjugate variables. While coherent states have equal uncertainty in both

quadratures, squeezed states reduce uncertainty in one quadrature at the expense of increased
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uncertainty in the other, still satisfying the Heisenberg uncertainty principle. Mathematically,

squeezed states are generated by applying the squeezing operator:
S(z) = e3 (€ a?~¢a™) (2.19)

where I assume for simplicity that £ is real. Applying this operator to a vacuum yields a squeezed

vacuum state, with the defining property that the standard deviation in the X quadrature is

reduced
1
AX = 5675 (2.20)
while the P quadrature is increased
1
AP = §€§ (2.21)

Itis common practice to quote the squeezing in dB, which is found from the squeezing parameter

§ as 20log,, <|65|).

A general squeezed coherent state is given by:

|, &) = D()5(£)]0) (2.22)

In phase space, these states appear as elliptical Gaussian distributions rather than circular
ones. Squeezed states have practical applications in quantum communication and quantum
metrology, where, e.g., they are used for gravitational wave detection [6s,(66]. The Wigner and

characteristic functions of a squeezed vacuum state are depicted in Fig..3/(a).

Cat states

Cat states are superpositions of coherent states with opposite phases, named after Schrodinger’s

cat thought experiment.

[Ya) = N(le) + €| = a)) (2.23)

Here V is a normalization constant, and ¢ determines the type of cat state: ¢ = 0 gives an even
cat state containing only even Fock states, while ¢ = 7 gives an odd cat state with only odd
Fock states. The distinct parity of even and odd cat states can be used to detect flips between the
two, making them a promising candidate for quantum error correction.

The defining property of a cat is that it is a superposition of macroscopic coherent states.
In our system, they are a superposition of electromagnetic fields on a geometric scale of mil-
limeters. In the Wigner function, this quantum behavior manifests in the fringes between the

two Gaussian peaks. These coherent fringes are incredibly fragile and quickly vanish due to
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Figure 2.3: 'Wigner and characteristic function of a squeezed and cat state. (a) De-
piction of |aw = 0,& = 0.4). Both representations exhibit elliptical Gaussian distributions,
reflecting the redistribution of quantum uncertainty between conjugate quadratures. The
variance of one quadrature is reduced with a corresponding amplification in the other quadra-
ture. A phase would show up as a rotation of the Gaussian distribution. (b) Depiction of
N (\04) 4 eim/4 ]—a)) with o = 1.5. While Wigner and characteristic functions appear visu-
ally similar, they encode information in a complementary manner. In the Wigner function, the
size is encoded in the location of the blobs, while the interference appears as fringes between the
blobs. A relative phase between the coherent states appears as a phase offset in the oscillating
fringes. The characteristic function reverses this encoding. The size is encoded in the fringes,
while the coherence appears as blobs. A relative phase transfers the blobs between real and
imaginary parts of the characteristic function.

decoherence. They are also the reason why cat states are valuable for metrology and tests of
fundamental quantum mechanics .

Fig. (b) shows a cat state with ¢ = 7 /4. This particular phase is chosen to demonstrate
the impact a phase has in the different representations. At first glance, the Wigner function and
the real part of the characteristic function appear similar. However, the information is encoded

in reverse. The cat’s size is encoded in the blobs in Wigner and the fringes in the characteristic
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Figure 2.4: Implementations of LC resonators. (a) Sputtered thin-film stripline and hairpin
resonators on a sapphire substrate. The chips are housed in a waveguide made of high-purity
aluminum, featuring a sufficiently high cutoff frequency that prevents the resonator’s field from
spreading. Stripline resonators are often used as a readout resonator and are strongly coupled
through a pin to a transmission line. The geometry of Hairpin resonators minimizes field loss
by diluting the field in lossy interfaces, allowing Q. to exceed 3 X 107. When used as a storage
mode, they are weakly coupled to the outside. (b) 3D Coaxial stubline cavity made out of a
single piece of high-purity aluminum. Most of the field is stored in vacuum, and the elimination
of seams allows us to routinely achieve @i, above ~ 108. Like the Hairpin resonator, they are
typically used as a storage mode and are thus weakly coupled to the control line.

function.

On the other hand, the coherence and phase are encoded in the fringes in Wigner and the
blobs in the characteristic function. A critical observation in the context of this thesis is that
the quantum features appear as high-frequency components in the reciprocal phase space. This
insight is used in chapterto protect the coherence features of cat states through compression

in reciprocal phase space.

2.1.3 Physical implementation

Quantum LC oscillators require two fundamental components: an inductive element that
stores energy in magnetic fields from moving charges, and a capacitive element that stores energy
in electric fields from static charges on opposing surfaces. To exhibit quantum mechanical

behavior, these elements must be fabricated from superconducting materials and cooled to
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temperatures where the system predominantly resides in its ground state |0).

Both thermal and material considerations constrain the frequency range in which we can
operate. The lower bound is set by commercially available dilution refrigerators operating at
approximately 7' = 10 mK. Unwanted thermal excitation follows the Boltzmann distribution
67%. To suppress thermal excitations, the oscillator frequency must be sufficiently high
(typically ~ 4 GHz). Material properties set the upper bound. The superconducting gap of
aluminum is at 1.2 K corresponding to ~ 40 GHz. To ensure that we do not break the Cooper
pairs and create lossy quasi-particles, we have to operate well below that point. An additional,
though not fundamental, constraint is the availability of affordable control electronics, which
sets the effective frequency range for our experiments between 4-8 GHz.

The quality of a resonator is quantified by its )-factor, ) = w77, where w is the res-
onator’s frequency and 77 is the characteristic energy decay time. This ()-factor comprises two

contributions:

l—L-l-i (2.24)
Q_Qext Qint 2

The intentional coupling to control lines is quantified by (Q)ex, while Qo accounts for all
dissipative losses to the environment. Naturally, for a storage element, we want the ()-factor to
be as large as possible. At the same time, for a readout element, we artificially limit the ()-factor
by engineering a small ).

To achieve a high Q)i,., we have to ensure that the electrical field of a mode is stored with
minimal losses. For that, vacuum is ideal, bulk material a little worse, and the interfaces and
seams are bad [s9]. With this in mind, we can achieve high @), through material choice and
engineering the mode structure, for example, by diluting the field stored in interfaces and placing
the resonators in waveguides with appropriate cutoff frequencies to minimize participation in
seams and suppress unwanted couplings to other modes.

The design of the resonator depends on its role as either a readout or a storage device. For
readout, simple stripline A /2 resonators, as shown at the top of Fig. (a), are used. Their Q.
is currently limited to Qi,, ~ 10° [68]. However, their overall Q-factor is artificially limited
by strong external coupling to a pin, resulting in Qe ~ 10? to achieve readout in hundreds of
nanoseconds.

For storage cavities, we either use coaxial stubline cavities or on-chip tantalum hairpin
resonators. 3D architectures, such as the coaxial stubline \/4 resonator shown in Fig. Q(b),

are manufactured from a single piece of high-purity aluminum, eliminating seams and retaining
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most of the field in a lossless vacuum. As a result, they consistently achieve Qi ~ 10® [59).
While these 3D architectures have starred in many groundbreaking cQED experiments, they are
bulky and difficult to scale for multimode experiments. Recent advancements in fabrication
techniques, better understanding of relaxation mechanisms, and material properties have led
to the design of tantalum on-chip hairpin \/2 resonators, achieving Qi =~ 3 % 107 [69]. A
schematic is shown at the bottom of Fig. [2.4|(a).

In this thesis, I utilize a coaxial stubline cavity for my first single-mode experiment in Chapter
At the same time, the more compact tantalum hairpin resonators are a natural choice for the

multimode experiment in Chapter E

2.1.4 Loss mechanisms

Quantum systems are inherently fragile and susceptible to environmental perturbations. De-
spite careful fabrication of resonators and their surrounding environment, interactions with
external degrees of freedom are unavoidable. These interactions manifest through two distinct
decoherence mechanisms: energy relaxation characterized by the time constant 71, and pure
dephasing characterized by 7. The total dephasing time 75, which quantifies the combined
effect of decay-induced and pure dephasing, is given by

1 1 1

7 - o + E (2.25)

In superconducting resonators, energy loss arises from multiple mechanisms, including
two-level systems (TLS), radiative losses, magnetic vortices, and quasiparticles generated by
stray infrared radiation and microwave-induced pair-breaking [7o]. In contrast, pure dephasing
unrelated to coupled nonlinear modes is essentially negligible [71]. This absence of intrinsic de-
phasing stems from the exceptional frequency stability of resonators, whose resonant frequency
depends on the macroscopic circuit parameters L and C'.

This intrinsic noise bias T;, > Tj is extremely valuable for quantum error correction,
particularly for bosonic codes such as the Gottesman-Kitaev-Preskill (GKP) [43] and 4-legged
cat codes [s2]. The dual-rail encoding [49] leverages this bias more directly by encoding the
logical qubit in only the first two levels of the resonator, sacrificing the large Hilbert space to
exploit the favorable noise structure fully.

To model these decoherence processes mathematically, we employ the Lindblad formalism

[72], which provides the necessary framework for describing non-unitary evolution in open
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quantum systems. The general Lindbladian takes the form
1
Lol = <Lk,0LL - §{L£Lk, ,0}> (2.26)
k

where L, are the jump operators and 7y, are the corresponding rates.

For photon loss, the relevant jump operator is L = a with rate v = k. Under these
dynamics, a coherent state |) evolves as | (t)) = |ae™"*/2), where the amplitude exponentially
decays while preserving the coherent state structure. The average photon number (n) = ||?
decreases as |ar|2e ™", yet the quantum state remains a minimum uncertainty state with Poisson
photon statistics throughout the decay process.

While pure intrinsic dephasing is negligible, the coupling to nonlinear elements can induce
cavity dephasing. The corresponding jump operator is Ls = a'a with rate 7,,. Under dephas-
ing, a coherent state o) evolves into a mixed state that retains the original Poissonian photon
number distribution with (n) = |a|?, but loses all phase coherence between different Fock

states.

2.1.5 Driving a QHO

We control our Quantum LC circuits by coupling them to a transmission line. In our architec-
tures, this is accomplished by introducing a coupling pin, connected to an SMA connector, into
the waveguide that hosts the resonator. The distance between the pin and resonator determines
the coupling strength and thus the external quality factor of the resonator Qey.

For readout resonators, we aim to achieve the overcoupled regime where Qe <K Qine.
This design choice ensures that the electromagnetic field of the resonator, which contains the
information we are looking for, decays into our control line rather than dissipating into the
environment. Conversely, we operate storage elements in the undercoupled regime where
Qexe > Qine to preserve their intrinsic lifetime without imposing an artificial limit.

Input-output theory provides the mathematical framework for how a microwave tone
with amplitude €(¢) affects our resonator. Assuming the drive power significantly exceeds the
coupling strength (the stiff pump approximation), we can express the drive Hamiltonian as [ss]:

H drive

s et)a’ + e*(t)a (2.27)

Where we’ve assumed the drive is resonant with the resonator.
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The capabilities of just having a driving tone to manipulate a QHO are surprisingly limited.

For an arbitrary drive €(¢), the resulting time evolution unitary is:

U(t) _ e—i(afe*(t)dt—i-aT fe(t)dt) _ eaa*—aTa (2.2,8)

where o = i [ €(t)dt. This is just the displacement operator, indicating that driving a QHO
can only produce coherent states, which are rather unspectacular by themselves.

This fundamental limitation stems from the quantum harmonic oscillator’s equally spaced
energy levels. Since a drive cannot distinguish between transitions, it simultaneously excites and
induces stimulated emission, always resulting in a coherent state. To access more interesting
quantum states, such as Fock states, squeezed states, or cat states, we must couple our QHO to

an element with uneven energy spacing - a non-quadratic potential.

2.2 Transmon

The Josephson junction is the circuit element that provides the sought-after non-quadratic
potential. While structurally simple, it consists of two pieces of superconducting metal separated
by a thin insulating layer as depicted in Fig. (a); it is an element of rich physics enabled by
superconductivity. The two Josephson equations capture its behavior [73]. The first Josephson
equation relates the supercurrent going through the Junction to the phase difterence ¢ of the

two superconducting wave functions on each side of the barrier.
I = I.sin(p). (2.29)

Here, I. is the junction’s critical current, the maximum supercurrent that the junction can
support before Cooper pairs begin to break, and the junction gains resistance. The second
equation relates the time evolution of ¢ to the voltage V' across the junction:

dt = 2 2.30

Combining these two equations and solving for the voltage reveals that a Josephson Junction

behaves like a nonlinear Inductor.

D dl dl
ve=_— 9 % _ () .
271 .cos(yp) dt 1) dt (231
where L ;(¢) = ﬁgs(w) is the Josephson inductance. As a consequence, the Hamiltonian of

a circuit where a Josephson junction replaces the inductor can be written as:

H = 4E¢ (n —ng)* — Ejcos(p) (2.32)
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(a)

Al

AlOx

Al

Figure 2.5: Josephson junction, transmon circuit schematic and transmon spectrum. (a)
Physical structure of a Josephson junction consisting of two superconducting aluminum (Al)
electrodes separated by a thin aluminum oxide (AlOx) tunnel barrier. Cooper pairs can tunnel
through this insulating layer. The dynamics are described by the Josephson eftect. (b) Circuit
representation of a transmon, where a large capacitor shunts the Josephson junction. (c) Energy
spectrum of the transmon showing the cosine potential as a function of phase ¢. The energy
levels are unevenly spaced, with the transition frequency between |g) and |e) being Awr. The
anharmonicity o reduces higher transitions. This uneven spacing enables selective addressing of
specific transitions, making the transmon function as a controllable two-level system or qubit.

is the capacitive energy across the junction and F; = % is the inductive

e

where Ec = 5~

energy of the Josephson junction. n catches the effects of any offset charge. The energetic
landscape of this circuit depends on the particular design choice of E¢ and E;.

The crucial insight that led to the conception of the transmon is that both charge sensitivity,
a dominant decoherence factor in the earlier Cooper pair box design [34], and anharmonicity,
the difference between the two energy levels, decrease with increasing £/ E¢. Crucially, the
charge sensitivity decreases exponentially, while the anharmonicity only decreases algebraically
[37]. With E;/E¢ 2 50, the charge sensitivity becomes negligible while the anharmonicity
is still sufficient for fast operations. In our system, we operate with ¢ ~ 200-300 MHz and
Ej ~ 5-20 GHz. Physically, this is achieved by having a junction connect two large capacitor
pads that shunt the small intrinsic capacitance of the junction, effectively suppressing the effect
of charge noise. The resulting circuit diagram is shown in Fig. E(b)

To simplify the Hamiltonian, it is instructive to pull the second-order term out of the cosine;
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we also drop the offset charge. This allows us to write the Hamiltonian as the sum of two parts:

alinear and a non-linear part.
_ 2 E,; 2
Hy; = 4Eon® + -+ H,, () (2.33)

with Hy, () = —E; (cos( p) + %2> , the linear part takes the same form as for the previously

discussed QHO. It is key to observe that H 4, depends on ¢, whose magnitude depends on the
1

vacuum fluctuation p? 7 = (%) * < 0.5. Consequently, we can treat the non-linear part

as a perturbation and diagonalize the linear part as done before for the QHO. The transmon

Hamiltonian then follows as

Hr = \/SEcE;q'q+ Hy, (97" (g +q")) (234)
E 4 4
~ o/ tg — ) (LZPF f
~V8Eckiq'a — o) (#”"") (g +4') (2.35)
ha
~ hwrg'q - = q"q’ (2:36)

where we use lwpr = /8E-FE; — E¢ and ha = % (QOZPF)4 = FE¢. In the last step, the
rotating wave approximation was invoked to drop any terms that do not have the same number
of g and q. Equationis the Hamiltonian of an anharmonic oscillator with its spectrum
shown in Fig. E(c) The anharmonicity results in a reduction of the energy level spacing.
Next, we discuss how this anharmonicity allows us to operate a transmon as a qubit through

an appropriate choice of drive parameters.

2.2.1 Driving a transmon

Transmons are coupled to external control electronics through the same mechanism as QHOs.
A pin connected to a transmission line capacitively couples to the transmon’s dipole moment,
enabling control operations. Like storage elements, we operate transmons in the undercoupled
regime where the coupling to external lines is much weaker than the intrinsic decay rates.

The full Hamiltonian for a driven transmon can be written as:
H

o * —iw, W,
— =wrg'g - 5q"g" + () g+ Qt)e ' q! (237)

where Q(t) represents the time-dependent drive amplitude at frequency wy. Moving into the
rotating frame of the transmon at wy and assuming that the drive is played on resonance with

that transmon, wg = wr, this Hamiltonian takes the form:

H o .
5T —§qT2q2 + Q' (t)g + Qt)q' (2.38)
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Here, the effect of the anharmonicity becomes apparent. If the qubit is in its ground state,
the anharmonicity has no impact, and the drive acts in resonance. For subsequent energy
levels, the anharmonicity shifts the frequency, resulting in the drive being oft-resonant. As a
consequence, the drive will only affect the transition if {2(¢) has Fourier components at these
transition frequencies. Hence, the bandwidth of a drive pulse determines which transitions
are addressed simultaneously. Assuming a Gaussian envelope, we can calculate the bandwidth
ofapulseas oy = 1/2moy, where 0, is the standard deviation of the Gaussian pulse duration.
Hence, we can operate the transmon as a two-level system if our drives are sufficiently long.
Typical anharmonicities of av = 180-300 MHz set the limit for simple Gaussian pulses to tens
of nanoseconds.

This spectral constraint has motivated the development of pulse-shaping techniques, such
as DRAG [74], to shape transmon control pulses, to suppress the Fourier components at higher
transition frequencies. These methods enable rapid operations of the transmon as an effective
two-level system by carefully controlling the spectral content of drive pulses, ensuring that the
population of higher energy levels remains negligible. Next, I will introduce the notion of a

qubit and develop the corresponding mathematical concepts.

2.2.2 Operating the transmon as a qubit

The anharmonicity of the transmon affords the capability to operate it as a qubit. Suppose the
bandwidth of our transmon pulses €2(#) is smaller than «. In that case, the induced dynamics
are confined to the first two transmon levels, allowing us to truncate our Hamiltonian and
effectively turn it into a qubit.

The states of a qubit are given by the two eigenstates |0) and |1), and any qubit state can be

written as a superposition of these two states:

[¥) = a|0) + 5 [1) (2.39)

where o and /3 are complex numbers and satisfy the normalization condition |a|* + |3]* = 1.
Alternatively, we can parameterize any qubit state using the Bloch sphere representation shown
in Fig.

1) = cos(0/2) |0) + € sin(6/2) 1) (2.40)

where ¢ and 0 are the polar and azimuthal angles on the Bloch sphere, respectively. Qubit

states and operations are described by the Pauli matrices, which form a complete basis for all
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Figure 2.6: Blochsphere representation. The Blochsphere is a useful tool to visualize qubit
states. Pure states live on the surface of the Bloch sphere and are fully characterized by the
two angles ¢ and 6. The poles are given by the states |0) and |1). Qubit gates take the form of

rotations around different axes on the Blochsphere.

single-qubit operations:

o = [0) (1] + 1) (0] = ((1) ;) (1)

0 —1i
o, = —il0) (1] +i[1) (0] = ( ) (242)
0

7. = [0) (0] = 1) {1] = ((1) _01) (43

These operators represent rotations around the corresponding axes of the Bloch sphere.
Using the Pauli matrices, we write the qubit Hamiltonian as:

w
H, = 3"02 (2.44)
where wy is the qubit frequency. The qubit drive Hamiltonian takes the form:

H giive = [2(t)[(cos(@)as + sin(¢)a ) (2.45)

where |€2(t)] is the absolute value of the drive amplitude and ¢ is the phase of the drive, which

determines the rotation axis.
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2.2.3 Decoherence channels

Transmons are vulnerable to environmental-induced decoherence that limits their quantum
coherence. These interactions manifest through energy relaxation characterized by 7' and pure
dephasing characterized by T}, with the total dephasing time 75 related through the standard
expression 1 /15 = 1/2T5 + 1/Ty.

Energy relaxation in transmons arises from several mechanisms, with dielectric losses typi-
cally being dominant. Two-level systems (TLS) in the amorphous aluminum oxide barrier of
Josephson junctions and at various material interfaces cause energy dissipation through their
fluctuating electric dipole moments [7s} 76]. Substrate losses, Purcell decay through coupling
to transmission line modes, and recently identified quasiparticle-induced effects also contribute
to 17 limitations [77]. The relative impact of these mechanisms depends strongly on device
geometry, materials, and fabrication processes.

Pure dephasing in fixed-frequency transmons primarily originates from charge noise cou-
pling through residual charge sensitivity, critical current fluctuations in Josephson junctions,
and low-frequency magnetic field noise. The absence of flux control lines eliminates the domi-
nant flux noise channel that typically limits tunable transmon architectures. Additionally, TLS
exhibits complex dynamics including spectral diffusion and environmental coupling that can
modulate qubit frequencies [78,[79].

Recent materials research has demonstrated significant potential for coherence improve-
ments. While aluminum remains widely used for Josephson junctions due to its reliable fab-
rication and well-understood properties, replacing the electrodes with tantalum or niobium
has shown enhanced performance, with recent demonstrations achieving coherence times ex-
ceeding 1 ms [80o,81]. However, achieving such improvements requires careful optimization of
fabrication processes and environmental control.

In practice, transmon coherence times vary significantly based on fabrication quality and
environmental conditions. Typical 7' times range from tens to hundreds of microseconds, with
T, often approaching 277 under dynamical decoupling. The ratio T} /T’ is generally favorable
compared to flux-tunable devices, making fixed-frequency transmons a more attractive choice
for state preparation and readout purposes.

The mathematical description of decoherence employs the Lindblad formalism, introduced
in a previous section. Energy relaxation is described by the jump operator Ly = o_ = |g)(e|

atrate y; = 1/77, causing exponential decay from the excited state to the ground state. Pure
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dephasing uses the jump operator L, = o, = |e){e| — |g)(g| at rate 7, = 1/T}, which

preserves state populations while destroying phase coherence.

2.3 Coupling QHOs and transmons

The previous sections introduced the two main building blocks of bosonic cQED and discussed
their individual control. We observed that driving a QHO can only generate trivial coherent
states. To access the rich variety of non-Gaussian states essential for quantum information
processing, we require a nonlinear element, the transmon. We can capacitively couple these
two elements by placing them in physical proximity, such that the electric field of the resonator
extends into the region occupied by the transmon, creating a shared capacitance between the
two. The strength and nature of this interaction depend on their physical and spectral proximity.

I think about coupling through the lens of mode hybridization. The classical example is
two pendulums coupled by a spring. When the pendulums oscillate independently, each has
its characteristic frequency determined by its length and mass. However, once connected by
a spring, the system’s dynamics fundamentally change; the motion of one pendulum directly
influences the other through their shared coupling element. The result is a transformation from
individual oscillations to collective behavior. The system no longer supports the original (bare)
uncoupled modes. Instead, it exhibits two new normal modes: a symmetric mode, where both
pendulums swing in phase, and an antisymmetric mode, where they oscillate out of phase. The
frequencies of these hybridized modes shift away from the original pendulum frequencies, with
the magnitude of this shift determined by the strength of the spring’s coupling. Strong coupling
creates a large frequency splitting between the two normal modes, while weak coupling results
in only minor deviations (dressed) from the original frequencies.

To derive the effective interaction of the QHO and transmon, we begin with several key
assumptions. First, the geometric coupling strength g must be much smaller than the mode
detuning: ¢ < |A| = |wy — wg|. Second, the transmon anharmonicity should be weak com-
pared to this detuning: &« = E¢/h < |A|. Finally, we invoke the rotating wave approximation
where |A| < wr + wg allows us to neglect rapidly oscillating terms.

Under these conditions, the coupled system Hamiltonian takes the form:
H = hwpa'a + hwrq'q + Hy (p) + hg(aq' + a'q) (2.46)

The strategy for finding the dispersive Hamiltonian involves two steps: First, we diagonalize the
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linear coupling term by transforming to dressed modes, then we re-express the nonlinear terms
in this new basis to reveal the resulting dispersive interaction.
The transformation from bare to dressed modes occurs through a "rotation” that mixes the

cavity and transmon operators [54]:

a = cos(f)a +sin(f)g =~ a + %q (2.47)
q = —sin(f)a + cos(f)q ~ —%a +q (2.48)

Here, the angle § = arctan(2g/A) quantifies the mixing of the two modes. In the dispersive
limit where g < |A|, this mixing is small, justifying the linearized approximations shown. This
transformation eliminates the linear coupling term and shifts the mode frequencies according
towr = wr + ¢°/Aand @y = wr — g?/A. These frequency shifts are known as Lamb
shifts. An important consequence of mode hybridization is loss inheritance. The high-) mode
acquires additional decay through its coupling to the lower-() mode, with the induced decay
rate 'p = 2(g/A)?k, where  is the decay rate of the low-@Q mode.

To find the effective nonlinear interactions, we now express the transmon’s phase operator

in terms of the dressed modes:

c'OZPF (

q+4q')~ sO:ZrPF(Q+q)+sD:ZrPFi(a+a) (2.49)

Substituting this into H () yields the Hamiltonian:
H = hwpa'a + hwrg'q + Hy (Q2FF <q+q)+g0;ZpPFi<a+a)) (2.50)

Expanding the nonlinear terms to fourth order and applying the rotating wave approximation
yields the final dispersive Hamiltonian that we operate with. From this point on, I will treat the

dressed modes as my default modes and drop the tildes to remove clutter:

H ispersive K
7d7§; = wrala + wrq'q — Sq°¢* — ~ a'*a?

5 -5 —xq'ga’a (2.51)

This Hamiltonian has two new components, in addition to the transmon anharmonicity.
First, as a consequence of hybridizing with a nonlinear element, the resonator inherits a self-Kerr

nonlinearity with strength:

) (2) e (2)
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Second, the coupling between the transmon and the resonator manifests as a state-dependent

frequency shift between the modes, characterized by the dispersive coupling strength:

=By (8) (L) =2k (£) (259

This cross-Kerr interaction forms the foundation for quantum non-demolition measurements
and conditional operations, enabling universal control in circuit QED systems. Assuming typical
values such as g /27 ~ 10-300 MHz, A /27 ~ 1-3 GHz, we find x /27 ~ 30 kHz-2 MHz and
K /2m ~ 1Hz-100kHz. Critically, x and K both depend on g/A and are thus dependent.
Keeping K small ~ 1 Hz is a major motivation to operate in the weak dispersive coupling regime
with x /27 ~ 30-100 kHz.

The dispersive Hamiltonian as written in eq. @rests on several assumptions. Crucially,
based on the assumption that g < A, we neglected higher-order terms. This is invalid for large

photon numbers in the cavity. To illustrate this, we consider the sixth-order dispersive shift.

—X'aa’q'q (2.54)

with Y/ = 2Eq(p4FT)? <%)4 ~ 0.1 Hz-1kHz, which is typically small enough such that
neglecting these terms is justified. However, this term scales with n? and will thus explode for
larger photon numbers. The critical photon number provides a useful heuristic for determining

when these higher-order terms become dominant.

1 A —jEc/h*>
Netie = 5 5 —J (2.55)
25 +1 4q
where j = 0,1, ... refers to the qubit state [s5]. For the ground state, the critical photon

number takes the form n;, = (A/ 2g)2. Thus, to safely operate in the dispersive regime, we

must ensure that n < .

2.4 Operating a bosonic cQED architecture

The dispersive interaction derived in the previous section affords both quantum non-demolition
measurements and universal control of the storage cavity. Concretely, for readout, the cross-
Kerr term —ya'aq'q acts as a qubit state-dependent frequency shift that alters the response of
the readout resonator to a probing tone, allowing the distinction of the two qubit states. For
control, the dispersive Hamiltonian offers several distinct schemes. Most straightforward, the

state-dependent frequency shift allows for the enactment of conditional phase gates between
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Figure 2.7: Schematic of a standard bosonic cQED device. A standard bosonic cQED device
consists of a storage mode (dark blue), an ancilla transmon (pink) to control the storage mode,
and a readout resonator (turquoise) to read out the qubit state. The spectral and spatial separa-
tion of the different modes is carefully chosen to achieve the desired Hamiltonian parameters.

The modes are capacitively coupled to transmission lines over which pulses are sent to control
the system.

the qubit and the storage. Furthermore, it enables pulses with narrow spectral selectivity to
interact with the qubit/cavity conditioned on the state of the cavity/qubit. Beyond these direct
applications of the dispersive Hamiltonian, the nonlinearity of the Josephson junction can also
be utilized as a four-wave mixing element, resulting in parametric interactions when driven with
appropriately detuned tones.

Fig. [2.7|shows the schematic of a standard bosonic cQED architecture. It consists of a high-
( coaxial stubline storage cavity for information encoding (blue), an ancilla transmon (pink),
and a stripline-resonator strongly coupled to a transmission line (turquoise). For the following
discussion of non-demolition readout and control, we will limit ourselves to the corresponding
subsystems readout-qubit and qubit-storage. A choice that is justified by designing the system

such that readout storage crosstalk is negligible.

2.4.1 Dispersive readout

The dispersive interaction between the qubit and readout resonator enables quantum non-
demolition measurement of the qubitstate. This readout mechanism utilizes the state-dependent

frequency shift of the resonator, where the excitation of a qubit shifts the resonator frequency.
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By probing the resonator response near its eigenfrequency, we can infer the qubit state from the
signal without directly probing the qubit itself.

The input-output formalism describes how an input pulse interacts with the system and,
combined with the system’s response, turns into the output field that we collect in our measure-

ment apparatus. [ss]

Aoy = Qi + \/Ea’ (2‘56)
Here, a describes the field of the resonator, a;, the incoming control field, and @, the combined
returning field. To find the response of the system, we consider the Hamiltonian in the rotating

frame of the qubit and a resonator drive at wr — x/2:

Hint *
- _gafaaz +et)a + € (H)a (2.57)

While this Hamiltonian governs the coherent evolution of the resonator, for readout, we

must also account for the resonator’s strong coupling to the transmission line, which introduces
decay at a rate k. When the qubit is projected into a definite state, we are only concerned with the
trajectories of coherent states, and the system reduces to a damped, driven harmonic oscillator

described by classical equations of motion.

Gy(t) == (5 + (A +3)) aglt) — ielt) (258)
elt) = = (5 +ia =) ault) — et (259)
(2.60)

where A is detuning from the assumed drive frame. We can solve these equations to find the
response of the resonator to a readout pulse €(?).

To visualize the dynamics of these equations, we can interpret them as the interplay of three
forces acting in phase space, as illustrated in Fig.[2.8 (a). The drive € acts as a uniform force field,
the decay k as a re-centering force toward the origin, while the dispersive shift y results in a
qubit state-dependent tangential force. Assuming a constant drive, the resonator is driven into
a qubit state-dependent steady state [ss)):

—€ _ 2e gids
(A£x/2) —i8/2  [(5/2)2 + (A £ x/2)?

Aty /2
K/2

S
Xgle =

(2.61)

with ¢4 = arctan( ). For A = 0, the qubit state information is encoded in the phase of

the steady-state response.
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Figure 2.8: Dispersive readout mechanism. (a) Dynamics of the readout resonator during
dispersive readout is an interplay of three forces. The uniform drive force pushes in one direction
in phase space, the decay acting as a central force and a qubit state-dependent tangential force
(here for |e)). (b) Input field, cavity field, and output field as calculated through the Input-
Output formalism for an input square pulse. (c) Integrating many trajectories leads to two
Gaussian distributions for |g) and |e). The distance between these peaks is the signal, while the
overlap gives the error. The width of the Gaussian is, by default, equal to the vacuum noise.

The interaction of the different fields as described by the input-output formalism, as shown
in Fig. |2.8|(b). A traditional readout process consists of three distinct phases. Initially, the
resonator field @ rings up from vacuum to its steady-state value, then maintains constant
amplitude during the drive pulse, and finally rings down when the drive is extinguished. The
measured output field reflects both the reflected incident drive and the resonator’s response.

After the returned readout signal is sampled, it is integrated using weights. These integration
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weights are chosen to increase the discrimination between qubit states by emphasizing periods
with large state separation and weakening the contribution of periods with low separation. After
the integration, we end up with a single phase-space point that we can use to infer the qubit
state. Repeated measurements produce two Gaussian distributions as depicted in Fig. [2.8|(c).
For single-shot readout, we establish a threshold between these distributions and use it to assign
each measurement outcome to either |g) or |e).

What makes a good readout? We can quantify the quality of our readout in terms of two
numbers, the fidelity F and the quantum non-demolitioness Q. F quantifies the confidence
that our threshold assignment is correct, while Q measures if the readout process disturbed the
qubit state. Additionally, we would like our readout to be as fast as possible. These quantities
can be inferred by performing the "butterfly measurement scheme” on the transmon, for more
details, see Ref. [s4].

The readout fidelity fundamentally depends on the signal-to-noise ratio, which is determined
by the separation between the Gaussian distributions (signal) relative to their widths (noise).
This relationship suggests that simply increasing pulse duration and amplitude should improve
discrimination by enhancing the steady-state signal while maintaining constant vacuum noise
levels. However, the underlying dynamics impose more nuanced constraints that limit this naive
approach. Longer readout pulses increase the probability of spontaneous qubit decay during
measurement, directly degrading the QND-ness and fidelity. Further, large photon populations
in the readout resonator break the dispersive approximation and can reduce qubit coherence
through ionization processes, where high-energy photons cause quasiparticle generation that
dephases the superconducting qubit [82]. These competing effects create a fundamental trade-
off between measurement strength, length, and quality. It is therefore essential to maximize the
signal-to-noise ratio for a low enough photon number that does not disturb the qubit. Under
the assumption that steady state is reached, this can be achieved by setting x = & [9].

The discussion above reveals the trade-offs governing the dispersive readout process. While
the simple square pulse used in the debate provides a good baseline, the multidimensional
optimization problem of maximizing assignment fidelity, achieving QNDness, and minimizing
time suggests that significant improvements can be made by optimizing the waveform. Tradi-
tional approaches have postulated fixed alternative waveforms, such as CLEAR [83]; however,
optimizing the entire parameter space has remained largely unexplored.

In a recent publication with Aniket Chatterjee, we demonstrated the efficacy of mode-free

reinforcement learning for discovering optimal readout pulses [84]. This approach utilizes
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Figure 2.9: Readout pulse comparison. Comparison of a square (yellow), A4R (red), and
RL (blue) waveform for the system with £ =10.4 MHz and x = 0.42 MHz. The waveforms
include the reset time. For the same fidelity, the A4R and RL waveforms achieve a significant
speedup compared to the default square pulse. For more details, see Ref. [84].

the proximal policy optimization (PPO) algorithm to optimize the high-dimensional readout
waveform in terms of various performance metrics. The Reinforcement learning (RL) agent
optimizes the pulse by interacting with a physically motivated training environment, utilizing
the quasi-classical Langevin equations (see Equationp.60) along with qubit decay.
Remarkably, the RL agent consistently converges to a physically intuitive, generalizable
waveform structure across different parameter regimes, which we refer to as Active Four-tone
Readout (A4R). A4R consists of four distinct segments. A high-amplitude ring-up tone that
rapidly drives the resonator into steady state, a readout segment optimized for maximum state
discrimination, and a two-tone reset sequence that rapidly depletes the resonator population.
The A4R waveform, along with the actual RL-waveform and a square pulse for comparison, is
shown in Fig. The pulse form can achieve state-of-the-art fidelities while reducing the total
readout and reset time by a factor of 2. Ref. [84] discusses the tune-up of A4R in detail.
Beyond pulse optimization, readout fidelity can be substantially improved by using quantum-
limited amplifiers. They operate close to the fundamental quantum limit by adding minimal
excess noise, making them the ideal candidate for the first part of the amplification chain. Two

commonly used architectures are the Josephson parametric amplifier (JPA) [8s] and the Joseph-
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son traveling-wave parametric amplifier (JTWPAs) [86].

JPAs utilize the nonlinear inductance of a single Josephson junction driven by a strong
pump tone to create parametric gain, typically providing 15-20 dB of amplification within a
narrow bandwidth around the resonant frequency. JTWPAs distribute this nonlinearity along
a transmission line structure, enabling broadband amplification with reduced pump power

requirements and improved dynamic range.

2.4.2 Dispersive control

The same Hamiltonian that is used for readout can also be utilized for cavity control. In the
double rotating frame of cavity and qubit, and with cavity and qubit drive on resonance, it takes

the form:
— = —xa'ale) {e| +e(t)a' + e(t)a + Q* (t)o_ + Qt)o (2.62)

This Hamiltonian provides universal control over the qubit cavity space. As such, for any wanted
unitary U (), there exists a set of drives €(t) and €2(¢) that implements it. Optimal control
theory schemes, such as Gradient Ascent Pulse Engineering (GRAPE) [87], utilize optimization
algorithms to determine the desired drives. However, this approach becomes computationally
expensive for a multi-oscillator system and is impractical to scale. It is therefore crucial to have
a well-defined set of universal gates that we can use to decompose any unitary. The particular
form of available gates also dictates which kind of operations and encoding schemes are most
feasible. We will find that, depending on the magnitude of x, the fundamental control scheme

is formed by different gate sets.

Conditional rotations

The first case to consider is the absence of external drives, where () = €(¢) = 0. Importantly,
the system does not remain static. Rather than implementing the identity operation one might

intuitively expect, the dispersive interaction generates a conditional rotation:

Cn(0) = ifalale)e (2.63)

where 0 = xt is the accumulated phase during the interaction time. This gate has two com-
plementary interpretations. It either leads to an overall rotation of the cavity, depending on
the qubit state, or to a photon number-dependent phase pickup on the qubit. This gate will

entangle the qubit and the cavity, unless the qubit is in an eigenstate of o, the cavity is in
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vacuum, or 6 is a multiple of 27. A particular important case is t = 7/, implementing the
photon parity operator
P = e—z‘mﬁa|e>(e| (2.64)

This gate, in combination with qubit rotations, can be used to measure the cavity’s photon
number parity [88] and allows direct access to the Wigner function. It is also of importance for
rotationally symmetric bosonic codes [89], such as the cat code, where bit-flip errors manifest as
a parity change.

A crucial question for control is what the gate depends on and how quickly it operates. In
this case, the answer is simple as the gate only consists of waiting for x to induce a rotation/phase;
as such, the gate time scales directly with X, £gec o< 1 /x. As a consequence, any protocol that
wants to use parity needs a large x; typically around x /27 ~ 1 MHz.

The gate set consisting of the controlled rotation gate, arbitrary qubit rotations, and cavity

displacements [C'r(6), R.,(#), D («)] affords universal control over the qubit cavity space[9o].

Photon-number preserving unitaries

Next, we consider gates that leave the photon-number distribution in the cavity untouched;
no cavity pulse is played €(¢) = 0. These gates consist of qubit pulses that leverage geometrical
phases and the photon number-dependent frequency shift the qubit experiences to impart
arbitrary phases onto the different Fock state components of the cavity state. These gates are
called Selective-Number Arbitrary-Phase (SNAP) gates [91], and their general unitary can be

written as:

N
Ugsnar = Z e |n) (n (2.65)

n=0

To clarify how this unitary is implemented, let’s first consider the case of a single Fock
state component €'*™ |m) (m|. The qubit frequency is shifted through the m-photons to
wq — mx. If we play a Gaussian 7-Pulse at this frequency with a sufficiently narrow bandwidth
1/2mo, < x, we will only flip the qubit associated with the cavity photon number state [m).
This is what we refer to as a selective 7 pulse. By playing two selective 7-Pulses back-to-back
with different phases, the qubit state will follow a closed trajectory on the Bloch sphere and pick
up a Berry phase. |g, m) — €? |g, m). To implement Equation @, we have to play multiple
selective m-pulses with the frequencies w, — ny, n € N in parallel.

The duration of SNAP gates is determined by the required spectral selectivity of the condi-

tional m-Pulses and is therefore dependent on x, tsnap < 1/x. The SNAP gate in combination
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Figure 2.10: Sequences to implement a conditional displacement (a) Implementation of a
conditional displacement gate using selective pulses. A selective displacement pulse with oy > x
(assuming a Gaussian pulse) is played in resonance with w,, only displacing the cavity if the
qubitis in |g). A second unselective displacement is used to kick it back. (b) Implementation of
a conditional displacement utilizing the natural evolution of the oscillator. We first displace the
cavity and then wait. Through the dispersive shift, the cavity for |g) and |e) evolves at different
frequencies, resulting in a split. After the wait time, we proceed with another displacement to
align the coherent states with a specific quadrature. The effective interaction strength scales
with ~ x|a|.

with displacements is a universal. [o1].

Conditional displacements

Assuming that our qubit does not start in an eigenstate of o ., we can use a combination of
cavity displacements D () and the dispersive interaction to generate conditional displacement

gates of the form:

CD(p) = D(8/2)|g) {9l + D(=5/2) |e) (] (2.66)

There are two different methods to achieve this conditional displacements. The first approach
utilizes spectral selectivity. We drive the cavity at a frequency w,. (or w. — x) with a sufficiently
long pulse that will only displace the cavity if the qubitis in |g) (or |e)). This scheme is shown
in Fig. p.10|(a). If we choose (3 as the displacement amplitude of the first pulse and follow up

with an unconditional D (—/3/2) displacement, we achieve C'D(3). Once again, the gate time
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is imposed by the spectral selectivity and scales with 1 /.
The second approach utilizes the qubit state-dependent rotation of cavity states to achieve
separation, as shown in (b). We first play a displacement, followed by a wait time, and

another displacement. This gives an effective conditional displacement amplitude

[ = iasin(xt) &~ it (2.67)

where the approximation is made for small x¢. This reveals a key insight. For fixed /3, we can

trade off o and ¢, resulting in an effective interaction time
1
led X T—— (2.68)

This technique is also known as Hamiltonian amplification [90}|92]. It refers to the am-
plification of non-linear interactions through displacements or squeezing. To gain a better

understanding, let us first consider how the displacement operator transforms a:

D(a)aD(a) =a + a (2.69)
D'(a)a'D(a) = a' + o (2.70)

With this, we can calculate how the dispersive Hamiltonian is affected when a displacement is
applied before and after. Note that I omit the qubit/bosonic operator if it is the identity.

D'(a) (—;(afaaz) D(a) = —g(ozaT +a*a)o, — gaTaaz — §|a(t)|20'z (2.71)

The first term provides the desired conditional displacement term amplified by cv. The remaining
terms represent an unwanted cavity rotation and qubit phase accumulation. These spurious
effects can be suppressed using a combination of flipping the displacement signs throughout
the sequence and playing a qubit 7 pulse in the middle. The gate implementing this is known
as Echo Conditional Displacement (ECD) [46,90] and is heavily utilized in this thesis. It will
be detailed in the following Chapter.

Sideband drives

Another powerful tool in the cQED toolbox is the four-wave mixing capability of the Josephson
junction unlocked by sideband drives. Among other things, it can be used to implement a
two-mode squeezing or beam-splitter Hamiltonian. Although this type of interaction is not

utilized in this thesis, it is too important to overlook. I recommend the PhD thesis of Steven
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Touzard [93] for more details. The following discussion is a brief outline of the derivation given
in his thesis.

We start with the Hamiltonian of a driven nonlinear mode a coupled to linear mode b. In
the derivation of the dispersive interaction, we already found (see[2.50)) that we can write this
Hamiltonian as

H H
— = walatwbbte(tla +¢ (Hat %@ZPF (a+a')+&l™ (b+b)) (272)

with """ = ©ZPF £ The key insight here is that through several smart frame transformations

and approximations, we can effectively move the drive into the non-linear term. Note that we
also moved into the rotation frame of a and b, warranting the transformation a — ae Wt

b — be ', With this, the non-linear term can be written as

H,. (SOL%PF (aeﬂ'wat + aTeiwat> + 0u (&)eiwt 4 ggefiwt) + (ngF (beﬂ'wbt + bTeiwbt))
(2.73)
with { = S and A = w, — w. In this form, it is easy to see that expanding this drive to
fourth order gives rise to a multitude of new terms. Most of these terms will oscillate at an
effective frequency that is large compared to the system’s default dynamics and are removed
under the RWA. It is, however, possible, through a smart choice of drive frequency, to unlock
new interactions that were previously impossible.

Consider, for example, the case when w = (w, + wy). In this case, a new Hamiltonian

survives the RWA:

Htms _EJ 4 2 3 x 9 92 ipt
ol <2> <1> ©ap(&o(t)"ab +&o(t)"a'd) (2.74)
:m%(ﬂ |2(6i2¢0(t)ab + e_iz‘bO(t)aTbT) (2.75)

where Tused K/2 = E;¢* and x = E;¢2¢? and £y(t) = |&o(t)]e’®. This Hamiltonian
implements a two-mode squeezing operation.

Another prominent example is the beamsplitter Hamiltonian. It is implemented between
two linear modes b, ¢ that are coupled to the same transmon mode a. Applying two drives

€1, €2 at the frequency matching condition |wy — wa| = |w, — ws| yields the Hamiltonian [94]:

Hy, i —i
hb = vV XabXac 1(t>€2(t)(€ (’DbCT +e CprC) (276)
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where ¢ is determined by the relative phase of the two drives.

This brief discussion overlooks much of the complexity involved in designing a system to use
parametric drives. While transmons can provide these interactions, they are far from ideal for
this purpose. The mixing capabilities do not arise from a dedicated fourth-order nonlinearity,
but rather from the indiscriminate cosine potential that generates mixing terms at all even orders.
Besides leading to always-on terms like  and inherited self-Kerr, many unwanted processes
emerge at higher drive powers, fundamentally limiting both fidelity and achievable gate speeds.
In Gao et. al. [94], the effective drive strengths to generate the beam splitter are &1, §, = 0.1,
limiting the speed of the interaction to g, ~ 34 kHz < x ~1MHz.

Consequently, studying other hardware choices for parametric drive designs is an active
field of research. Two prominent examples are the Superconducting Nonlinear Asymmetric
Inductive Element (SNAIL) [95] and the Linear Inductive Coupler (LINC) [96]. Both elements
are three-wave mixers where the third-order nonlinearity generates the desired mixing process.
At the same time, the fourth-order term can be nulled, effectively suppressing AC Stark shifts
and unwanted frequency collisions. While the SNAIL provides Kerr-free operation, the LINC
emerged as a further advancement by combining this capability with engineered selection rules
that make it essentially linear when idle. The LINC’s balanced drive architecture and inherent

symmetries enable clean parametric processes even at high drive strengths.

2.5 Summary

In this chapter, we introduced the fundamental building blocks of bosonic circuit QED: the
QHO and the transmon. We explored their theoretical description, as well as their physical
implementation, and how these elements can be coupled in the dispersive regime.

We then explored how the dispersive regime enables QND readout of the qubit state and
examined a comprehensive suite of control techniques, ranging from simple qubit gates and
displacements to conditional pulses, sideband drives, and Hamiltonian amplification methods.
A common thread among these control techniques is that the duration of entangling gates scales
directly with ~ 1/x. However, large y values required for fast operations induce unwanted
oscillator nonlinearity that degrades quantum states extending further out in phase space. States
like squeezed states and cat states, which require precise nonlinear dynamics for their preparation
and preservation, become increasingly sensitive to this inherited Kerr nonlinearity as they occupy

larger regions of phase space.
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To harness these states, a paradigm shift toward weak dispersive coupling is necessary, where
X is reduced by over an order of magnitude to minimize oscillator nonlinearity. Yet this regime
presents formidable technical challenges. Traditional control and measurement techniques
become impractically slow when ~ 1/x approaches qubit decoherence rates, and standard
calibration methods designed for stronger dispersive coupling fail. We identified one technique
dubbed Hamiltonian amplification that helps to bridge this gap. Using large phase-space dis-
placements oy, we showed that we can implement conditional displacement with an effective
interaction rate ~ QY

ChapterEaddresses these challenges by discussing the weak-coupling dispersive architecture,
which overcomes the limitations identified here. We discuss the Swiss army knife of this coupling
regime, the echo-conditional displacement gate, and explain how it is utilized for control and to
perform direct characteristic function tomography of the cavity state. These techniques form

the foundation on which the main experiments of this thesis are built.



Chapter 3

Operating in the weak dispersive coupling
regime

Experiments in bosonic circuit cQED have demonstrated a remarkable level of control over
the qubit oscillator space, like the creation of two-mode entangled states [97], crossing the
break-even point with bosonic codes [s2, 53], and metrology applications [67]. However, most
of these demonstrations relied on operating in the strong dispersive coupling regime, where the
X between qubit and oscillator is much larger than the oscillator’s linewidth &, usually of the
order of ~ 1 MHz.

While the strong coupling regime offers certain advantages, such as a fast and rich set of
operations, it also comes with fundamental limitations. Most critically, the oscillator inherits
significant Kerr nonlinearity from coupling to the transmon. This inherited Kerr effect can be
beneficial in certain applications [98], yet it severely restricts our ability to prepare and manipu-
late states that extend slightly further into phase space and are sensitive to anharmonicity, such
as cat states and squeezed states. Moreover, strong coupling introduces other unwanted effects
that limit system performance. The reverse Purcell effect reduces oscillator lifetimes by coupling
the high-() storage mode to the lossy transmon. Furthermore, large photon populations in the
oscillator can cause the transmon to Stark-shift into resonance with spurious two-level systems,
thereby degrading coherence.

This motivates a shift toward the weak dispersive coupling regime [46, 53,199, 100], where
X is reduced by more than an order of magnitude to approximately 30-100 kHz. The central
challenge in weak coupling is that traditional control and measurement techniques become
impractically slow as x /27 becomes comparable to qubit decoherence rates. This challenge is
addressed by Hamiltonian amplification, allowing the implementation of conditional displace-
ments at an effective interaction rate |c|x. This enables trading larger displacement amplitudes

for shorter gate durations while benefiting from dramatically reduced nonlinearity and extended

45
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coherence.

This chapter develops the theoretical foundation and experimental implementation of the
ECD gate, the main workhorse of the low-dispersive coupling regime. I will begin the discussion
by assuming instantaneous gates and then proceed to incorporate finite-duration pulses, where
numerical optimization becomes crucial to achieve high-fidelity ECD gates. With the theory
established, I will proceed to discuss how we characterize the Hamiltonian in the low-dispersive
coupling regime and how we tune up the ECD gate and measure the characteristic function,

our primary tomography tool. Parts of this discussion will follow the comprehensive treatment

found in Alec Eickbusch’s PhD thesis [90].

3.1 Echo conditional displacement gate

The ECD gate is implemented through an interplay of the dispersive Hamiltonian and a cavity

drive played at frequency w, — x/2. The Hamiltonian in the rotating frame of the drive is given

by:
Hycp Xt
— =—-"a

h 2

We saw in section [2.4.2 how this Hamiltonian can implement a conditional displacement. In

ao. +c*(t)a + ca' (3.1)

particular, sandwiching the dispersive Hamiltonian between two displacements gives rise to a
conditional displacement term, along with spurious cavity rotation and qubit phase accumula-
tion, as shown in Equation The ECD sequence, depicted in Fig (a), is designed to cancel
out these two spurious terms while keeping the conditional displacement.

The sequence cancels the spurious terms through the action of two echoing techniques. A
phase-space echo via displacements with alternating signs, and a qubit echo via a 7-pulse at the
sequence midpoint. The desired conditional displacement term experiences both sign flips and
survives, while the unwanted terms each experience only one echo and are thus canceled.

Fig[s.1 (b) visualizes the evolution of the first two gates in the ECD sequence. The first
displacement pulse defines the length of the arm that the dispersive interaction rotates.

The phase-space trajectory of the ECD sequence, under the assumption of instantaneous
gates, is depicted in Fig. 3.1 (c). The first displacements c; bring us far out in phase space.
The wait time t,, entangles the qubit and cavity as the dispersive interaction leads to a qubit
state-dependent phase pick-up. Next is the double echo sequence. Two displacements mirror
the coherent states along Re( ) to the opposite side in phase space, while the qubit is flipped

between the two displacements. Finally, after another wait time ¢, the coherent states are
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Figure 3.1: Sequence to implement the ECD gate. (a) The first displacement drives the
resonator far out in phase space. The subsequent wait time then accumulates a qubit state-
dependent phase. The next two displacements, along with the qubit 7-pulse, flip the signs of
the coherent states and time evolution. After another wait time, a last displacement achieves the
conditional displacement. A final virtual z rotation counters the accumulated geometric phase
on the qubit. (b) Displacements can be used as a lever in phase space to increase the angular
velocity. A longer lever translates into a larger conditional displacement. (c) The phase space
trajectory of an ECD gate, assuming instant gates. The amplitudes of the four displacement
pulses are scaled to achieve a conditional displacement 3 without any offset. A displacement
amplitude oy and a wait time of ¢, yield a conditional displacement with 3 = 2ia;sin(xty,).

displaced back onto the Re(«) axis. Through simple algebra, we can connect the achieved
conditional displacement 3 to vy and ¢y, as 5 = i2asin(xty,).

While this discussion accurately describes the phase space trajectory, it neglects a geometrical
qubit phase 0 that is acquired as a result of the phase space trajectory. Taking this into account,

we can write the unitary of the ECD gate with instantaneous gates as:
U = 0,%:CD(B) (3.2)

where 0, captures the qubit flip, 6 is the acquired qubit phase and 3 the achieved conditional
displacement.

However, while the instantaneous gate analysis helps to build intuition, realistic imple-
mentations must take into account the finite duration of the pulses. As a result, the coherent
states will also rotate during the four displacement gates, leading to distortions compared to the

trajectory depicted in Figure. (c) These distortions will lead to a deviation from the targeted
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conditional displacement, as well as an overall unconditional displacement. Thus, we have to

adjust Equationto capture the whole process.
U = 0,¢""D(\)CD(B) (3.3)

where we introduced D(\) to capture the unconditional displacement and changed 6 to 6’ to
account for the geometrical phase picked up between D () and CD(3).

Given an ECD pulse £(¢), we can find the parameters #’, A, and 3 by integrating the
Schrédinger equation over the whole sequence length T'. A detailed derivation of the following

equations based on Ref. [99] can be found in Appendix E

o) = =2 [ dr Rele(7)5(7)] (5.4)
3(t) = =i [ dr coslo(r) - 6(0)e(r) 63)
5(t) = = [ drsinlo(r) - 9(t))(r) 66

o(t) = —g /Ot dr 2(7) (37)

From these equations, we find 8 = 26(T"), A = y(T'), 0’ = 0(T) + 2Im(6(T)y(T")). The
additional parameter ¢(t) corresponds to an overall cavity rotation and is canceled as a result of
applying a w-pulse in the middle of the sequence.

To achieve high-fidelity ECD gates, we have to null the unwanted displacement A, ensure
that we achieve the wanted /3, and correct the accumulated qubit phase through virtual o,
rotations. Furthermore, higher-order Hamiltonian terms, such as the second-order dispersive
shift ¥’ and the inherited oscillator nonlinearity /, can also affect gate performance at large
displacement amplitudes, as their impact scales with the photon number squared.

The strategy to counter unwanted displacement, ensure the correct 3, and account for
higher-order Hamiltonian terms is to optimize the phase space trajectory [90|]. To keep the
number of optimization parameters manageable, we impose that € is of fixed form shown in the
Figure. j3.1/(a), where all gates either Gaussian or constant pulses with a cosine ramp up. The
length of the pulses is system dependent, but the aim is to keep them as fast as possible. With
this fixed form, we parametrize € in terms of a default pulse amplitude £y and the ratio of the

first to the second, third and fourth pulses, 72, 13, 74, as well as the wait time Z,.
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For efficient optimization, we utilize the semiclassical trajectories that describe the phase
space trajectory of the coherent state during the sequence. Note that these trajectories are derived

in more detail in the next section, when discussing the displace frame transformation.

Dyarg(t) = —ilay(t) + 2K oy (t) oy (t) — gag@) —ie(t) (3.8)

D10 (t) = —iAa(t) + 2i K | (t)|Pae(t) — EOze(t) —ide(t) 4+ i(x + 2X | oo (t) ) e (t)

2
(3.9)

For a given pulse sequence £(t), we solve these trajectories and use a Nelder-Mead based
optimizer to find the ideal set of values for {€q, 72, '3, 7'4 twaic } that achieves a target conditional
displacement 3 with intermediate phase space radius oy in the shortest time ¢,,. Further details
regarding the exact cost function and implementation can be found in Ref. [90].

In the first part of this chapter, we described how we can practically implement an ECD
gate. However, before running experiments, we first want to simulate our sequence to test its
feasibility or the impact of different decoherence mechanisms. The large displacements in the
ECD sequence quickly become computationally too expensive to simulate, as they require a
high cutoft frequency. As such, naive numerical simulations are doomed to failure. We address
this challenge in the next section by introducing the displaced frame transformation, a crucial
technique that allows efficient simulation of the ECD gate. The core idea is to move into a
frame that follows the large unconditional displacements and focuses on the smaller conditional

displacements, allowing a significant decrease in the required Hilbert space cutoft dimension.

3.2 Displaced frame transformation

The idea of a frame transformation is to change our perspective, focusing on the evolution of
interest while disregarding the trivial part. In the context of quantum control involving large
coherent state displacements, direct simulation and optimization in the laboratory frame can
be computationally intractable due to the vast Hilbert space required for accurate truncation.
The displaced frame addresses this by allowing for efficient simulation and optimization of
operations involving large photon numbers. This is particularly crucial for systems operating in
the low-dispersive coupling regime, where operations often rely on significant displacements to
enhance effective interaction rates [99].

In the ECD sequence, for instance, we are primarily interested in the effective conditional

displacements arising from the dispersive interaction, rather than the trivial unconditioned
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displacements enacted by the drive. This can be achieved by moving into a time-dependent
displaced frame defined by the unitary transformation U (t) = D(a(t)) = e® (Da-a(b)al
which tracks the drive-induced evolution. The following derivation follows [90].

As a starting point, we consider the dispersive Hamiltonian, including the second-order

dispersive shifts ' and the inherited oscillator anharmonicity /. We work in the rotating frame

of the qubit and ignore the qubit drive as it is unaffected by this frame transformation.

H
- = Aa'a — xya'aq'q — Y'a™a’q'q — Ka™a® — aq™q* + e(t)a’ + ¢*(t)a (3.10)

where A is the detuning of the cavity drive frequency and the cavity’s resonant frequency. For
the ECD, usually chosen to be A = % To move into the displaced frame, we have to transform

this Hamiltonian according to the rule
H =UHU'+(ih)(0,U)U" = D'(a(t))HD(a(t))+(ih) (ad,a* (t)—a'd,a(t)) (3.11)

The lengthy calculation for this transformation can be performed using standard techniques,
such as the Baker-Campbell-Hausdorff formula and commutator relations, leading to a trans-
formed Hamiltonian in the displaced frame.

H

- = Aa'a — <Aoz* — 2K |al*a* +i(0a*) + iga* + e*) a+ h.c.
— (x +4X'|e|*)a'aq'q — Y'aPa’q'q — Kaa® — K,q"¢?
~ (x+2lof’X)(0"a + aa')q'q G12)
— (Xl + X'l g'q — 4K |a*ala+
- K (2aaT2a +a?a™ + h.c.) X (QaaTQa +ao’a + h.c.) q'q
Note that we have included the deterministic decay of the cavity at the rate .

We have not yet specified the actual trajectory that our displaced frame a(t) follows. To

cancel the unconditional trajectory of the oscillator, we look to cancel the terms only associated
with a. This is achieved by choosing our frame to track a trajectory that fulfills the classical

Langevin equation:
Bra(t) = —iAa(t) + 2iK|a(t)Palt) — ga(t) —ie(t) (3.3)

This equation accounts for the trivial evolutions of the cavity mode, including the detuning from
resonance A, the impact of the inherited Kerr nonlinearity K, the deterministic re-centering

due to photon loss «, and the effect of the drive €(). If we start from vacuum, we set o(0) = 0.
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For simulation purposes, it is helpful to rewrite the Hamiltonian in terms of dependencies
on the different orders of ov. Assuming that our frame fulfills the above equation, we arrive at
the final form of the Hamiltonian that I use in this thesis for displaced frame simulations with

the transmon truncated to the second level:

H = Aa'a — x.a'ale)(e| — x.a™a’|e)(e| — Ka™a®

(—2)('6]6><e\aT> la*a + h.c.
(—KaT2 — X;|e)<e|aT2) o+ h.c.
(

—Xele){e|la’ — 2K a'?a — 2x’e|e>(e|af2a) a+ h.c.

Simulating in the displaced frame then follows these simple steps:

1. Given a cavity drive sequence £(t), calculate the displaced frame a/(t) by solving Equa-
tion[3.13

2. Use (t) and the Hamiltonian parameters to setup the displaced frame Hamiltonian

3. Run the simulation and move back into the labframe by applying D(—a[—1]) to the

final state.

where D (a[—1]) refers to the final « value of the displaced frame.

Previously, when discussing the ECD, we concluded that we have to optimize the phase-
space trajectories for finite gate times to achieve high-fidelity gates. For this, we have needed the
phase-space trajectory of the oscillator for the qubitin |g) and |e), including the experienced
conditional displacement. Assuming 2(¢) = 0, we can project the qubitinto |g) or |e). Asa
result, the third lineineq. that generates the conditional displacement is now only dependent
on a. Like for the displaced frame, we can find the corresponding phase-space trajectories by

solving the Langevin equations:

Sa(t) — ie(t) (s14)
atae(t) = _iAae(t) + 2iKs|ae<t>|2ae(t) - gae(t) - iE(t) + Z(X + 2X/|ae(t>|2)ae(t)

Duatg(t) = iy (1) + 20K, (1) Py (1)

(3.15)
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We utilize these trajectories to efficiently optimize the phase-space trajectory of the ECD
pulse sequence, thereby achieving the desired conditional displacement 3 while minimizing the
spurious displacement .

Finally, it is essential to consider how loss changes when we move our simulation into the
displaced frame. Neatly, photon loss is not amplified in the displaced frame. This is because
our displaced frame «(t) is specifically chosen to incorporate the deterministic re-centering
force § (1) that arises from photon loss in the displaced frame. With this choice of drive, the
deterministic evolution is fully accounted for. Thus, relaxation in the displaced frame is not
enhanced compared to relaxation at the origin of phase space.

However, dephasing noise is amplified and dominated by rates scaling as 2r4|(t)|?. This
leads to diffusion-like terms in the master equation, resulting in an enhanced rate of dephasing
that scales quadratically with the displacement amplitude . This amplification highlights
a crucial trade-oft between gate speed and enhanced dephasing. While larger displacements
enable faster operations and reduce the impact of transmon errors and oscillator relaxation, they

concurrently increase the effective dephasing rate of the oscillator. This trade-off is explicitly

analysed for state preparation in Section 4.6.4 of Alec Eickbusch’s PhD thesis [90].

3.3 System tune-up

Standard control techniques that rely on a y induced phase pick up, or conditional rotations to
probe the population of cavity Fock states, are unfeasible in the low dispersive coupling regime,
where the dispersive shift x is comparable to or smaller than the qubit decoherence rates. To
address this, we leverage Hamiltonian amplification to effectively amplify the strength of small
Hamiltonian terms, thereby enabling robust system characterization and the calibration of
control pulses.

The tune-up process involves several key steps. I will first introduce the "out-and-back”
method, a crucial tool to fine-tune the cavity frequency w, and accurately find small Hamiltonian
parameters, such as the dispersive coupling Y, the second-order dispersive shift ', and the
inherited Kerr nonlinearity K [9o]. With knowledge about the Hamiltonian, we can tune up
ECD gates and measure the characteristic function, our primary tomography tool. Finally, I will
present two novel experimental techniques developed in this work that utilize one-dimensional

cuts of the characteristic function to measure coherent states and reliably determine the cavity

T;.
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3.3.1 Measuring the Hamiltonian

System characterization in the low-dispersive coupling regime presents a difficult challenge. Most
Hamiltonian parameters are small compared to qubit lifetimes. The out-and-back measurement
solves this problem by utilizing large displacements to amplify the impact of these weak terms,
allowing us to extract them.

The out-and-back sequence consists of four steps. First, a displacement creates a large
coherent state in the cavity. Second, we wait for a time ¢, during which the state accumulates
a phase. We can predict this phase by only considering the rotation-inducing parts in the

semi-classical trajectories see Equation|3.9)):

6y = (A —2Kad) t, (3.16)
be = (A - x— (2K + 2x’)a§) b (3.17)

Third, we apply another displacement D (e’?), of which we sweep the phase ¢. This displace-
ment will return the cavity to vacuum only if ¢ is opposite to the phase of the state in the cavity
after the time evolution. Finally, a conditional 7-pulse (o; =~ 500-750 ns) flips the qubit only if
we returned the cavity to vacuum. We perform a post-selection measurement before playing the
conditional -pulse to remove data corrupted by transmon relaxation or heating.

Out-and-back comes in two different tastes. In the first variant, out and back amplitude,
we fix the wait time ¢, and sweep the amplitude |a| of both displacements and ¢ of the second
displacement pulse as shown in Fig. [3.2((a). Since t,, is constant, any measured slope in ¢ is
caused by higher-order terms, as evident from Equation[3.17} Fig. 3.2 (b) shows exemplary results
with ¢ =1 us and the qubit initialized in |e).

This data exhibits the expected quadratic dispersion in ||, as predicted by the theoretical
model. By performing this measurement twice, for qubitin |g) and |€), we can extract the four
parameters A, x, K and x’. For each measurement, we fit Gaussians to the amplitude slices,
thereby extracting two dispersion curves and then fitting these curves against Equation [90].

For higher precision in A and x, we employ the out-and-back time sequence as shown in
Fig. (c) Instead of sweeping the amplitude || of our displacement pulses, we keep it small
to render the contributions of K and X’ negligible and isolate the contributions of A and x.
We can extract them by sweeping the wait time t,,. Exemplary data for the qubit starting in |e)
is shown in Fig. (d) Depending on the qubit state, it is straightforward to extract A (|g))

and x (|e)) from the resulting linear dispersion curves. Together, these two approaches allow us
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Figure 3.2: Out and back experiments. (a) Sequence of out and back amplitude sweep to
find the Hamiltonian parameters. X" and K can be extracted by measuring and comparing the
experiment for qubit in |g) and |e). (b) Measurement results of out-and-back amp for qubit
in |e). The data follows a quadratic dispersion curve in || as expected from the theoretical
model.(c) Sequence of out and back time. We use this measurement to fine-tune w, and x. (d)
Measurement results for out-and-back time for qubit in |e). The data follows a linear slope
from which we can extract .

to fully characterize the dispersive Hamiltonian of the system, including K and x’. In practice,
we find that K and X’ are mostly negligible in the @ regimes we operate in.

At the beginning of this chapter, we introduced the sequence to implement the ECD gate
and established that we have to optimize the ECD pulse sequence to achieve high-fidelity ECD
gates. In the optimization, we require the Hamiltonian parameters, which we have a good
understanding of after performing the out-and-back experiments. In the next section, we will

discuss how we tune up ECD gates and measure the characteristic function.
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3.3.2 Calibrating the ECD gate and characteristic function tomography

With knowledge of the Hamiltonian parameters, we can construct and optimize a pulse sequence
that implements a desired ECD gate. In practice, we set the target unconditional displacement
amplitude oy and conditional displacement amplitude 3, then run the optimizer [99] to yield
the control parameters {€g, 72, 7'3, 7'4, twaic }- €0 is the amplitude of the pulse that implements cvq,
while 3, 73, 74 are the amplitudes of the second, third and fourth displacement pulse relative to
€0, and ty; is the wait time. The last missing piece to find is £¢ in terms of the DAC amplitude.
Conveniently, we can find this translation in the process of tuning up our primary tomography
tool, the characteristic function. In fact, tuning up the characteristic function is synonymous
with calibrating the ECD amplitude.

The characteristic function is defined as the expectation value of the displacement operators:

C(B) = (D(p)) (3.18)

The protocol we use to measure the characteristic function, illustrated in a), consists of
an ECD gate with amplitude 3 inside a qubit Ramsey sequence. This sequence, up to the last
7 /2-pulse, essentially maps the expectation value of the displacement operator on the qubit
(o, —i0y) = (D(p)). Thus, by varying the phase of the last 7/2-pulse and measuring the
qubit, we gain direct access to the real or imaginary part of C(3). Appendix[B provides the
corresponding derivation.

To minimize any spurious effects in the tomography sequence, we optimize an ECD gate with
a target conditional displacement amplitude of 3 = 3 using a relatively modest displacement of
o = 6. This parameter choice reflects two considerations: maintaining the displacements suffi-
ciently small to minimize contributions from higher-order Hamiltonian terms, while ensuring
3 remains large enough to provide adequate phase-space resolution for state characterization
and reliable fitting, e.g., capturing Gaussian tails. Part of these considerations stem from the
control electronics used, which, in our case, only allow a dynamical scale of a base DAC pulse
from 0 to 2. Thus, with EC' D(3) as our base gate, we can measure C(/3) up to | 5| = 6.

Tuning up the characteristic function consists of two parts. We need to establish the o
and thus f3 in terms of the DAC amplitude and find and correct the geometric phase the qubit
acquires during the ECD sequence.

To find the DAC amplitude corresponding to £y, we measure the characteristic function of
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Figure 3.3: ECD and characteristic function tune up experiments. (a) Sequence to measure
the characteristic function C(/3). The phase of the final § pulse determines if we measure the
real or imaginary part of C(/3). (b) Experimental data showing Re[C()] of |0). We use this
measurement to calibrate the conditional displacement amplitude. (c) Sequence of the cat and
back measurement, used to measure the geometric phase-pick up during an ECD sequence. (d)
Experimental data showing the result of a cat-and-back experiment. We use this experiment to
calibrate the phase picked up by the qubit during the ECD sequence ei%l7*,

vacuum, whose functional form is a Gaussian with o = 1:

Coy(p) =% (519
We start with an appropriate DAC amplitude (inferred from out-and-back amp measurements)
and dynamically scale this amplitude from 0 — 2. If our base DAC amplitude matches ¢, we
implement an ECD with 8 = 3 for a scaling factor of 1, resulting in a Gaussian with o = 1/3.
If we measure a different o, we scale the base DAC amplitude accordingly. Once we measure
o = 1/3, we successfully tuned the scale of our characteristic function tomography, as well as /3
and «; in the process.
Next, we need to correct the geometric phase 6 acquired during the ECD sequence. This

phase results from the phase space trajectory of the oscillator and scales with the conditional
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displacement amplitude as 0 = 6|3 % [99], where 6 is the phase for | 3| = 1. We measure this
phase by employing the cat-and-back sequence shown in [3.3(c) [100]. The core of this sequence
consists of an ECD gate that reaches out in phase-space, a 7 flip, and another ECD gate that
returns the cavity states to vacuum, essentially implementing the operation o eitlB o

We measure this phase by first initializing the qubit in a superposition, then playing
ECD(p) —m— ECD(-p) (3.20)

and finally measuring the expectation values of o, and o ,. We repeat this measurement while

sweeping (3 and fit the resulting curves against

(o)) = sin(20,] 8]*)e " (3.21)
(o,) = cos(26|8]%)e " (3.22)

to find 6. The additional exponential factor e~ %* models loss of qubit purity during the
sequence as a contraction of the Bloch vector [100]. Measurement results along with the fit are
shown in Fig.[3.3/(d).

After calibration, we incorporate this phase in our tomography by adjusting the final qubit

rotation axis in the characteristic measurement sequence in real-time.

3.3.3 Tracking coherent states and measuring cavity decay

Many experiments in this thesis, particularly those involving W-state generation in chapterfs,
require precise creation and tracking of coherent states in phase space. To address this need,
we developed the crosshair measurement technique, which enables a complete and efficient
characterization of arbitrary coherent states through two orthogonal cuts in the complex plane
of the characteristic function. The foundation of this approach lies in the analytic form of the
characteristic function of a coherent state. For a coherent state |«), the characteristic function
is given by:
_1B2 xg_p*

Clwy(B) = (a| D(B) |o) = e~ 2 e 7700 (3:23)

Expressing the complex amplitudes as v = a1 + ia and 3 = by + by, this becomes:

18|12

C‘a> (6) =e 2 [COS(Q((Ile - agbl)) + iSiﬂ(?((llbg — agbl))] (324)

As we can see, the real component of o, a1, determines the oscillation frequency along the

imaginary axis by, while the imaginary component of «, as, determines the oscillation frequency
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Figure 3.4: Crosshair and cavity 71 measurements. (a) Crosshair measurement of the
Re[C(B)] and Im[C(/3)]. By measuring and fitting the slices of the characteristic function along
Re[3] and Im[f], we can extract Im[a| and Re[a]. (b) We find the cavity 77 by measuring
characteristic function slices that cut through the oscillations, giving access to the |a|. We repeat
this measurement against time and fit the amplitude decay to extract 77.

along the real axis b;. Thus, we find a; and ay by taking two cuts, one along by with b; = 0 and
the other along b; with by = 0. We fit them against Equationto find .. Note that we have
to fit the imaginary part of the characteristic function that goes with a sinus to obtain the full
phase information of |a). The real part, which goes with a cosine, cannot distinguish between
+a.

Figure(a) shows a crosshair measurement for the state | = 2¢'% ). The orthogonal cuts
through the characteristic function, one along the real axis (orange) and one along the imaginary
axis (green), provide complete information about the state’s location in phase space. The black
lines indicate the fits. The corresponding characteristic function is shown in the insets.

Beyond state characterization, the crosshair measurement serves as an effective tool for
determining cavity lifetime (7). The protocol begins by creating a large coherent state. After
characterizing this state via crosshair measurement, we adjust the measurement frame to null

any phase drift, ensuring the interference fringes align vertically with one quadrature. The T}
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measurement then consists of: (1) preparing the coherent state, (2) introducing a variable wait
time, and (3) measuring the characteristic function along the predetermined cut. Note that we
measure the characteristic function at frequency w, to avoid relative phase pickup between the
cavity and the tomography frame during the wait time.

Figure E(c) presents the results of such a measurement. Prior precise calibration of w, is
essential, as the fitting cannot distinguish between decay and rotation of the state. To extract
T, we fit each cut to determine the coherent state amplitude as a function of time and fit the

—t/(21

results against a decaying exponential e ), where the factor of two accounts for the fact

that we are fitting amplitude decay, not energy decay.



Chapter 4

Protecting quantum interference through
phase-space engineering

The boundary between the classical and quantum world remains one of physics’s most profound
mysteries. While quantum mechanics governs microscopic systems through superposition and
entanglement, our macroscopic reality appears deterministic. Schrédinger’s famous thought
experiment of a cat simultaneously dead and alive [ro1] highlights this puzzle, yet the answer
lies in decoherence. As systems grow larger and environmental interactions increase, quantum
interference collapses and coherence vanishes. Engineering quantum systems thus requires a
delicate balance between control and preservation of the quantum features.

Cat states, the superposition of macroscopically distinguishable coherent states o) &
|—a), are among our best ways to operate at the quantum-classical boundary. In the lab,
cat states comprising more than 1000 photons have been realized [102]. Apart from being a
gateway to study the boundary, their sub-Planck phase-space structures [103] and non-Gaussian
interference features [104-106] make them excellent candidates for quantum metrology [r07-
110] and quantum teleportation and cryptography [1o8-11]. Furthermore, their distinct photon
number parity renders them a promising quantum error correction code in a hardware-efficient
manner [47, 52,98, 112—117].

To harvest their rich potential, it is vital to protect their quantum non-Gaussian features.
To achieve this, we adopted a unique approach. Through understanding the limitations of the
hardware, we propose a strategy to engineer cat states that are intrinsically more robust against
photon loss. Our approach rests on two key insights: First, the non-Gaussian interference
features of cat states manifest as high-frequency components in the characteristic function.
Second, photon loss acts in the characteristic function as a point-wise scaling and multiplication
with a Gaussian low-pass filter. We can thus achieve protection of the interference features by

deterministically compressing the phase-space distribution, effectively reshaping the cat state in

60
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such a way that these non-Gaussian features fit under the Gaussian filter imposed by photon
loss.

While compressed cat states have previously been realized in optical devices [118, 119] and in
ion traps [120, 121], their time dynamics have only been studied through a parametric process
[r22]). This limitation arises from the difficulty of implementing fast nonlinear control without
introducing excessive nonlinearity into the storage cavity.

We overcome this challenge by demonstrating deterministic protection of cat state inter-
ference features through engineered phase-space compression. Using only native conditional
displacement gates, accessible in a regime with minimal nonlinearity, we reshape quantum
states to achieve five-fold enhanced resilience against photon loss—the dominant error channel
in superconducting cavities. Our framework provides a versatile platform for creating robust
bosonic quantum states with direct applications to fault-tolerant quantum computing [123-126]
and quantum metrology.

Experimentally, we directly measure the characteristic function at the centers of the Gaussian
interference blobs, which we use as our primary metric for quantum coherence. However, as
compression increases, these Gaussian features become highly squeezed. Thus, while their
centers remain well-preserved, the surrounding structure may decay. To capture a more holistic
picture of the quantum state’s robustness, we also post-process our data to infer the Wigner
negativity and the sub-Planck structures of the marginal distributions [127].

This chapter is structured as follows: We begin by establishing the theoretical framework
connecting phase-space compression to enhanced decoherence protection in Section E Sec-
tion E describes our experimental apparatus and control electronics. We then present our
deterministic methods for generating compressed vacuum states in Sectionand subsequently
compressed cat states in Section Our experimental results, which demonstrate the protec-
tion of quantum interference features through multiple metrics, are presented in Section E

Sectionprovides an error analysis to contextualize our state creation fidelities.

4.1 Cats and photon loss in the characteristic function

Our primary concern in this section is to establish the theoretical foundation for protecting cat
states against decoherence through phase-space engineering. While I introduced the characteris-
tic function qualitatively in Fig. E, here we develop a quantitative framework that demonstrates

why certain features are vulnerable and how compression can protect them.
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T

Figure 4.1: Protection of interference features against photon loss. (a) Photon loss manifests
as a Gaussian low-pass filter (green curve) with variance 1/t in characteristic function. A cat’s
interference features, the blobs indicated by the arrows, vanish rapidly under the filter as they
correspond to high-frequency components. (b) The protection of these features can be achieved
through phase-space compression, as symbolized by the white arrow with the compression
coefficient . The blobs are pushed closer to the origin, making them less susceptible to the
Gaussian filter.

The key insight emerges from examining cat states in reciprocal phase space, where the
interference features are high-frequency components and how they are aftected by photon loss,
acting as a Gaussian low-pass filter. We start by deriving the functional form of a cat in that phase
space. We then analyze how photon loss acts in reciprocal phase space and then demonstrate

quantitatively of compression can protect the interference features.

Interference features in reciprocal phase space

We begin by deriving the characteristic function of a general cat state with relative phase ¢, using

the coherent state and displacement operator identities shown in Section

Ceat(V) = ; <<a| LT <—a|) D(v) <|Oé> + el |—a>)

= {(@lDW)la) + (~alD(w)] - a)
+ 6 (alD(V)] - a) + ¢ (~al D(V)]a)) "
v lv2

_ 6_% COS(QIHI[O[*VD +6_T_2|a|2 <6i¢€2Re[a*u] + e—iqﬁe—QRe[a*u})

coherent state fringes

interference blobs

The first term corresponds to the components (a|a) , (—a| — a) and is equivalent to

Re|C(v)] of acoherentstate. The second term arises from the interference terms (| — @) , (—a«v)
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and produces two Gaussian blobs located at 2|« | in reciprocal phase space. These Gaussian
blobs are the features we seck to protect. The phase of the cat states determines if these non-
Gaussian interference blobs appear in the real or imaginary part of C(r/). We refer to them as
high-frequency components due to their position far out in reciprocal phase space. Having

identified the interference features, we now examine how decoherence affects them.

Photon loss as a Gaussian filter

Photon loss is the dominant loss mechanism in our cavities. In the characteristic function
representation, photon loss manifests as a rescaling of the axis and a point-wise multiplication
with a Gaussian [128]. We can write the transformation of the characteristic function of a general

state as follows:

_ ety Iv? Ktk I
C(v,t) = C(ve ™)l V% "7 C(v(1 — Kt/2))e ™ =, (4-2)
where £ is the photon decay rate of the cavity and ¢ the passed time. For short times kt <
1, we can consider the action of photon loss in the characteristic function as a point-wise
multiplication with a Gaussian low-pass filter with variance 1/xt. Concretely, the blobs of our
cat states with amplitude || are located at v = +2|ap| and are thus suppressed by a factor
S = e—nt2\a|2
This reveals the crucial problem, the interference features of cat states decay exponentially
faster with their size || However, it also shows a strategy; if we can move the interference blobs

closer to the origin, we can protect them. We can achieve this through phase space compression

[122, 120-134].

Compression protection mechanism

Through phase space compression, we can move the center of the interference blobs from
v = 2|a] = s2|a| with a compression factor s < 1. The new suppression factor thus

becomes:

—kt282|a?

Scompressed =e€ (43)

This formulation allows for a straightforward interpretation: the center of the coherence blobs
decays with a reduced decay constant ke sy = 1/T op5 = KS>.
Figure E visualizes this protection mechanism. The green curve depicts the Gaussian

filter with variance 1/xt. The interference features of the uncompressed cat state in panel (a)
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are outside of the envelope and are thus strongly affected by the filter. However, applying a
compression operation moves these features under the envelope, protecting them as visualized
in panel (b).

However, the blob center alone does not capture the full story. As compression increases,
the blobs elongate in the anti-squeezed (position) quadrature and eventually extend beyond the
protected envelope. This effect is particularly important for observables like photon number
parity, which require integration over the full characteristic function. With the choice s = ||,
we can symmetrize the contours of the Wigner and characteristic functions, ensuring equal
spatial extension in both quadratures. For this particular choice, the suppression factor becomes

independent of o and s.

4.2 Experimental setup

Our experimental setup is a standard bosonic cQED architecture, consisting of a coaxial stubline-
cavity, an ancilla transmon, and a readout resonator. The device, with a coin for scale, along
with a device schematic, is shown in Figure The device is designed using a 3D CAD software
and then machined in-house.

Our device employs a coaxial stubline resonator machined from a single piece of high-
purity aluminum (4N) as the storage mode. The aluminum transmon and readout patterns
are deposited on a sapphire chip using double-angle evaporation, with the chip secured by an
aluminum clamp and positioned. Hence, the transmon protrudes into the coaxial cavity to
establish capacitive coupling between modes. Critical to our compression protocol is a weak
dispersive coupling x ~ 40 kHz, enabling ECD control and minimizing the inherited storage
non-linearity. We accomplish this through careful optimization of both spatial separation and
frequency detuning between the transmon and cavity. All device dimensions and frequencies
are designed using Ansys High Frequency Simulation Software (HFSS) to meet the target
frequencies and couplings while maintaining high individual mode quality factors for the
transmon and storage.

Table4.1 shows the Hamiltonian parameters of our experimental device. We extract x by
creating a coherent state in a cavity and then preparing the qubitin |e). We measure Re[C ()] for
different wait times and extract the induced rotation angle ¢ = Xt by fitting the characteristic
function.

The coherence times of our system are shown in Table The storage cavity has the longest
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Figure 4.2: Compressed cat hardware. Photograph of the used device machined out of high-
purity (4N) aluminum with a 1 SGD coin for scale. The device consists of a storage cavity (blue),
an ancilla transmon (pink), and a readout resonator (turquoise).

Frequency (GHz) x to Transmon ) to Cav x to RO

Transmon 5.1461 205.4 MHz 40 kHz 1 MHz
Cav 6.5428 40 kHz ~10Hz
RO 7.4418 1 MHz

Table 4.1: Hamiltonian parameters. Frequencies and couplings of our experimental setup. All
frequencies and coupling are in good accordance with our simulations. The cavity self-kerr is
below our measurement precision and is taken from HFSS simulations, indicated by ~.

lifetime with 77 =~ 260 ws. This value is artificially limited through the coupling pin, as we
are interested in studying the decay dynamics due to the 7} mechanism, photon loss. The
dephasing rate of the cavity is, as expected, very large with > 5000 ps. We are limited by the
transmon coherences with 7} =20 ps and 75 =18 ps.

We measure the cavity 77 using a selective m-pulse (o > 750 ns) that probes the vacuum
population of the cavity as a coherent state decays. Ideally, we would use a much longer pulse;

however, our transmon limits the selectivity we can achieve. We use simulation to verify that
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Ty (ps) Ty (ps) To(ps) Tae(us)
Transmon 20 e 18 20
Cavity 260 >5000

Table 4.2: Coherence parameters. Summary of the coherence parameters of our system. Our
system performance is limited by the transmon 75.

our method still gives a good lower bound. To obtain 775, we measure the real part of the 2D
characteristic function for different decay times and compare to simulations with different 7¢
values. We obtain a value of T(g > 5 ms, limited by the residual thermal photon population of
the transmon at ~ 1.5%. The transmon coherence are extracted by standard measurements.

To operate a bosonic cQED system in a coherent and stable manner, we must carefully
engineer the environment and carefully attenuate and filter the control electronic lines. A
schematic of our wiring setup is shown in Fig. [4.3. The device is mounted at the bottom of a
copper bracket and placed inside of a cryoperm-shield to filter stray magnetic fields. The top of
the copper bracket is then mounted onto the base plate of a Bluefors dilution refrigerator.

We use a field-programmable gate array from Quantum Machines to control the cavity,
qubit, and readout. The digital-to-analog (DAC) ports provide signals with a bandwidth of
250 MHz. These signals are fed into an IQ mixer and upconverted through a local oscillator
(LO) to the GHz range. Before reaching the device, the signals are attenuated and filtered at the
different stages of the cryogenic environment.

The reflected readout signal is amplified at the base stage via a dimer Josephson-junction-
array amplifier (DJJAA) [135], followed by a high-electron-mobility-transistor (HEMT) at the
4 K stage. After another amplification and downconversion at 300 K, the signal is fed back into
the FPGA and digitized through an analog-to-digital converter (ADC). The digitized signal is
then demodulated and integrated using optimized integration weights [136] to condense the
information of one readout pulse into a single point in the IQ plane. For each measurement,

the value is compared against a threshold value and assigned a value of either 0 or 1.



Chapter 4. Protecting quantum interference through phase-space engineering 67

Output - DAC Digital Marker Input - ADC

\ J
N\ =,
Eccosorb A RT Amplifier @ Local Oscillator ® IQ/IR Mixer
Lowpass Filter .
N HEMT | -Block
DC-8GHz A @ Circulator () DC-Bloc
Attenuator > DJJAA @n Isolator 152 Power splitter

Figure 4.3: Wiring diagram. Our FPGA is a Quantum Machines OPX, which we use in
conjunction with local oscillators to generate arbitrary pulses in the 4-8 GHz range. Our wiring
includes a standard set of attenuators and filters, including low-pass filters and Eccosorb. The

readout signal is amplified in four stages: a DJJAA quantum-limited amplifier at base tempera-
ture, HEMT amplifiers at 4 K, and two sets of RT amplifiers.
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4.3 Creating a compressed vacuum state

To achieve deterministic compression, we follow the proposal outlined in [137]. This scheme

relies on the repeated action of the two unitaries:
iup Poy _ v Xo
Up =777, Vi = eem%y (4-4)

U}, (Vi) creates a conditional displacement along the position (momentum) quadrature de-
pendent on the qubit state decomposed into eigenstates of o, (o).

When we applied U, Vi, subsequently on the joint qubit cavity state |g) |0), with carefully
chosen parameters uy, vi, their action can effectively be summarized as follows. U}, creates
a superposition of coherent state with opposite phases with the qubit, while V', effectively
disentangles qubit and cavity. Applying these two unitaries n times is therefore able to create a
superposition of 2" coherent states, leaving the qubit in its ground state.

To understand how we can exploit this to make a compressed state, a good approximation
of a squeezed state, we decompose the squeezed state in the coherent state eigenbasis. We can

write the discretized form as [137]:

2
|sqvac)a o< Y exp <_A(;és—1> las) (4-5)

as€L
where L is a lattice on the real line and A quantifies the degree of squeezing. This form reveals
that a squeezed state can be thought of as the superposition of coherent states with Gaussian
envelope. Thus, by fixing the number of repetitions and choosing appropriate parameters for
Uy, Uk, We can create a compressed vacuum state.
To implement these unitaries in our architecture, we decompose them into single-qubit
rotations and ECD gates:

Ui=R, (-5 ) BCD (w)R, (-7), (+:6)

V.—R, (g) ECD., (iv;)R, (;) - (4.7)

Generating compressed vacuum states requires a delicate balance between the number of UV
repetitions with optimized parameters uy, v5, and the dominant decoherence time in the system.
While more repetitions lead to increased compression, about 3-4 dB, per additional repetition,
eventually the decoherence mechanisms will take over and negate any possible gain. In our

system, we are limited by the transmon decoherence of 75, ~ 20 us. With this in mind, we
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chose three iterations, which each iteration taking about ~ 1.37 ps. This is limited by the time
it takes to implement one ECD gate, which is approximately 600 ns.

To find the parameters uy, vy, we use a gradient-based optimization method to maximize
the overlap with the target squeezed state. During the optimization, we bound the parameters
to the range (—2, 2). This keeps the unconditional displacements in the ECD gates moderate.
In simulation, we find an overlap fidelity of F > 0.99 with the target states. Table@shows
optimized coefficients for —3 dB, —5dB, —6 dB and —7 dB.

U1 U1 U2 V2 us V3
-3dB 139 -051 -02 046 -0.32 0.65
-5dB —-048 -0.51 —-1.85 0.31 0.56 —0.91
—6dB 1.6 —-0.39 —-048 1.04 -1.11 -0.32
-7dB —-083 —-056 1.3 056 —-1.26 -—0.39

Table 4.3: Optimized compression coefficients. Optimize u, v parameters for three UV
steps to create vacuum with —3 dB,—5dB, —6 dB and —7 dB compression.

Using this decomposition, we create three compressed vacuum states with —3 dB, —6.7 dB
and —7.6 dB through three UV iterations. To characterize the compressed states, we measure
Re[C(v)] of the generated states, using the protocol introduced in Chapter The measurement
results are shown in Figls.4|

We measure the compression values by fitting 1D Gaussian cuts along each quadrature and

calculate the compression in dB as 20 10g,((0/0vac). The corresponding values for simulation

and experimental data are shown in Table.

Theory Experiment
(P?) (X?) Compressionin P Compressionin X
—-3dB 296 —2.98 2.6 -3
—6dB  5.71 —5.93 5.4 —6.7
—7dB 59 —7.24 6.4 —7.6

Table 4.4: Achieved compression comparison simulation and experiment. The achieved
compression closely matches the target for smaller values. It starts to deviate for larger values as
we approach saturation of the achievable squeezing in three steps.

In simulation, the protocol generates genuine squeezing, as quantified by the variance of
the quadrature operators. The achieved squeezing also closely matches the target. For larger

squeezing values, we start to saturate the achievable squeezing using three repetitions, leading to
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Figure 4.4: Deterministic phase space compression. (a) Protocol that deterministically cre-
ates a compressed vacuum state from vacuum through the repeated application of U, V.. The
operations are each deconstructed into qubit rotations and ECD gates. Finally, we measure the
real part of the characteristic function. (b) Device schematic that is used to generate the states,
consisting of a storage cavity, a transmon and a readout resonator. (c) Measured data of the real
part of the characteristic function of compressed vacuum state. Each state is implemented by
applying three UV repetitions with optimized parameters. We achieve a phase-space compres-

sion of —3dB, —6.7 dB and —7.6 dB along [ Re][v], respectively.

larger deviations from the target. In the experiment, the resulting states are only approximately
squeezed, with some smaller outlying features in phase space. Hence, we distinguish our states
from genuinely squeezed states by calling them compressed states. We quantify the compression
in terms of the Gaussian’s standard deviation.

Furthermore, the optimization protocol does not account for the hardware’s noise model.
The noise of the system, dominated by transmon decoherence T, leads to deviations from
the ideal target states, introducing side features that reduce the amount of real squeezing along
one cut, as shown in Fig. Nevertheless, the resulting states are effectively compressed along
one quadrature. The undesired features are no hindrance, as the protection arises through the

compression, not genuine squeezing.



Chapter 4. Protecting quantum interference through phase-space engineering 71

-3 dB —6.7 dB
1F [
.____,A /\ Vac
S
O, n: -
x
Cat
0
—-3.6 0 3.6 —3.6 0 3.6
Re[v]

Figure 4.5: Simulation of compressed vacuum under qubit decoherence. Comparison of
characteristic function cuts without loss (black), with qubit decoherence T, and experimental
data (golden circles). The simulated data with loss is scaled with the contrast of the origin.
Decoherence leads to the appearance of sideloops that are apparent in the —6.7 dB compression
simulation and data.

In this section, we successfully demonstrate our capability to deterministically create com-
pressed vacuum states with compression levels up to —7.6 dB using a protocol based on ECD
gates and qubit rotations, without the need for parametric control. We showed good agreement
between theory and experiment, with simulation closely matching experimental values across
multiple compression levels. By balancing repetitions with optimized parameters against deco-
herence, we established a robust and scalable framework to reshape phase-space distributions on
demand. This represents a significant advancement for quantum information tasks that require
bosonic mode control.

In the next section, we will explore how to use compressed vacuum states as input to create
compressed cat states. We will measure the decay of the non-Gaussian features of default and
compressed cat states to demonstrate that compression protects these features against photon

loss.

4.4 Creating a compressed cat state

Having demonstrated deterministic compression, we now turn our attention to creating com-
pressed cat states, the main ingredient of our experiment.

We start with cat state creation. Our protocol is shown in Fig. Starting from the joint
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ground state |g) |0), we apply a single V" operation. The action of V' leaves the qubit and cavity
in an entangled state. |g) is entangled to an even cat state while |€) is entangled to an odd cat
state. A post-selection measurement then collapses the qubit and the corresponding cavity state,
leaving us with an even or odd cat state in the cavity. We can easily extend this protocol to create

a compressed cat state by first initializing the cavity in a compressed vacuum state.

B e B
o=0 0=0
lg)  le)

|vac) ECD,

-
l
]
I
I
I
I

9) —:—X. X1
I % !

L e e |

V]
vl

Figure 4.6: Protocol to create a cat state. Acting with V on |g) |0), leaves us in an entangled
state with |g) entangled to an even cat state and |e) entangled with an odd cat state. Following
up with a post-selection measurement collapses the cavity into a cat state. We can create a
compressed cat by first initializing the cavity in a compressed vacuum state.

Our technique is flexible and also allows for the reverse approach, where we first create
a cat state and then compress it. We verified this in simulation for three UV repetitions for
—3dB, —5dB, —6 dB and —7 dB. We find fidelities of F > 0.99 for each. However, creating
the compressed cat from a compressed vacuum is advantageous when considering the system’s
coherence parameters. The time it takes to compress is the majority of our state creation protocol.
If we start with a cat state, this time will be spent further out in phase space, rendering it more
susceptible to decoherence. Furthermore, the required conditional displacement to create the
cat is larger, a fact that becomes apparent when we consider the commutator of the displacement

operator D () and squeezing operator S(z).

D(a)S(z) = 8(2)8'(2)D(a)S(2) = S(2)D(7), (4.8)

with v = avcosh r + a*e™ where r is the degree of squeezing and 6 the angle. For consistency

between the two approaches, we take this into account when creating the compressed cat states.
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Fig. [4.7]shows the measured real part of the characteristic function for a default cat state
(top) and a compressed cat state (bottom) for |a| = 1.8 and compression 7y = —6.7 dB. We
create an even cat state (red blobs) and an odd cat state (blue blobs). The eftect of compression

on the interference features is visible, as the interference blobs are elongated and pushed toward

the origin.
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Figure 4.7: Characteristic function of compressed cat states. Experimental data show the
real part of the characteristic function of an even and odd cat state (top) and an even and odd
compressed cat state (bottom) for |a| = 1.8 and { = —6.7 dB. For the default cat state, the
interference blobs appear at +2|c|. The effect of compression on these coherence blobs is that
they are elongated and pushed closer to the origin.

4.5 Protecting a cat’s interference features

To demonstrate the protection of a cat’s quantum interference features against photon loss,

we must carefully select the measured features that we correlate with quantum interference.
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Based on Equation 4.1, we established that the interference blobs of the characteristic function
at 12|/ correspond to the quantum interference terms (| — @) , (—av|c). They represent
high-frequency components in reciprocal phase space and constitute non-Gaussian features
that cannot be reproduced through a mixed state. The fact that we can directly measure these
features makes them our ideal metric to quantify the protection of quantum coherence.

We quantify the protection of phase-space compression against photon loss by monitoring
the decay of the blob amplitude for an odd cat state with different degrees of compression
over a time span similar to the cavity’s 77 = 260 us. We extract the amplitude by directly
measuring 1D cuts of the real part of the characteristic function along Re[v]. The results of these
measurements for compression values of 0 dB —3 dB, —6.7 dB and —7.6 dB are shown in Fig
[4.8 (a). The measured amplitudes (open circles) closely match master-equation simulations
(solid lines) that include photon loss.

To further quantify the decay of the coherence blobs, we derive a theoretical model that
describes the dynamics of the coherence blob maxima (see Appendix|C). As we are interested in
the decay of the blobs, we consider the ratio of the interference blob amplitude after decay 7 to
that of the undamped cat with the same compression factor s; we dub this the fidelity Fj ;. For

short times, 7 < T7, takes the form

T
F:I:,S,T ~ exp <_ 2Tﬁ|&0|2> (49)

where T..;; = T /s? is the effective decay constant of the compressed cat state. Using this
model, we extract the measured effective decay constants. For the uncompressed cat state, we
find (273 £ 1) ps, which is in good accordance with the intrinsic decay constant of the cavity
of = 260 us. For =3 dB, —6.7 dB and —7.6 dB, we find a significant increase in the effective
lifetimes to (516 =+ 32) s, (1247 £ 132) ps and (1439 £ 172) us, respectively. This is a more
than fivefold increase in lifetime for the —7.6 dB compression and matches closely with the
predicted value of 5.75 in Section [4.1.

Fig. (b) shows snapshots of characteristic functions for a default (0 dB) and a compressed
catstate (—6.7 dB)at 20 ps, 50 ps and 100 ps. While the interference blobs of the uncompressed
cat state vanish around 100 ps, the interference blobs of the compressed cat state are still clearly
visible. Furthermore, the cat states retain their shape over a timespan of 100 s, showing no signs
of distortion. This is crucial for the use of cat states in quantum information processing tasks
and highlights the importance of our chosen operating regime, which features small inherited

storage anharmonicity.
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Figure 4.8: Compression protects interference features against photon loss. (a) Decay
dynamics of the interference blobs in the real part of the characteristic function of cat states
with different degrees of compression. Experimental data (open circles) and master equation
simulation (solid lines) show good agreement. The error bars are extracted using standard
bootstrapping techniques. The blob amplitude follows an exponential, with the corresponding
time constant increasing with the degree of compression. The inset shows the parity decay, ob-
tained by integrating the entire characteristic function. The data demonstrates that compressed
cat states are more resilient against photon loss. (b) Experimentally measured Characteristic
function snapshots at different times, showing the protection of interference features through
compression.

Additionally, by integrating over the entire characteristic function, we can determine the

origin of the Wigner function W (0, 0), see .13} which corresponds to the parity of our states.
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Figure 4.9: Comparison of parity and interference blob decay. Simulation of the (a) decay
of the photon number parity (P) and the (b) decay of the interference blob amplitude for
different levels of compression. While the protection of the interference blobs continuously
increases with compression, there is an ideal compression point for photon number parity.

(P). The corresponding data is shown in the inset of Fig.|4.8 (a). Like the interference blobs,
the parity shows an exponential decay that is slowed with compression.

However, a quick consideration reveals that we generally do not expect the center of the
interference blobs in the characteristic function and photon number parity to exhibit the same
behavior under a given compression, see discussion in Appendix E While stronger compression
protects the center of the interference blobs, eventually the anti-squeezed quadrature will
elongate beyond the protection envelope. For photon number parity, we must focus on the
entire blob as we integrate over the whole characteristic function. If the compression is too
large, the elongation in the opposite quadrature will cause the cat state to exceed the range of
the Gaussian filter. We investigated this behavior by simulating the decay of the interference
blobs and photon number parity under different compression levels, as shown in Fig.
The simulations demonstrate that while the protection of the interference blobs continuously
increases with compression, an optimal compression level exists, dependent on the decay rate of
the cavity and the size of the cat state.

Furthermore, we consider the behavior of sub-Planck structures in phase space, another

intrinsically non-Gaussian attribute and witness for quantum coherence [103]. We obtain
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these distributions by calculating the 1D Fourier transform of the characteristic function along
Im[v| = 0, which yields the marginal distribution of the Wigner function along Im(c). The
decay dynamics of these features for a default cat (0 dB) and a compressed cat state (—7.6 dB) are
shown in Fig. At 100 ps, the sub-Planck structures are still clearly visible in the compressed

cat. However, for the cat state, these features entirely vanished at 100 ps.

Simulated state Measured states
Cat t=0pus t=1pus t=20pus t=50pus t =100 us
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Figure 4.10: Decay of sub-Planck structures. Comparison of the decay of the sub-Planck
structures in a Cat state (top) and compressed cat state with —7.6 dB (bottom). The marginal
distributions along Im[c] are obtained by calculating the 1 — D Fourier transform of the
characteristic function along Im[/] = 0. In each plot, we compare the cats’ features (green)
with the width of an ideal vacuum state (golden).

Finally, we use two different methods to calculate the overlap of the ideal uncompressed and
compressed cat state —7.6 dB against the corresponding measured states after decay times of
1 us, 20 us, 50 s, and 100 ps. For this, we measure the real part of the characteristic function
with 1000 averages and experimentally verify that the imaginary part is negligible. As a first
method, we employ convex optimization [138] to reconstruct the density matrices, as we expect
amaximum photon number of 7 & 4 for the compressed cat with || = 1.8 and s =—7.6 dB,
we chose a Hilbert space size of 20. This size ensures that we capture more than 99.9% of the
photon number distribution.

The corresponding fidelities Fy, rec and Fcay, rec are shown in the second and third columns
of Table B Once again, we see that the uncompressed cat state decays more rapidly, with a
rapid drop of fidelity from 75% to 55% between 1 us to 20 ps. In contrast, the fidelity of the

compressed cat state decreases only from 61% to 56%. As a second method, we calculate the
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overlap by directly integrating the characteristic function over phase space, using the equation:

1
‘F.int = - / Oideal<y>cexp(y)*d21/ (4'10)
™

The corresponding fidelities of the cat F,inc and compressed cat Fcyine are shown in the last
two columns of Table4.5. The behavior is consistent with what we observed in the density

matrix reconstruction.

State fcat,rec (%) Fcat,int (%) fccat,rec (%) fccat,int (%)

Tus | 75(£0.5) | 74.8(£0.6) | 61(£0.7) | 67.1(£0.7)
20us | 55(£0.6) | 61.5(%0.8) | 56(£0.5) | 60.4(£0.7)
50us | 45(0.7) | 47.9(20.7) | 50(£0.6) | 53.9(40.6)
100 us | 40(£0.7) | 41.2(£0.7) | 43(40.5) | 46.4(£0.7)

Table 4.5: Fidelities against time. Overlap fidelities found by reconstructing the density
matrices F¢. and directly integrating the characteristic function Fj,;.

4.6  Error budget

The fidelities of our compressed cat states are generally in the range of 65(45) %, limited by the
decoherence timescales in our hardware. We analyze the imperfections by considering a single
U gate as the elementary operation, since our state creation process consists essentially of U
or V operations sandwiched between single transmon rotations. The fidelities are calculated
as the overlap between the ideal state and the state subject to a single decoherence mechanism,
F = (Wigeal | Pross| Videal ) - Table@presents the simulated infidelities resulting from various error
sources in our device, calculated using master equation simulations that incorporate only the
respective decoherence mechanism.

To validate this error budget, we compare it with experimentally observed imperfections in
our characteristic function measurements. Our measured vacuum state exhibits a maximum
contrast of approximately 88.4%. Since this measurement requires a single U-type gate and
transmon readout, we can sum the individual contributions: the U operation introduces ap-
proximately 7% infidelity. In contrast, the readout contributes (P.. + Py, ) /2 ~ 3.2% infidelity.
This yields an overall measurement fidelity limit of approximately 90%, consistent with our
observed vacuum state contrast. We use this as a normalization factor for subsequent cat and

compressed cat state data to isolate state preparation errors from measurement imperfections.
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Error channel Estimated infidelity (%)
Ancilla dephasing 4

Ancilla decay 2

Cavity dephasing 1

Cavity decay 0.01

U 7

Readout |g) — |g) 14

Readout |e) — |e) 5

Table 4.6: Error budget. Estimated errors due to decoherence and SPAM (state preparation
and measurement) of the prepared cats and compressed cats. The leading errors are ancilla
dephasing and decay, as well as readout.

For the compressed vacuum and cat states presented in the main results, state creation
involves three sets of U V' operations followed by a measurement to project the transmon state.
The post-selection process effectively removes the contribution of transmon 77, reducing the
infidelity of each U or V' gate to approximately 5%. Using our simulated error budget, we
expect these states to suffer from approximately 33% infidelity, which aligns well with our
experimental observations.

While decoherence represents the dominant limitation, other mechanisms such as the
Kerr effect, calibration inaccuracies, and residual imaginary components in the characteristic
functions could introduce additional imperfections. However, these contributions are small
compared to decoherence errors and remain below our current resolution for detailed analysis.
As this protocol is applied to systems with improved coherence parameters, investigating and
minimizing these secondary error sources will become increasingly crucial for achieving higher-

fidelity compressed cat states.

4.7 Discussion

In this chapter, we have demonstrated that phase-space compression provides a powerful and
versatile framework for protecting the quantum non-Gaussian interference features of cat
states against photon loss, the dominant decoherence mechanism in superconducting cavities.
Through our deterministic compression protocol, based on ECD gates, we achieved a five-
fold enhancement in the effective lifetimes of interference features for a compression level of
—7.6 dB. These results provide direct experimental validation of this protection mechanism

across multiple quantum coherence metrics.
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Our approach exemplifies a broader paradigm of hardware-aware quantum state engineering,
where theoretical ideas and experimental hardware are co-developed to optimize performance
against the dominant error channels. Rather than simply implementing an ideal theoretical
codeword in our hardware, we have tailored our state to the hardware by utilizing our com-
pression techniques to give the state better intrinsic resilience. Specifically, our compressed
cat states have well-defined and better-protected parity, making them natural candidates for
efficient quantum error correction in bosonic modes where parity is often used as an error
syndrome. This is underlined by recent proposals 139, [140] and validated by an impressive
experimental demonstration of a squeezed cat code with a bit flip rate 160 times larger compared
to previous cat qubit implementations. [126]. This co-design philosophy will be crucial to
reduce the overhead required for quantum error correction.

Beyond error correction, the ability to deterministically reshape phase-space distributions
opens new avenues for tailoring quantum resources for specific applications. In continuous-
variable quantum metrology [108-10, 141], where sub-Planck structures play a crucial role,
our enhanced protection directly enables more robust sensing protocols, thereby increasing
precision. Our technique utilizes only native gates and is therefore readily integrable into current
hardware. Moreover, our framework extends beyond cat states. It provides a systematic approach
to engineer other non-Gaussian states to improve their resilience against limiting decoherence
mechanisms, potentially opening the door to the creation of novel bosonic error correction

codes.



Chapter s

Creating tripartite entangled states in bosonic
cQED

The extension from bipartite to multipartite entangled quantum systems reveals fundamentally
new phenomena that cannot be understood through generalizing bipartite correlations. While
previous demonstrations of two-mode cat states established the feasibility of distributing macro-
scopic quantum coherence across multiple harmonic oscillators [97], the transition to three or
more modes introduces entirely new classes of entanglement. In particular, Diir, Vidal, and
Cirac showed that there exist two classes of genuine tripartite entanglement that are inequivalent,
the Greenberger-Horne-Zeilinger (GHZ) states and W-states [142]. These states have strikingly
different properties. GHZ states display maximal tripartite entanglement without any bipartite
correlations, while W-states maintain maximal bipartite entanglement between any two pairs,
even if the third party is lost. These properties make W-states attractive for various quantum
information processing tasks [143-14s].

Experimental demonstrations of multipartite entangled states have progressed steadily across
platforms, including ion traps [146], superconducting systems [147, 148], and optical systems
[149], yet remain confined to discrete variable systems. In continuous variable systems, there
has been much progress in the implementation of highly entangled cluster states [r50-rs2].
However, the combination of multipartite entanglement and coherent state superpositions
has remained unexplored due to its challenging implementation. Such states offer insights
into many-body quantum correlations and offer practical advantages for distributed quantum
sensing and error-corrected quantum computation [44, 153].

In this chapter, I will present preliminary data demonstrating the generation of a GHZ-
cat state and a W-cat state. These experiments represent the first realization of multipartite

entangled cat states beyond two modes and establish a versatile testbed to explore the rich physics
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of multipartite macroscopic entanglement. We implement our states by utilizing the excellent
multimode capabilities of the ECD gate and do full tomography over the entangled states by
measuring specific points in the high-dimensional joint characteristic function.

This chapter is structured as follows: I begin in Section [s.1 by discussing our choice of
coupling architecture and demonstrating how this enables efficient multimode control through
ECD gates. SectionEintroduees the protocols for creating bosonic GHZ-cat and W-cat states,
while SectionEdevelops an efficient characterization method that maps characteristic function
points to Pauli operator expectation values. I then present our experimental implementation
in Section including the preliminary setup, followed by our first results on the creation of
the GHZ-cat and W-cat state in Section[s.s} Section[s.6|identifies the limitations of our current
hardware through simulations, and I conclude in Sectionwith a summary of results and a

roadmap of the next steps.

5.1 One-to-all coupling architecture

The creation of multimode entangled states in bosonic cQED requires careful selection of the
underlying coupling architecture. Two primary approaches present distinct trade-offs: linear
coupling, where bosonic modes are arranged in a chain with non-linear elements coupling adja-
cent modes, and one-to-all coupling, where a single non-linear element mediates the interaction
between all bosonic modes simultaneously. While linear coupling offers a modular and simpler
design, it imposes significant hardware overhead, longer protocols, as entanglement must be
spread, and correlation of single-mode measurements for joint state characterization. Con-
versely, one-to-all coupling, despite increased constraints in physical and frequency space, enables
parallelized state preparation across multiple modes and direct in situ joint measurements by
mapping multimode information onto a transmon.

Fig.[s.1(a) depicts our target architecture: three quantum harmonic oscillators (Alice, Bob,
Charlie), each weakly dispersively coupled to a shared transmon. In the rotation frame of the
cavities at frequencies w; — x4i/2 for i € {a, b, c}, the effective coupling Hamiltonian with

the transmon truncated to its first two levels becomes:

H
2o Xestae, —

h 2

bo, — @CTCJZ (5-1)

Xab g+
=—b
2 2

where a, b, and c are the ladder operators of Alice, Bob, and Charlie, respectively.
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Figure s.1: Utility of ECD in one-to-all coupling architecture. (a) Schematic of a one-to-all
coupling architecture. Three QHOs are coupled to the same qubit with negligible coupling be-
tween them. We utilize this architecture to distribute entanglement between the QHO through
the qubit. (b) Multimode ECD gate implementation in a one-to-all coupling architecture. The
single-mode ECD gates are played in parallel, centered around the transmon echo pulse. The
length of a multimode ECD gate is therefore the same as that of a single-mode ECD gate. (c)
Utilizing the multimode ECD gate enables direct measurement of the multimode characteristic
function without introducing additional complexity.

This Hamiltonian affords a natural extension of the ECD gate to a multimode architecture.
We play a three-mode ECD gate by optimizing the individual ECD sequences and play them in
parallel, centered around the qubit echo pulse. Fig.[s.1(b) shows the corresponding circuit dia-
gram. After the sequence, a virtual z rotation is applied to counter the accumulated geometrical
phase on the qubit, as determined by running a three-mode cat-and-back experiment.

A key strength of multimode ECD gates is the ability to balance the effective coupling
strengths across the modes through the appropriate selection of the displacement amplitudes
within the ECD sequences. We can thus offset hardware mismatches in X 4a, Xgb, Xqc and still
achieve a uniform gate duration.

Critically, multimode tomography via joint characteristic function measurement, see Fig. E
(c), does not add any complexity compared to the single mode case, a stark contrast to prior
multimode architectures relying on joint parity measurements [149]. This remarkable multi-
mode capacity of the ECD gate, retaining simple tune-up and the same gate time as single-mode

operations, makes bosonic cQED architectures a particularly attractive platform for scalable
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multimode bosonic quantum error correction [154-156].
Following, we will demonstrate how to use the multimode ECD gate to implement a GHZ-

cat and a W-cat state.

5.2 Protocols to create a GHZ-cat and W-cat

The goal of this experiment is the creation of tripartite entangled states of the microwave fields

of superconducting cavities. Our first state of interest is the GHZ-cat state, which we define as:
|GH Ze) = ete|0),10),]0),

, followed by a three-mode ECD gate that entangles all cavities to the qubit in a single step

R \}5 (l9) la)g )y ), + [e) |=a), [—a), |—a).) . (53)
At this point, we distributed the components of the multimode GHZ-cat state onto the qubit
states. Then, we use a 7/2 rotation to collect the components on |g) and finally collapse the
qubit on |g) through a post-selection measurement, giving rise to the GHZ-cat state in the
cavities.

The W-cat state has a fundamentally different entanglement structure compared to the
GHZ-cat state. Rather than a two-component superposition, the W-state consists of three
components.

[Wear) = \}5 (la)g [=a)y [—a), + [=a), |a), |—a), + [—a), [—a), [e))  (5.4)
To create this state using the distribution and collection strategy, we face an immediate challenge.
Three components require three qubit states to store them. Consequently, we need to incorpo-
rate the third qubit level | f) into the state creation sequence. However, the action of the ECD
gate is confined to the g-e subspace, prompting us to develop the Uneven Echo Conditional
Displacement (UECD) transfer. The UECD transfer extends our toolkit by enabling us to create
displacements on the cavity conditioned on the qubit being in the |g) or | f) state, while leaving
the component on |e) untouched. This provides the additional degree of freedom required to
create the W-cat state.

The effective action of the UECD transfer for our W-cat state creation protocol can be

summarized as:

UECD(5, x0) = D(8/2)|f) (9] + I'le) (e + D(=5/2) |g) (/| (5-5)
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Figure 5.2: W-cat state creation protocol. The W-cat state protocol consists of two steps:
distribution and collection. During distribution, a three-mode ECD and a UECD map the
three W-cat state components onto the qubit states |g), |e), and | f). In the collection step, two
transmon rotations transfer the three W-cat state components to |g) followed by a post-selection
measurement to create the W-cat. We calibrate the rotation axis of the transmon pulses through
cat-and-back experiments to null the accumulated geometric phase during the ECD and UECD
sequence. Simulations of this sequence achieve fidelities > 99 % with respect to the target state.

where cvy indicates that this is a state transfer and thus an initial state-dependent process.

The complete W-state protocol, shown in Fig. E, leverages the UECD in a carefully orches-
trated sequence. Starting from the in qubit ground state and vacuum in all cavities, we first bring
the qubit into the state \/g lg) + \/g le). These amplitudes are with the correct probability
amplitude ratios for the W-state in mind. We then play a three-mode ECD gate along with an

unconditional displacement on Charlie, leaving us in the state:

~ \/g 19) ), [—20), [2a/), + \/§|e> [—a), 209, 10), (5-¢)

where we chose o/ = aeXsetuxep/2 o counter the natural evolution the mode will undergo
while the UECD is applied to the other two. Now we involve the third qubit level through a
7 /2-ef pulse followed by a UECD gate acting on Alice and Bob. After two more unconditional
displacements on Bob and Charlie, we find the three desired W-cat components mapped onto

the three qubit levels.

~ \/g(|g> ), |—a), |[—a), + |e) |—a), [a), |—a), + | f) |[—a), [—a), [a).) . (57)

The final stage employs carefully calibrated qubit rotations to map all three cavity components

onto |g), followed by a post-selection measurement that collapses the system into the W-cat
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Figure 5.3: Demonstration of ECD-UECD sequence (a) Depiction of the phase space tra-
jectory of mode A during the ECD-UECD sequence. An ECD gate (grey) displaces the cavity
conditioned on |g) and |e). The UECD gate then returns the cavity component starting with
qubitin |g) (red) and | f) (yellow) back to vacuum. The |e) component (blue) returns to its
starting point. (b) Comparison between measured characteristic functions and theoretically

generated characteristic functions (insets) of the state |t)) ~ \/g |0) + \/g |a = 1.5), created
by the ECD-UECD sequence. The close agreement demonstrates the precise three-level control
necessary for creating the W-cat state.

state. The rotation axes of the final qubit pulses are chosen to account for the geometrical
phases accumulated during the ECD and UECD operation. With the sequence established, the
remaining question is how to implement the UECD transfer.

Implementing the UECD gate presents a challenging task. The ECD gate employs a balanced
frequency shift x /2, —x/2 for |g) and |e) respectively, leading to a symmetric phase space

trajectory. Involving | f) breaks this balance. The three-level Hamiltonian can be written as:

H X7 X X’
fw=3ﬂmm@—2@MM¢%W—?MMWU|(M

The challenge arises from the fact that 9/ > y9¢, causing the cavity states entangled to | f) to
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rotate faster than the states entangled to |g) or |e). This uneven evolution, after which the gate
is named, would destroy the well-balanced phase space evolution upon which the ECD gate is
built, if uncompensated.

To achieve the desired UECD operation despite the uneven dynamics, we employ opti-
mization of the phase space trajectories. We start by imposing a pulse structure that mimics
the default ECD gate. The sequences consist of four displacements, two wait times, and a 7
pulse in the middle. The length of the pulses and the wait time ¢,, are fixed. We parametrize
the problem in terms of six optimization variables. A global amplitude and phase €, ¢y that is
multiplied by all pulses, an amplitude and phase that is applied to the second and third pulse
€93, P23, and another amplitude and phase for the final displacement €4, ¢4

Based on this parameterization, we use a Nelder-Mead optimization method to find the set
of values {eg, Po, €23, P23, €4, ¢4} that minimize the cost function

€ = |ay(T) ~ (05(0) + D + |ae(T) = a0 + af(T) ~ (as(0) = )P (59

where oy ¢ r(1') represents the final cavity state for each qubit state and cyg ¢ (0) the initial state.
This cost function enforces the wanted conditional displacements —f-g for the trajectory starting
in |g) and — £ for the trajectory starting in | f), with no displacement on |e). The trajectories
are found through the integration of the semi-classical trajectories, expanded to the third qubit
level. Using this cost function, we find the pulse sequence eupcp(t) that implements the gate
specified in Equation As with the ECD gate, we must be careful to predict and correct the

accumulated geometric phases. We find them by solving the integral:

T
Hg,e,f - /0 Im[—ZEUECDOé;’e’f(t)]dt (S.IO)

A derivation of this equation is given in Appendix|D.

Fig.[s.3]provides experimental validation of the UECD gates performance. Panel (a) shows
the phase space trajectories of the ECD-UECD sequence as played in the W-cat state proto-
col on Bob. First, an ECD gate (grey trajectory) followed by a 7/2-ef pulse creates the state
\/g (lg) |—2a) + |e) |2c) + | f) |2cv)). The following UECD gate then returns the cavity
components that started with the qubit in |g) (red trajectory) and | f) (yellow trajectory) to
vacuum, while the cavity components of |e) (blue trajectory) remain unchanged. Panel (b)
presents experimental data of a characteristic function measurement after the whole sequence is
played, including the last two qubit rotations and post-selection measurement. The measured

data (main plot) shows excellent agreement with the ideal data (insets).
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To validate the complete W-cat creation protocol, we perform a full pulse-level Hamiltonian
simulation using the displaced frame technique introduced in section The simulated W-cat
state achieves a fidelity exceeding 99%, compared to the ideal target state shown in Equation
This clearly demonstrates the validity of our protocol to create a W-cat state.

Having established protocols to implement both a GHZ-cat state and a W-cat state, we now
turn to the next challenging problem. How can we efficiently characterize states distributed

across three bosonic modes, living in an 8D phase space?

s.3 Efficient tomography of multimode entangled cats

Tomography of bosonic systems is a challenging task that quickly becomes intractable as the
system size increases exponentially with the number of modes. For a single mode, we need to
measure d = N2, - phase space points to reconstruct the density matrix, where N yof is our
chosen Hilbert space in which the state is well contained, e.g., with < 0.1% of photons cut
off. For a coherent state of size |a| = 1.8, this requires Nyof = 10 for a single mode and

consequently Neyeoff = 103 — d = 10% measurements of the 8D three-mode characteristic

function

C(Ba; By, Be) = (Dy, Dy, D) (5.11)
= tr (Dy, Dy, D.p) (5.12)

Using this brute-force method with our current capabilities will take between hours and days,
during which we are vulnerable to parameter drifts, lowering fidelity.

We circumvent this problem by exploiting the de facto orthogonality of coherent states
with || > 1.5 — (—aja) < 0.01.. This allows us to treat the |a) and |—a) as logical
states forming a 2-dimensional subspace. Consequently, this significantly brings down the
tomography requirements from 10° phase space points for three bosonic modes to 64 Pauli
operators for the three-qubit state. A similar approach based on the Wigner function has been

used in Ref. [97].
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Under this encoding, we can write the Pauli operators as:

I~ |- a){-al +]a)al (513)
X ~ Ja){~al +] - a)(al (5.14)
Y ~ ila)(—a] — i| - a)(af (515)
Z ~| - a)(~a| - |a)(af (5.16)

Following, I will go through one example that demonstrates how to find the mapping be-
tween these operators and the corresponding points in the characteristic function for (X).
X transforms |o) to |—a). This is the action of the displacement operator D _s,,. The key
is to realize that while the construction Dy, + D _s, does not equal X, as it also maps
codewords out of the codespace, it yields the same expectation value. We can thus write
(X) = (D3q + D_3,) = 2Re[C(2a)]. Following similar arguments, we find the mappings

for each Pauli expectation value and the characteristic function points as:

() ~ {Dy + D}) = Rel(Dy)] = Re[C(0)) (57)

(X) ~ (Da + D3 = 2Re[(Ds,)] = 2Re[C(20))] (5:19)
(Y) = i(D 20 — D3a) = 2Im[(D _5,)]) = 2Im[C(—20)] (5-19)
(Z) zs*z’(Df%—D%) :s*Im[(sz%)] (5.20)

where s = ;e_(‘gf/ %isa scaling factor to ensure that the expectation value is in the range £1.
We are thus able to measure the entire Pauliset {I, X, Y, Z} by probing different points in
the characteristic function.

A visual example for the state [¢)) = N (|a) 4 i |—a)) is shown in Fig.[s.4. (I) is simply
the origin of the real part of the characteristic function, which by definition is the overlap of a
state with itself and always 1. (X') and (Y") are found by probing the center points of the cats’
interference blobs. Depending on the phase of the cat state, these blobs will either appear in the
real or imaginary part of the characteristic function. Finally, (Z) distinguishes between |a) and
| —a) by probing the sine that appears in the imaginary part of the characteristic function.

To characterize a three-mode state with this strategy, we have to break each three-mode
Pauli operator into multiple characteristic function points. Instead of calculating this in a
brute-force manner, we utilize the underlying structure of these operators and then generalize it.

For one mode, each Pauli operator corresponds to one point in the characteristic function. The
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Figure 5.4: Mapping Pauli operators onto characteristic function points. For efficient
tomography, we map points in the characteristic function to Pauli expectation values defined
in the subspace {|a) ,|—a)}. This allows us to characterize the full state using only four
measurements. The depicted state is N (|a) + 7 |—«)), an eigenstate of Y. As expected, (X))
and (Z) give zero while (Y") gives -1.

expectation value of different Pauli operators corresponds to different displacement values and
whether the point is in the real or imaginary part of the characteristic function. We condense

this into a single expression shown in the equation below
(%) ~ s (D, + (~1)*D_) (521

Here, X represents the Pauli operator, s is the corresponding scaling factor, k encodes whether
the point is in the real or imaginary characteristic function, and 7 encodes the location of the

point. A mapping between the Pauli operators and the corresponding {s, k, v} set is shown in

Table.

by S k 0

i 1/2 0] 0

X 1 0 2c0

Y 1 1 —2q
T \2

Z | (1/2)el@=) 2| 1] —in/4a

Table 5.1: Mapping parameters. We map each Pauli expectation value to one point in the
characteristic function. This table provides the mapping parameters that specify the scaling s,
whether to measure the real or imaginary part of the characteristic function k, and the location
of the point 7.
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Considering that operators on different cavities commute, we can generalize Equation [5.21]

to three modes
(%132:33) =511 (D, + (1) D_,))]
* 5902 [(Ds, + (=1)2D_,)]
# 530 [(Dog + (1) D_,)]
=51931"% ((Dyy55) + (= 1) (D, sy)

+ (=)™ ¢ )+ (=1 (Do)
+ (1) (D) + (1) (D5 1)
+(-1)" (D )+ (1) (D))

(5:22)
Dy

Y1Y2—73

where 5193 = 51 * S9 * 53, k123 = k1 + ko + ksand D, ,,, = D, D., D... Importantly,
the displacement operators are paired in a way that, depending on E, will yield either the real
or imaginary part of D. It is therefore apparent that every three-mode Pauli expectation value
is mapped to four points in the 8D characteristic function. To simulate or measure any given
three-mode Pauli operator, we use the last expression in Equation combined with the
parameter mapping found in Table to determine the displacement points, scaling factors,
and how to sum the points.

Up to this point, I have demonstrated how we can utilize a one-to-all coupling architecture
to generate a GHZ-cat and a W-cat state, and I have shown a method to perform tomography on
these states efficiently. In the next section, I will introduce the device we will use to implement

and measure these three-mode entangled states.

5.4 Experimental setup

Our experimental setup implements a one-to-all coupling architecture where three bosonic
modes are weakly dispersively coupled to a single transmon. Fig. E(a) shows the chip arrange-
ment while (b) and (c) provide a top-down and an isometric view of the package design.

The bosonic modes are realized using compact on-chip tantalum hairpin resonators, which
have demonstrated lifetimes of up to milliseconds [157]. Furthermore, their fundamental mode
is primarily located between the arms of the hairpin, which limits unwanted coupling to other
modes and minimizes inter-cavity coupling. The following paragraph on the chip fabrication is

contributed by my team member, May Chee Loke, who fabricated the hairpin chips.
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Figure 5.5: Multimode package. (a) Three on-chip tantalum hairpin resonators (red) are
coupled to the same transmon (blue). Two hairpin chips are above, and one is below the
transmon chip. (b) Top-down and (c) isometric view of the package. It hosts four waveguides,
each with its own chips and SMA connectors for coupling. The chips are vertically clamped at
one end. The clamp is then mounted onto the device with screws and made light-tight with
indium. To suppress vibrations of the long transmon chip, we extend the chip onto an open
plateau and secure it there with indium before sealing the enclosure.

To ensure consistent access to a-phase tantalum, we use purchased 200 nm tantalum film
deposited on HEMEX wafers from STAR Cryoelectronics. This allows us to eliminate the
uncontrollable factor of deposition conditions in a shared facility. Before photolithography,
the wafer is spin-coated with photoresist AZ1s12 and baked at 100 °C for 1 minute. The film is
then patterned with DMO Microwriter ML3 Pro, followed by development in MF319 for 40 s

and DI water for 1 minute. Then comes the most crucial part of the fabrication process of the
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tantalum hairpin, that is the dry etching of the tantalum that is not covered by the mask with
inductively coupled reactive ion etching using the Oxford ICP-RIE. We used the chlorine-based
dry etch, following the recipe outlined in Ref. [158], to ensure a sharp and clean edge on the
hairpin resonator. The film is etched with the following condition: chlorine and argon flow of
5 sccm each, ICP and HF power of 500 W and 50 W respectively, and background pressure of
5.4 mTorr at 10 °C. After dry etching, the resist is stripped off with NMP at 80 °C for 2 hours,
followed by cleaning in acetone and methanol. A final thorough chemical processing with
piranha is then performed again for the same duration mentioned earlier to remove fabrication
residue.

We achieve one-to-all coupling through a stacked geometry, positioning hairpin chips above
and below the transmon chip, with the open ends, where the hairpin field is strongest, oriented
towards the transmon to achieve the required capacitive coupling. We use Ansys HESS to
simulate the fields and extract the Hamiltonian parameters using an energy participation method
[159]. We optimize the frequencies and geometries until we achieve the desired couplings.

The transmon is capacitively coupled to an aluminum stripline resonator, which in turn
is coupled to an aluminum Purcell filter. This configuration enables both transmon control
and readout through a single port while preserving the transmon’s coherence. Each hairpin is
individually addressable through a dedicated 50 2 terminated transmission line that is directly
coupled to our room temperature control electronics, not shown in the chip arrangement.

The chips are fixed between two 6061 aluminum clamps, which are bolted together through
screws. Additionally, Indium is used to ensure that the chips are held in place. The clamps
are then mounted onto the device using screws and indium to make it light-tight. The long
transmon chip raises concerns about mechanical stability, as vibrations of the chip lead to
dephasing. To prevent this, we extend the transmon chip onto an open plateau, see the bottom
of Fig.|s.s|(b), and secure it with indium before sealing the closure. Initially, attempts using
Teflon cylinders and beryllium copper springs for mechanical clamping led to thermalization
issues, prompting the use of indium wire instead.

Fig.[s.6 shows the wiring diagram of our experimental setup. The main challenge of the
experimental setup is the synchronous control of five modes, each requiring its own dedicated
control line. For this, we use a field-programmable gate array (FPGA) from Quantum Machines.
The FPGA comes with five IQ port pairs, which use Digital-to-Analog converters to create
pulses with a 350 MHz bandwidth. The control pulses are generated by mixing the intermediate

frequency IQ pairs with a local oscillator (LO) in the GHz range. Before reaching the device,
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the signals are filtered and attenuated at the different temperature stages in our cryogenic
environment.

The reflected measurement signal is first amplified at the 4 K stage through a HEMT and
then further amplified at room temperature. The signal is then down-converted through an
IR-Mixer with the same LO used for up-conversion. Finally, the down-converted signal is
sampled through the Analog-to-Digital converter of the FPGA. The digitized signal is then
demodulated and integrated using integration weights, and the information is condensed into a
single point in the IQ plane. This value is compared against a threshold value and assigned a
value of either 0 or 1, carrying the information of the qubit state.

The device itself is mounted on a specially designed copper bracket and placed inside a
Cryoperm shield to protect it from electromagnetic noise. This setup is then mounted at the
base plate of a dilution refrigerator. To further improve the thermalization of the device, we

attach OFHC copper braids to it and anchor them at the base plate.
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Figure 5.6: Wiring diagram. Wiring diagram of our preliminary experimental setup. All
reported Hamiltonian and coherence parameters are measured using this setup.

The measured Hamiltonian parameters of our current setup are summarized in Table[s.2}
The transmon and readout frequencies are measured using standard spectroscopy, while the

cavity frequencies, X’s, and cavity self-Kerr’s are found through out-and-back measurements
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as detailed in Chapter E Cavity-readout crosstalk is estimated by monitoring the readout shift
induced by large cavity displacements. The spurious cavity-cavity coupling is inferred from

HEFSS simulations that show good correspondence with the measured Hamiltonian parameters.

Frequency (GHz) Nonlinear interactions (kHz)
Frequency Alice Bob Charlie RO
g-e 5.32205 61 33 87 880
e-f 5.14035 104 47 145
Alice 6.49738 6.3x1073 ~2x107% ~4x1073 ~1
Bob 6.06904 ~2x107% 078 x1073 ~2x107% ~0.1
Charlie 6.15605 ~4x107% ~2x107% 12x1073 0.1
RO 7.78181 ~1 ~0.1 ~0.1

Table 5.2: Hamiltonian Parameters. Measured Hamiltonian parameters of our one-to-all
coupling architecture. The measured parameters are in good agreement with HFSS simulations.
The dispersive shifts between qubit and cavities are all in the weak-dispersive coupling regime,
resulting in negligible cavity self-Kerr values. Values with a tilde are below our measurement
precision and taken from HFSS simulations.

The coherence properties of this system are summarized in Table The transmon coher-
ences are measured using standard experiments, while the cavity relaxation time is measured
through the crosshair 77 method introduced in section While the Hamiltonian parameters
and transmon coherences are suitable for the experiment, the cavity coherence properties present
challenges. In particular, the cavity lifetimes measured in this setup are limited to approximately
100 ps, significantly below the demonstrated lifetimes for hairpin resonators in literature [69,

157] and also lower than previous iterations that reached lifetimes ~ 300 us.

Ty (us) To(ps) Toe(us)

g-e 60 40 55
e-f 42 26 35
Alice 95

Bob 140

Charlie 113

RO 0.5

Table 5.3: Coherence properties. Coherence times of the current setup. While the transmon
shows good coherence, the relatively low lifetimes of the cavities, ~ 100-150 us, require further
optimization.
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5.5 Preliminary results
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Figure 5.7: Pauli expectation values of GHZ-cat and W-cat states for || = 1.5 Bars show
pulse-level lossless simulations (orange, dark blue) and experimentally measured values (yellow,
light blue) for all 64 three-qubit Pauli operators. Operators are grouped by the number of partici-
pating modes, as indicated by the orange/white regions. The distinct entanglement signatures of
the two states are clearly visible. The GHZ-cat state exhibits only three-mode correlations with
trivial two-mode correlators, while the W-cat state shows both significant two-mode and three-
mode correlations. This difference reflects the robustness of W-cat entanglement; tracing out
any single mode leaves the GHZ-cat in a completely mixed state, while the W-cat retains bipartite
entanglement. Fidelities with respect to the ideal target states are Fouz,, = (73 £ 1.3) % and
Fw.. = (57 =£1.6) %, calculated using density matrix reconstruction. Error bars represent

cat

statistical uncertainties obtained from soo bootstrap rounds.

To verify our state-creation and tomography methods, we perform full-pulse Hamiltonian
simulations using realistic device parameters. We use the displaced-frame transformation on each
bosonic mode to make the computationally intensive simulation feasible, requiring a manageable
Hilbert space dimension of approximately 20k for v = 1.5. Fig. shows the resulting Pauli
fingerprints for the simulated W-cat (dark blue) and GHZ-cat (orange). Both show excellent

agreement with the expected theoretical predictions. The slight deviations from the ideal values



Chapter 5. Creating tripartite entangled states in bosonic cCQED 98

arise from the residual overlap between |a) and |—«) for @ = 1.5 of approximately 1%.

The Pauli fingerprints reveal the distinct entanglement signatures of the two states. The
GHZ-cat displays clear 3-mode correlations with only trivial ZZ-type 2-mode correlations.
Tracing out any single mode destroys all entanglement, leaving the system in a completely mixed
state. In contrast, the W-cat exhibits a multitude of both 3-mode and 2-mode correlations.
Even when 1 mode is traced out, bipartite entanglement remains between the other 2 modes,
demonstrating the W-cat’s robustness.

We present preliminary experimental data for the GHZ-cat (yellow bars) and W-cat state
(light blue bars) at « = 1.5 in Fig. Both states are implemented through the protocols
introduced at the beginning of this chapter. The distribution step for the GHZ-cat is dominated
by the 3-mode ECD gate and takes approximately 2.5 us, while the ECD and UECD gates in
the W-cat require larger displacements, bringing the gate time to approximately 2.8 us each, for
a total distribution time of 5.6 us. The collection step is identical up to a single qubit pulse for
both states and takes about 3.4 ps, dominated by the post-selection measurement. Finally, we
use an ECD gate with a small displacement amplitude to measure the real or imaginary part
of the characteristic function in 4 us. The measured points are scaled against the contrast of
Re[Clvac) (0, 0, 0)] to isolate state creation errors from measurement errors.

In both cases, the experimental data shows good correspondence with the simulated results,
with the main deviations appearing in the amplitudes of Pauli operators corresponding to
multimode coherences. The variation in coherence amplitudes for the W-cat can be attributed
to the different modes participating in each correlator and their corresponding different loss
channels. To quantify the quality of our states, we reconstruct the density matrices and compare
them to the ideal target states. For the reconstruction, we use linear inversion with a unit
trace constraint, followed by maximum-likelihood estimation to ensure physicality. We find
fidelities of Fgnz.,, = (73 £ 1.3) % and Fw,,, = (57 = 1.6) %. To estimate the statistical
uncertainties in our Pauli construction and fidelity calculation, we perform 500 bootstrap
resamples of our data. The resulting uncertainties on the Pauli expectation values are shown as
error bars in Fig.

To assess whether we have successfully created genuine tripartite entanglement, we employ
fidelity-based entanglement witnesses as introduced in Ref. [160]. They show that the fidelity
of a GHZ state with any biseparable state, a state with at most 2 systems entangled, cannot
exceed 50%. Furthermore, a fidelity above 75% strictly witnesses GHZ-type entanglement,

whereas below 75%), no distinction between W-type and GHZ-type entanglement can be made.
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For our measured fidelity of Fanz,., = (73 £ 1.3) %, the GHZ-cat demonstrates genuine
tripartite entanglement but falls short of witnessing strict GHZ-type entanglement. Similarly,
for a W-state, a fidelity above 66.6% witnesses W-type entanglement. Our measured fidelity
of Fw.,, = (57 & 1.6) % is below this threshold. In summary, we observe genuine tripartite
entanglement in the GHZ-cat state, yet further improvements are required to witness strict
GHZ-type and W-type entanglement.

While these preliminary results establish proof of principle that our experimental hardware
can implement multipartite entangled cat states, the reduced contrast in Pauli operators corre-
sponding to multimode coherences, which translates to lower fidelities, reveals current hardware
limitations. In the final section, I will analyze the impact of different decoherence mechanisms
on state creation fidelities and use this analysis to chart a path forward to successfully complete

this experiment.

5.6 Impact of decoherence

To quantify the impact of decoherence on the multipartite cat state creation fidelities, we run
master equation simulations with parameters motivated by the device parameters used to create
the GHZ-cat state. Full simulations of the protocol are computationally unfeasible, as the
density matrices, even for modest-sized states with o = 1.5, require several GB of memory.
We circumvent this limitation by simulating the impact of decoherence on the states after the
distribution step in each protocol, when the cavity states components are spread between the

qubit states.

|GH Zawaise) = —= (19) @), )y ), + |€) =), [—a), |—a),) (5-23)
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After evolving these states under realistic noise conditions, we apply the collection step through
gates and calculate fidelities with respect to the ideal |G H Z,,) and | W) states.

Fig. shows the individual and combined effects of qubit decay 7Y, qubit dephasing 775,
cavity decay 77, and cavity dephasing 7. We use measured parameters where available, with

the cavity dephasing rate set much lower than the values reported in the literature [157].
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Figure 5.8: Impact of decoherence during state creation. Simulation results show the impact
of qubit decay T, qubit dephasing T(g , cavity decay 77, and cavity dephasing T(; on the states
|GHZ s diser) (2) and [Weediser) (b). The dotted vertical line indicates the length of the state
creation sequence t,q. Fidelities are calculated with respect to the ideal |GHZ,) and |W,)
states after applying the collection step through gates. The dominant error mechanism for both
states is cavity decay.

For the GHZ-cat, we find that the simulation overestimates the error with a fidelity of 64.8%
after 5.9 ps, about 10% lower than found from the experimental data. One explanation for this
discrepancy is the fact the photon loss induced dephasing of the cat state is more relevant for the
state after the distribution step compared to the evolving state during the distribution. This is
backed by full protocol simulations on one and two modes. The same reasoning applies to the
W-state, for which we find a fidelity after 9 us of 58%. Crucially, in both cases, we can identify
photon loss as the dominant error mechanism, accounting for a 28% drop in fidelity for the
GHZ-cat and a 33% drop for the W-cat state. Qubit dephasing follows second with about 10%
each.

The simulated results provide a clear insight into the low contrast observed in the measured

GHZ-cat three-mode correlators. These correlators are constructed from characteristic function
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measurements at points like Re[C(£2c, £2a, +2a)], which probe the multimode generaliza-
tion of the coherence blobs whose fragility to photon loss was extensively discussed in chapter
Thus, their significant degradation is consistent with photon loss dominating the drop in
fidelity.

This analysis reveals that a few improvements to key parameters have the potential to sig-
nificantly improve the fidelity of the measured contrast of the Pauli expectation values. The
identification of the dominant decoherence mechanisms provides a clear roadmap for optimiza-
tion. Specifically, we need to optimize the post-selection time, gate durations, as well as the

device parameters T and T} .

5.7 Discussion

This chapter establishes the experimental foundation for creating and studying multipartite
entangled cat states in superconducting bosonic circuits. We successfully demonstrated the
creation of a GHZ-cat state and developed the theoretical framework, which is now ready to
be tested for the creation of a W-cat state. Part of the framework is the novel UECD transfer,
which allows for conditional displacements with a qutrit. While the current device limits the
achievable state creation fidelities, our theoretical discussion revealed specific improvements
that can increase the quality of subsequent measurements.

Both, the GHZ-cat and W-cat data indicate, to the best of my knowledge, the creation of
the first tripartite entangled cat states in bosonic cQED. The fidelity for the GHZ-cat witnesses
genuine tripartite entanglement, yet the fidelities for both states need further improvements to
claim genuine GHZ-type and W-type entanglement.

Currently, the photon loss rate of the hairpins is the limiting factor. While previous iter-
ations have shown that this hardware can achieve lifetimes above 250 ps current fabrication
inconsistencies have prevented us from consistently achieving these lifetimes. The etching step is
currently unstable, as the same parameters do not consistently achieve the same outcomes across
different batches. Ongoing investigations suspect variations in thickness between the purchased
films as well as unstable etching rates. Furthermore, we are exploring the implementation of
more rigorous chemical processing protocols to treat the oxide, including those based on HF.
Besides decreasing the photon loss rate, we can decrease the overall protocol length. Here, we
are currently limited by time it takes to do the post-selection measurement, as well as by length

of our displacement gates as we are maxing out the DAC amplitudes. Both of these issues can
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be addressed by increasing the length of the corresponding coupling pins in a next cooldown.

The combination of these protocol improvements project a GHZ-cat protocol duration of
~ 3-4 us and a W-cat protocol of ~ 4-5 us. With a qubit Hahn echo time of 60 ps and cavity
lifetimes between 200-300 ps, we expect fidelities in the 80% range, leading to a significant
improvement of the measured bipartite and tripartite correlators. These advancements should
enable the utilization of these states in the exploration of multimode bosonic codes, quantum
information protocols, and quantum sensing.

The broader impact of this work extends beyond the creation of multipartite entanglement.
The bedrock of this work is the powerful multimode adaptability of the ECD-gate in a one-to-all
coupling architecture. The trivial generalization of the ECD gate, in both control and tomog-
raphy applications, demonstrates the power of hardware-aware protocol design philosophies,
crucial for manipulating and probing ever larger quantum systems. I am looking forward to
seeing these design principles put into practice, which will open the field to multimode bosonic

codes with increased error-correction capabilities as already demonstrated in Ref. [155].



Chapter 6

Conclusion and outlook

Quantum computation has reached a critical juncture where the focus must shift from simply
building more to engineering fundamentally better qubits. Recent work has shown that achiev-
ing lower error rates significantly improves logical performance, while scaling processors remains
challenging [161,162]. This paradigm shift highlights the brilliance of bosonic modes, harnessing
the large Hilbert space of quantum harmonic oscillators to efficiently encode a logical qubit
using a single physical element [163]. While several break-even experiments have consolidated
the bosonic code approach as a serious contender [48,[52, s3], significant challenges to scaling
remain.

Below, I will briefly review the main results of my thesis in the context of what I believe
to be a promising path forward. This hardware-aware design philosophy emphasizes the co-
development of theory and experiment for compound returns.

In the first experiment of this thesis, we demonstrate how awareness of the dominant error
mechanisms of a quantum harmonic oscillator can be leveraged to construct intrinsically more
robust bosonic codewords. In particular, we showed that phase space compression protects
the coherence features of a cat state against photon loss, the dominant error mechanism in
bosonic cQED cavities. Based on the understanding that photon loss acts as a Gaussian filter
in reciprocal phase space, we used our compression protocol to shift the interference features
below this filter, thereby protecting them. Our experimental results demonstrate a fivefold
enhancement of effective lifetimes at a compression level of —7.6 dB.

The second experiment plays into this idea from a different angle. Recent results have
shown that the combined Hilbert space of a multimode bosonic code may ofter performance
and scaling advantages over single-mode approaches [153-155], yet multimode control and
characterization are challenging. We utilize the remarkable multimode capacity of the echo
conditional displacement gate in a one-to-all coupling architecture to develop a testbed that

allows the efficient implementation and characterization of multimode entangled bosonic cat
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states. In particular, we demonstrate genuine tripartite entanglement in our GHZ-cat state
and data that hints at the creation of a W-cat state. While our fidelities fall short of claiming
genuine GHZ-type and W-type entanglement, respectively, we identified the specific hardware
improvements required to lift the fidelities above the bounds. Further, we developed an efficient
tomography method that directly maps characteristic function points to Pauli expectation
values, enabling practical verification of genuine tripartite entanglement.

The direct continuation to the presented data on tripartite entanglement is to improve the
hardware to lift the fidelities above the bounds to claim both genuine GHZ-type and W-type
entanglement. The provided analysis points the way ahead, and I am confident that we will
succeed once we achieve higher cavity lifetimes.

The idea of reshaping the phase space distribution to enhance the protection of physical
qubits against natural system errors has already been demonstrated in an impressive experiment.
By implementing a scheme to dissipatively stabilize a squeezed cat qubit, they achieved a stag-
gering 160-fold increase in bit flip time [126] of their logical squeezed cat qubit. What remains
to be shown is the advantage of the squeezed cat qubits in a multi-qubit architecture to beat the
threshold and create a hardware-aware logical qubit.

The developed multimode testbed and control techniques open up avenues for several
interesting experiments. First, it directly opens the gate to probe the nature and utility of the
different kinds of correlations tripartite entangled states offer and to utilize them for sensing
and quantum information tasks [44, 153].

Another exciting direction is to implement and test the various multimode bosonic codes
proposed. By leveraging the larger combined Hilbert space of multiple modes, these codes
should, in principle, enable the correction of a broader class of errors, potentially relaxing the
stringent overhead requirements that plague current quantum error correction approaches [1ss,

164, [165).



Appendix A

Derivation of the echo conditional displace-
ment parameters

The echoed conditional displacement (ECD) gate is implemented through the action of the

following Hamiltonian:
H L2(t
= ala”

where z(t) = =1 represents the sign of o, before and after the qubit 7-pulse,  is the

+e*(t)a +e(t)al (Au)

dispersive coupling strength, and £(t) is the time-dependent cavity drive amplitude.
To solve the resulting time evolution of this Hamiltonian, we chose the following ansatz for

the time evolution operator [99]:

oy ot o sa bat
U — el@ > ell (’Y+6a'z) (l(’Y +4 Uz)el¢ll ao (AZ)

where 0(t), y(t), 6(), and ¢(t) are time-dependent parameters to be determined.
To find these parameters, we substitute H from eq. and U from eq. into the

Schrédinger equation ih%—? = HU. First, we evaluate the left side, the time derivative of U.

zhégi = ih(i%@tﬁ + da’y + a'dyy + d,a’ b0, (A.3)
—ad*o, +idpatac, +igdatac, +igpa’dac,)U (A.s)

Asaresult, we can cancel U on both sides of the equation. Furthermore, we need to calculate
the time derivative @, which is given by %‘tl = —+[H  a]. After reordering the left-hand side
and dividing by £, we find
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—e'y—ev 4o, (—5*5 —ed* — (9;(9) +a'ac.(—0,0) +a'o, (—XZ(;W + 10,0 + iqbe)
+ ao. (_xz(;)v i — i¢€*> Lt (_xz(;)& . iaﬁ) a (_xz(;)é B z‘@ﬁ)
= —Xa,TaUZ;(t) +ea' +<c*a (A.6)

From here, we can find equations that determine the 8, v, d, ¢ by comparing the left and

right sides by operators. This yields the following equations:

o orel] (A7)
‘(;Z _ —z%z(t)é e (A.8)
gf = —iXa(tyy - ¢ (A9)
aaf 0 (A.10)

Integrating these differential equations with initial conditions §(0) = v(0) = §(0) =

¢(0) = 0, we obtain the solutions:

0(6) = —2 [ drRele*(7)5(r) 63)
1(t) = —i [ dr coslo(r) — 6(0)e(r) 66
5(t) =~ [ drsinfo(r) ~ p(t))=(r) ()
o) = =2 [ arar) 69)

During the sequence, a qubit 7-pulse is applied at t = 7'/2, causing z(¢) to change sign.
This ensures that ¢(7") = 0, eliminating the qubit state-dependent rotation of the oscillator.
Finally, we use the Baker-Campbell-Hausdorft formula to rewrite the Unitary evolution operator

as

U = 0,77:2D(\)CD(p) (A.r)

with @ = 0(T) 4+ 2Im[y(T)o(T)], A = v(T') and 8 = 26(T"). The o, operator accounts for
the qubit flip in the middle of the sequence.
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To achieve a high-fidelity ECD gate, we have to account for the picked-up qubit phase and
cancel the unwanted unconditional displacement. For the qubit phase, we can calibrate the
phase and take it into account by applying a virtual o, gate after we play an ECD gate. To
cancel the unconditional displacement in the experiment where we are bound by amplitude and
bandwidth constraints on our microwave drives, we use semiclassical trajectories to optimize

the phase space trajectories.



Appendix B

Characteristic function measurement pro-
tocol

The characteristic function C() = (D(/3)) provides a complete description of quantum states
and serves as a fundamental tool for state characterization in circuit QED experiments.

The measurement protocol begins with the qubitin |g). A pre-selection measurement is
helpful to ensure proper system initialization before executing the measurement sequence. The
core sequence consists of a 7/2 qubit rotation followed by the ECD operation EC D(3) =
le) (gl D(B/2) + |g) (e| D(—3/2), and concludes with a final 7/2 rotation whose phase
controls which quadrature of the characteristic function we measure.

Following the initial qubit rotation and ECD gate application, the combined qubit-cavity

system evolves into the entangled state:

7y = ¢1§ (Ig) 1) + le) [64)) (B1)

where I use the compact notation [1)y) = D(£[/2) |[)) to represent the displaced cavity
states.

To simplify the calculation, I decompose the cavity state space into orthogonal components.
The first part is uniquely entangled with the qubit ground state, labeled |1),), the next with the
excited state, |1).), and the last part is entangled with both [¢))).

This decomposition allows us to rewrite the system state as:

1

V) = 75 D= 190 1) + e fe} e +(ni-g) i e) Te)] (B2)

where the coefficients - = (¢)[1)—), ¥+ = (¢))|1+), and so forth represent the overlaps

between the displaced states and our chosen decomposition, this decomposition is visualized in

Fig.[B.L.
To model the measurement process, we need to transform the pure state | ) into its corre-

sponding density matrix and trace over the cavity degrees of freedom to obtain the reduced qubit
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| i ) )= 1w

Figure B.1: State decomposition after ECD. An ECD gate displaces the cavity components
associated to |g) and |e) in opposite directions as visualized by |¢)_) and |t/ ), respectively. If
the displacement is sufficiently small, [¢)_) and |1/ ) will overlap as indicated by the blue region.
To simplify the calculation, we decompose our state into three parts: one entangled only with
|g) (red region), one entangled only with |e) (yellow region), and one entangled with both |g)
and |e) (blue region).

density matrix. Due to the orthogonality of our chosen cavity basis states, only the diagonal
elements [1)4) (g, |1e) (e, and [1))) (3| survive the partial trace operation. Further, since
the final Ramsey measurement probes the qubit coherences through o, and o, operators,
we only care about the off-diagonal elements of the reduced density matrix that contribute to
lg) (e] and |e) (g| terms. Following, I will only write out these terms explicitly.

The partial trace over the cavity yields the reduced qubit density matrix:

trea (|U) (W) = ; (-1 o) (el + i le) (gl =+ (B3)

The key insight emerges when we recognize that the product 7)jj_ directly encodes the

characteristic function. Specifically:
NN = - {loe) = (-|iy) = WGID(=5/2)D(B/2)[) = (D(B)) (B.4)
This result follows as (1_[1hg) (6, 11+) = (¥t} (elios) = 0.

Substituting this relationship into the reduced density matrix expression gives:

trea (| V) (U[) = 5 ((D(8))" [g) (el + (D(B)) le) {9l + - ) (Bs)

N |

The final measurement step involves computing the expectation values of the Pauli operators

0 and 0, with respect to the reduced qubit state. These observables directly extract the real
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and imaginary components of the characteristic function:

(V) (V] o.) = 5 ((D(3)) + (D(H))") = Re((D(5))) (B.6)

(V) (V]oy) = 5 (D(B)) = (D(B))") = Im({(D(5))) (B7)

This measurement protocol thus provides direct access to the characteristic function by
mapping the expectation value of the displacement operator onto the qubit observables. It is
important to note that the ECD gate comes with an intrinsic qubit-phase pickup that scales
quadratically with the conditional displacement amplitude /5 and has to be accounted for to

avoid mixing real and imaginary part of C.



Appendix C

Dynamics of interference features

Here, we derive the time evolution of the maxima of the interference blob amplitudes in the
characteristic function under photon loss, corresponding to the momentum interference fringes

in the Wigner function [166]. For this, we start from the marginal characteristic function.

Cor(0,1) = €770/ /(2 4 2¢10F) (Ca)
% (26—77”§/282 1+ o (slaol—y/mpp)?/2s (C.2)
+ 6—(S|a0\+\/ﬁvp)2/282) (C.3)

where =+ stand for an even or odd parity cat, v, = Im[v]/0y is the normalized frequency of

oscillations in the momentum marginal distribution, aty = /0y is the normalized amplitude
_ Ts_
11 is the linear amplitude compression factor while 7 is the

T

exponential compression factor, 7 = e 1 is the amplitude dumping faction as a function

of the coherent state, s = ¢

of 7 and 0y is the standard deviation vacuum Gaussian. We can simplify this expression by
considering the dynamics relative to the undamped cat state at 7 = 0 with compression factor

s, which we find by calculating their ratio;

_ Ci,s,f(()? yp)
C:t,s,O(Oa Vp)

We call this quantity the fidelity Fj -, as it quantifies the amplitude of the decayed state relative

1 c
F.. = exp (=5 (T = 1)s?laol?) (C.4)

to the undamped state. Smaller s makes F ; asymptotically approach unity and thus bring the
blobs to their maximal amplitudes as 7 and o increase. Furthermore, smaller s corresponding
to larger compression is required for larger vy and larger 7 to reach fidelity Fs ; — 1. In the

limit of short times 7 < 7Y, we can approximate the scaling as:

T
FS,T ~ exp (_ ZTE‘&U’2> (CS)
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Where T, = T /s is the effective decay constant of a cat state with compression s. We use
this model in the main text to find the effective decay constants for our data.

On the other hand, for longer times 7 >> T7, F ; takes the form
1 (1—74)/T¥ 2
F:I:,S,T ~ exp (_26 s |O./0| > (C6)

where the potential compression factor 7; effectively reduces the decay time 7. These dynamics
tully describe the behavior of the interference blobs of the characteristic function under photo
loss.

While a lower s (higher compression) applied along the momentum axis to Cy 5 - (4, V)
will protect the v, features, it will eventually increase the v, features, rendering it more vulnerable
to photon loss. By choosing s = |ap| ™, we can achieve a compression of the cat state that
approximately symmetrizes the contours of both the Wigner and characteristic functions,
protecting the v, and v, features equally. Under this, we can find the scaling for the fidelity of

the interference blobs as
]. T/TC
Fy o—jo|-1 7 R €Xp —5(6 1—1) (C7)

which is a universal form, holding up for arbitrarily large |ag|. Meaning, the interference blobs
do not decay faster for larger ||, but through the aid of compression, any of the interference
blobs of any cat state can decay as for a small kitten with g = 1.

We can translate this analysis to parity decay as a function of cat size and compression. This

recovers the expression derived in Ref. [122].



Appendix D

Predicting the geometric phase of a driven
dispersively coupled QHO

The weak dispersive coupling regime utilizes large phase space displacements as a lever to achieve
fast conditional displacements. However, the qubit picks up a trajectory-dependent geometric
phase in the process, which has to be accounted for. Following, we will give a brief derivation of
the equation we use to calculate that phase for a given qubit state. This discussion is based on
an analysis done by my collaborator Kehui Yu.

The general Hamiltonian of a driven dispersively coupled QHO in the double rotation

frame of the ancilla and QHO can be written as:
— = —xa'aq'q — aq?q+ <(t)a’ +*(t)a (D.1)

where x is the dispersive coupling strength, « the ancilla anharmonicity, and I assumed that
the other higher-order terms are negligible. Now, assuming the transmon to be in an energy

eigenstate |7) allows us to rewrite the Hamiltonian as

th = —xia'a +<(t)al +£*(t)a (D.2)

where ; is the corresponding dispersive coupling strength

The time evolution of this Hamiltonian is given by

U(t) _ eiqﬁiaTae,B(t)aTJrﬁ*(t)aeo(t2) (D})

where ¢;(t) = xit, B(t) = [ —ie()dr and ¢®*") contains resulting from applying the
Baker—Campbell-Hausdorff formula.

113



Appendix D. Predicting the geometric phase of a driven dispersively coupled QHO 114

For infinitesimal time intervals dt, we can drop the terms quadratic in d¢ and write the

action of the time evolution operator on an initial state |1 ) as for one time step as:

R(d¢g1)D(dpr) |ar) = R(dgg)D(dB1)D(on) [0) (D.4)
= R(dg)e ¥rei=45100/2 o) 4 dB,) (D.s)
= ¢Mmldtiedl | (o + dB;)e'déo) (D.6)
— eilmldiad] |, (D.7)
= €1 | ) (D.8)

where dfl; = ITm[d3;c]. An additional time step takes us to

R(d¢gs)D(df)e"™ |ag) = €7 R(dgg2) D(dfs) o) (D.9)

= i(d0r+db2) las) (D.10)

We can thus find the acquired phase of the full sequence by solving the integral

0i(t) = / Tm[dp - o] (D.xr)
-/ “Im[(dB(r) Jdt)a (7] dt (D.12)
_ /Otlm[(—z'e(r))a;‘(r)]dt (D.3)

where ; is the trajectory for the qubit in |¢). We use this formula to calculate the acquired

phases on |g), |e), and | f) in the UECD transfer.
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