339 ,.#g% UNIVERSITY OF TECHNOLOGY
7o

16} CHALMERS KU LEUVEN

Circuit Waveguide Electrodynamics
with Fluxonium Qubits
Engineering dissipation for fluxonium atoms

Erasmus Mundus Master Nanoscience and Nanotechnology

Quantum Computing Track

Saba Kheviashvili

DEPARTMENT OF Microtechnology and Nanoscience

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2026
www.chalmers.se



www.chalmers.se




MASTER’S THESIS 2026

Circuit Waveguide Electrodynamics
with Fluxonium Qubits

Engineering dissipation for fluxonium atoms

Saba Kheviashvili

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Microtechnology and Nanoscience
Quantum Technology Laboratory (QT)
202Q Lab
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2026



Circuit Waveguide Electrodynamics with Fluxonium Qubits

Engineering dissipation for fluxonium atoms
Saba Kheviashvili

© Saba Kheviashvili, 2026.

Supervisor: Aamir Ali, Quantum Technology Laboratory, Chalmers

Examiner: Simone Gasparinetti, Quantum Technology Laboratory, Chalmers
Co-promoter : Kristiaan De Greve, Department of Electrical Engineering, KUL
Referee : Thilo Bauch, Quantum Device Physics Laboratory, Chalmers

Master’s Thesis 2026

Department of Microtechnology and Nanoscience
Quantum Technology Laboratory (QT)

202Q Lab

Chalmers University of Technology

SE-412 96 Gothenburg

Telephone +46 31 772 1000

Typeset in BKTEX
Printed by Chalmers Reproservice

Gothenburg, Sweden 2026

v



Circuit Waveguide Electrodynamics with Fluxonium Qubits
Engineering dissipation for fluxonium atoms

Saba Kheviashvili

Department of Microtechnology and Nanoscience

Chalmers University of Technology

Abstract

Fluxonium circuits are emerging as a promising alternative to transmons for quan-
tum information processing. In addition to the standard capacitor and Josephson
junction, a fluxonium includes a superinductor, which suppresses charge noise, in-
creases coherence, and provides large anharmonicity. Its rich transition spectrum,
governed by non-trivial selection rules sensitive to external flux, enables dissipation
engineering with potential applications that include fluorescence-based resonator-
free readout, electromagnetically induced transparency, and A-systems. Previous
studies have mostly relied on three-dimensional waveguides or cavities, which limit
circuit scalability and integration of elements such as Purcell filters. In this work,
we fabricate fluxoniums using Josephson junction arrays as superinductors and cou-
ple them to both coplanar-waveguide resonators and semi-infinite transmission-line
waveguides for comparative studies. We characterize dispersive coupling to res-
onators, demonstrating tunability via external flux. Using spectroscopy, we identify
transitions among the first four energy levels (0-1, 0-2, 1-2, 0-3) in a fluxonium
coupled to a waveguide. We perform power-dependent measurements to extract
coupling rates, which are consistent with theoretical predictions. We identify a pa-
rameter regime where the 0-1 transition is suppressed while 0-2 and 1-2 remain
comparable, providing a pathway to implement a A-system within a single artificial
atom. Future device iterations aim to optimize this regime, with the ultimate goal
of realizing a robust single-atom microwave photodetector.

Keywords: quantum technology, qubit, fluxonium, cQED, dissipation engineering,
Lindblad master equation, waveguide electrodynamics
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

cQED
COMSOL
CPW
CW
DC
EPR
GDS
HEMT
HEFSS
IF

IQ

JJ

JJA
LO
MXC
RF
VNA

Circuit Quantum Electrodynamics

COMSOL Multiphysics (finite-element solver)
Coplanar Waveguide

Continuous Wave

Direct Current

Energy Participation Ratio

Graphic Data System (layout file format)
High Electron-Mobility Transistor

(Ansys) High-Frequency Structure Simulator
Intermediate Frequency

In-phase/Quadrature

Josephson Junction

Josephson-Junction Array (superinductor)
Local Oscillator

Mixing Chamber (base stage of dilution fridge)
Radio Frequency (microwave)

Vector Network Analyzer
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Ky
K = K¢+ K

Qca Qia QZ

Magnetic flux quantum (h/2e)

External magnetic flux threading the loop
Reduced flux / superconducting phase across the junction
Josephson energy

Charging energy

Inductive energy (from superinductance)
Josephson inductance

Junction capacitance

Superinductance

Fluxonium eigenstate with level index ¢
Angular frequency / frequency of the i< j transition
Atom-resonator coupling rate

Resonator coupling (external) decay rate
Resonator internal loss rate

Total resonator linewidth

Coupling, internal, and loaded quality factors
Radiative decay rate of a transition
Non-radiative decay rate

Total decay rate

Forward transmission coefficient (VNA)
Reflection coefficient (VNA)

Input power at the device plane

Flux-line bias current

Bias current for half a flux quantum in the loop

Detuning between drive and transition frequency

X1



xii

Line characteristic impedance (typically 50 2)
Temperature (e.g., MXC stage)

Reduced Planck’s constant (h/2m)

Three-level A-system

Indices for fluxonium energy levels
Photon (Fock) number index
Time/sample index in acquisitions
Electromagnetic mode index

Bias point (flux/current) index

Repetition/average index
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1

Introduction

Quantum theory explains nature at microscopic scales where classical physics fails.
It describes everything with quantum state vectors that live in a Hilbert space and
explains phenomena such as entanglement and superposition. Over the past few
decades, these concepts converged into engineered quantum platforms that allow us
to design experiments on single quantum systems and their coherent manipulation|[3].
This set the stage for quantum technologies implemented with light-matter interac-
tions arising in superconducting electrical circuits.

Quantized electromagnetic fields interacting with two-level systems is the study of
cavity or circuit quantum electrodynamics (QED). In circuit QED, light interacts
with artificial atoms that are made by replacing an oscillator in an LC circuit with
a Josephson junction (JJ). With high level of impedance control, engineering cou-
pling to exceed dissipation rates has been achieved, which is called a strong coupling
regime.

A superconducting artificial atom is an electrical circuit containing one or more
JJs that yields an anharmonic spectrum. The energy scale is set by energy scales:
Josephson energy E;, charging energy E¢, and — for fluxonium — inductive energy
Er. There is a tradeoff between anharmonicity, coherence, and ease of control when
choosing these energy scales. The artificial atoms in cQED offer a promising plat-
form for quantum computation because their properties, such as resonance frequency
and coupling, can be designed and tuned, even in-situ.

Even though it is critical to isolate a quantum system so that it maintains coherence,
carefully engineered dissipation can be useful in quantum technology, for example
for stabilizing desired states and accelerating qubit reset. In the picture of open
quantum systems (often called Lindblad picture, see Fig. 1.1), coupling selected
transitions to baths with tailored rates implements desired quantum state prepara-
tion, stabilization of cat states, and rapid qubit initialization [4, 5, 6]. In circuit
QED, this is realized for example by impedance-matched environments, engineered
Purcell filters, etc. For fluxonium, dissipation engineering can be achieved as simply
as changing the external flux threaded in the loop, as it changes the transition ma-
trix elements, effectively changing coupling to the environment. This is especially
powerful because coupling to the environment can be tuned even in-situ.
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INTERACTION H,

ENVIRONMENT H;

Figure 1.1: Schematic of a quantum system interacting with the environment.

Superconducting fluxonium atoms offer increased anharmonicity, increased coher-
ence and flux-tunable selection rules that make them ideal for engineering dissipation
of multilevel atoms. The fluxonium Hamiltonian,

1
H =4E:n® + EEL(gb — ¢ext)2 — Ejcos ¢,

captures the interplay of three different energy scales: charging, inductive and
Josephson, while also accounting for external flux. In the regime when E; < E; and
external flux equals half flux quantum the potential forms two wells whose lowest
two states constitute the qubit, and this point has been widely used in quantum
computation. However, fluxonium is also appealing for engineering dissipative rates
which is why very recently fluxonium directly coupled to a waveguide was used for
quantum-nondemolition (QND) fluorescence readout [7].

This thesis asks a main question: can we engineer an artificial luxonium atom and
its electromagnetic environment to selectively enhance or suppress transitions that
will realize a A system? We address this question by designing, simulating and
measuring the fabricated devices coupled to planar readout resonators or coplanar
waveguide baths.

The remainder of this thesis is organized as follows:

o Chapter 2 (Theory): Circuit-QED foundations and fluxonium theory, in-
cluding waveguide coupling and the input-output model used later for rate
extraction. This chapter also introduces the selection-rule picture that moti-
vates A-engineering.

o Chapter 3 (Methods): Design (junction choices, array superinductor),
HFSS + EPR simulation flow, and cryogenic wiring/measurement techniques.

« Chapter 4 (Results): (A,B) Resonator devices: punch-out and flux-dispersive
checks of functionality; (C) Waveguide device: mapping 0-1/0-2/1-2/0-3
transitions versus flux, quantitative I'. and I',, fits, and identification of a
A-friendly flux region.
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« Chapter 5 (Conclusion): Summarizing the main results in the thesis; Out-
look and next steps.
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Theory

This section gives a theoretical background to introduce fluxoniums. We start with
introducing circuit quantum electrodynamics (cQED) with waveguides, general cir-
cuit quantization and artificial atoms in cQED. Then we proceed with fluxoniums,
discuss its characteristics and explain how we can characterize the interaction with
the environment.

2.1 Circuit quantum electrodynamics

Circuit quantum electrodynamics (cQED) studies the interaction between supercon-
ducting artificial atoms and their environment, particularly the electromagnetic ra-
diation confined in a cavity [8]. These systems operate in the microwave domain and
are inspired by cavity quantum electrodynamics (CQED), which studies excitations
that are coherently exchanged between real atoms and quantized electromagnetic
fields inside optical or microwave cavities [9)].

In order to observe coherent interactions, the atom—cavity coupling strength must
exceed the individual decay rates of both the atom and the cavity. This strong
coupling regime was first achieved in a circuit QED system in 2004 [10]. Since then,
circuit QED has emerged as a leading platform for building quantum computers
and for exploring a wide range of quantum phenomena. Compared to cavity QED,
circuit QED offers several key advantages: greater tunability (even in situ), stronger
light-matter coupling, and superior scalability [11].

- az out

a2 in

Figure 2.1: Basic architecture in cavity and circuit QED: atom coupled to the
cavity
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2.1.1 Circuit Quantization

The natural way to introduce circuit quantization is to first start with a classical
counterpart - LC circuit. We model it as a lumped element circuit [12]. This is valid
as EM fields used in cQED experiments are of GHz frequencies, corresponding to
wavelengths A ~ 10mm, and largest components used in the circuits have dimensions
a ~ 100pm, satisfying A > a. A capacitor is described as an element satisfying
qg = CV. It is in series with an inductor with a relation ® = LI. We can define a
flux variable ¢ which is just a time integral of voltage:

t
¢:/ V(t)dt (2.1)
The energy stored in the capacitor is
1 .
E. = §C¢2 (2.2)
On the other hand, energy in the inductor with inductance L is
B= - (23)
Y7 '
Following the treatment in classical mechanics [13], we define the Lagrangian:
L(6.6.1) = 506~ o7 (24)
T2 2L '

Where the variable ¢ plays the role of the coordinate. Accordingly, we can think of
capacitance C as a mass, and of % as a spring constant.

C

Figure 2.2: LC Lumped Element circuit comprised of an inductor and a capacitor

The conjugate variable to flux ¢ is found as usual:

oL .
99 ¢=q (2.5)
which is just the excess charge on the capacitor.
H(p.0.0) = 64— L(6.6.1) = oo’ + 567 (26)
7Q7 - q » v - 2Cq 2L .
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Hamilton’s equations of motion read

-_8H_q

OH
b _ 9

To quantize the modes, we promote classical variables ¢ and ¢ to quantum variables
¢ and ¢ obeying commutation relation

[6,4] = ih (2.8)
The Hamiltonian becomes an operator:
1 1

7@2 + 7§£2, (2.9)

a
2C* " 2L

We now introduce dimensionless annihilation and creation operators @ and a' via:

¢ = dopi(a+ah), (2.10)
Cj - _iQpr<& - aT)a (211)

where the zero-point fluctuation amplitudes are defined as

|hZ | h
¢zpf = 77 Qzpt = ﬁ7 (212)

and Z = /L/C is the characteristic impedance of the LC oscillator.
Substituting into the Hamiltonian gives

. 1
B = hw (a*a + 2) , (2.13)

with the oscillator frequency

w=1/VLC (2.14)

This is the standard quantum harmonic oscillator spectrum, where energy levels are
equally spaced by Aw.

In the quantum ground state |0), the expectation values of ¢ and ¢ vanish, but their
variances do not. These fluctuations are known as zero-point fluctuations:

N hZ

(0]¢*|0) = ¢3pf =50 (2.15)
R h

(018°10) = ¢z = 5 (2.16)

It is useful to think of them as voltage and current vacuum fluctuations, because
voltage is just
1

. Q o o
V=5 = Gl —a') = =iVops(a —a) (2.17)
where we used
hw
Vips = e (2.18)
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It is useful to express the zero-point fluctuations in terms of the resistance quantum

Rg = ~ 6.45 kY, (2.19)

(2¢)?
which naturally appears when working with superconducting circuits and Josephson
junctions. We will also see it while discussing the Josephson junction array of
fluxonium.

We can define the dimensionless impedance ratio r = Z/Rg, which allows us to
express the ZPF amplitudes as

|hZ h [r | h [1
(,bzpf - 7 - 26\/;’ quf — ﬁ — 26 Z (220)

These expressions highlight the duality between charge and flux: circuits with large
impedance (e.g., superinductors [14]) exhibit large flux fluctuations and small charge
fluctuations, while low-impedance circuits (e.g., transmons[15]) do the opposite.
This balance plays a central role in the design of superconducting qubits.

Before quantising a lumped—element circuit we must check that the system is indeed
able to resolve its discrete quantum levels. Two inequalities guarantee this [16, 11]:

W
k< wo = Q=11 (2.21)
~~ ~~ w
linewidth level spacing
kT < huw | (2.22)

Equation (2.21) demands a high quality factor; superconducting metals are there-
fore employed to suppress Ohmic loss and reach @ ~ 10°7 in planar resonators.
Equation (2.22) requires dilution-refrigerator temperatures (7" < 20 mK so that
kgT/h~0.4 GHz < wy /27 for qubit frequencies in the 4-8 GHz band).

As we are using superconducting metal, namely Aluminum in our experiments,
we have some additional spectral safety margins. The bulk plasma frequency of
aluminium is fw, ~ 15 eV (w,/2m ~ 3.6 PHz) [17]. Because our microwave drive
satisfies wy < wp, plasmon modes are pushed far out of the spectrum and can
therefore be neglected.

Cooper-pair breaking sets in when hw exceeds the gap energy 2A,; ~ 3.4 x 1074 eV,
which corresponds to a threshold frequency [18, 17]

2A 4
h

Operating in the GHz range (wo < 2A4,/h) keeps Cooper pairs intact and suppresses
quasiparticle-induced dissipation.

Taken together, inequalities (2.21)—(2.22) and the two spectral cut-offs above define
a safe window in which lumped superconducting circuits behave as clean, low-loss
oscillators that can be quantised. We can now assign a clear physical interpretation
to the modes of the electrical quantum harmonic oscillator: they correspond to the
dissipationless flow of Cooper-pair current between the capacitor plates at the dis-
crete frequencies nw, where the fundamental frequency w is defined in Eq. (2.14)[19].

Fonp = ~ 8.2 x 10'° Hz (82 GHz). (2.23)

8
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2.1.2 Josephson junction non-Linearity

Quantum LC oscillators, like their mechanical analogs, have equidistant energy spec-
tra. In order to be able to discriminate energy levels, we would need to add some
kind of nonlinearity to the system. Circuit-QED solves this by inserting a Josephson
junction—a dissipation-free but strongly non-linear inductor whose dynamics obey
the dec and ac Josephson relations [20]:

Ly(t) = I sin

t), (2.24)
h - Dy - ﬁ
2e

V(t) = —o(t) = — o(t), Py = — ~2.07 x 107" Wh, (2.25)

27
where I. is the critical current and ¢ the condensate phase drop across the tunnel
barrier. Because I, depends sinusoidally on ¢ while V « ¢, even a single junction
breaks the harmonic ladder.

Starting from (2.24) take its time derivative:

I(t) = I.cos () P(t). (2.26)

Define an instantaneous inductance L;(¢) through the usual inductor rule V =
Ly I,. Eliminating ¢ gives

Po

= 2.2
21 1. cos ¢ (2:27)

i‘;g{s = Lj(¢)I.cospp = | L;(¢)

Hence the Josephson inductance is strongly non-linear, diverging at ¢ = +7/2 and
reducing, for small oscillations, to

P

Ljo=L;(¢=0)= ol

(2.28)

We can derive energy stored in such an inductor following way :
Any lumped element obeys

v = [ @ i), (2.29)

where v is the voltage across the element and ¢ the current through it. Inserting the
equations (2.24) and (2.25):

Dy - Dyl
UJ:/vidt:/Icsingb—ngﬁdt: Oc/singbdgb
27 s
Dy,
=5 (1—005(;5) = EJ(l—COS¢>7 (2.30)

where E; = ®gl./2m is the Josephson energy. Up to an irrelevant constant, the
Josephson potential is therefore

Uj(¢) = —FEjcoso. (2.31)

9
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2.1.3 Coplanar waveguide transmission-line modes

Waveguides channel EM fields along a specified axis by means of boundary condi-
tions. In planar superconducting chips, the most widely used geometry is coplanar
waveguides [21], where a centre conductor of width w is separated from two ground
planes by s, both of thickness ¢t. This geometry supports a quasi-TEM mode, where
the electromagnetic fields are mostly contained between the gap of the center conduc-
tor and two ground planes. In our experiments, Aluminum is used as a conductor,
which is deposited on Silicon.

If we cool down this structure below the critical temperature for superconductivity
(=~ 1.2K for Aluminum), we essentially get lossless propagation of EM fields along
the waveguide [11]. We can model this geometry by lumped-element analog, with
per-unit-length capacitance C’ and inductance L’. Line’s characteristic impedance
and propagation speed become|[22]:

Zo—1E ! (2.32)
Vo YT Vme |

If the CPW is terminated at only one end, it forms a semi-infinite transmission line.
Quantizing then yields a continuum of modes, a,,, w € [0,00), with a Hamiltonian

fry, = / dw hw al a, (2.33)
0
Any quantum circuit coupled with rate x obeys the input—output relation

Qout (t) = aim(t) — VEb(2), (2.34)

so the line acts as an effective dissipative bath: although the aluminium CPW itself
is virtually loss-free, photons that leak into the continuum never return [19].

If the same aluminium CPW is terminated (shorted or open) at both ends —for
it becomes a Fabry—Pérot cavity with standing-wave boundary conditions. For a
section of physical length L the resonance frequencies are

FO2) (n+1)v,
" 2L ’

o _ Cm41)v

2.
I L , n,m e N, (2.35)

depending on whether each end is open or shorted.

10



2. Theory

2.2 Fluxonium

The fluxonium artificial atom, introduced in 2009 [23], offers two major advantages
over the Cooper-pair box and the transmon: (i) reduced sensitivity to offset charge
and (ii) larger intrinsic anharmonicity. The circuit is built by shunting a small
Josephson junction (E; ~ 5-10 GHz) with a superinductor, forming a loop whose
transition spectrum can be tuned by an external magnetic flux.

Purely geometric inductors are limited to characteristic impedances below the vac-
uum impedance Zy = /o /e >~ 3772 To reach the large phase-fluctuation regime

($*)1/2 > 1 one instead uses kinetic inductors: a series array of N Josephson junc-
tions, each with L; = (®,/27)?/E;, gives

Larray = NLJ7

providing hundreds to thousands of nanohenries of inductance without dissipation
[24].

With sub-gigahertz level spacing at the sweet spot (fo; < 1 GHz) a fluxonium at
dilution-refrigerator temperatures naturally sits in the regime kgT ~ hfy;: thermal
excitations need to be taken into account, for example during the reset, yet at this
point coherence times become large. This operating point, combined with strong
anharmonicity, makes fluxonium a possibly useful platform for quantum thermody-
namics: potential applications in fluorescence-based resonator-free readout, electro-
magnetically induced transparency, and A-systems.

100 pym EHT= 5.00kV Signal A= inLens Date :17 Feb 2025

WD = 52mm Mag= 77X Time :22:39:34 M C. P -

Figure 2.3: Fluxonium device used in this thesis. It comprises of two superconduct-
ing pads, connected via single Josephson Junction and Josephson Junction array,
flux line and a waveguide.
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2.2.1 Circuit topology and Hamiltonian

The fluxonium circuit consists of three lumped elements in parallel:
« a small Josephson junction with Josephson energy FE,

+ a large linear inductance Lanay provided by a series array of N Josephson
junctions,

e a stray shunt capacitance C' to ground.

Now let us write down the Lagrangian of the circuit. If we choose flux across the
single Josephson junction as an independent variable, the classical Lagrangian of
the system will be:

C . 21 d 1 2
L=—d>+FE ( )— ((I)—(I)ex). 2.36
2 o (I)O 2Larray ‘ ( )

Then let us promote the classical variables to quantum, and introduce the reduced
form, n = Q/2¢e, ¢ = 271D/ Py, Pext = 2T Peyx/Po. Now the Hamiltonian reads:

N A 1 ~
H =4Ec7? — Ejcos(¢ — Gext) + QEL& (2.37)

2.2.2 Energy spectrum and eigenstates

The fluxonium Hamiltonian gives rise to two different sets of excitations - plasmons
and fluxons. Numerical diagonalization in the coordinate (flux) basis <¢’wk> yields
the spectrum. Now we can analyze this spectrum for different parameters. The
three energy scales and external flux play different roles.

Changing the Josephson energy FE; changes, as expected, the nonlinearity of the
system. If E; is small, the circuit is to a good approximation an LC oscillator;
therefore, increasing F; also increases the anharmonicity. At half a flux quantum
(Pext = Pp/2), we see that E; sets the height of the barrier between the two wells.

12
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(a) Changing F; while fixing other parameters at zero external flux. Solid black:
potential U(¢). Colored solid/dashed: energy and wavefunctions (respectively) of
the first four states.
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(b) Changing E; while fixing other parameters at half a flux quantum.

We can also see how changing E, affects the spectrum. Increasing it makes the
spectrum more harmonic. That is why usually fluxoniums operate in the E;/Ey, > 1
regime, which makes the circuit more anharmonic. Therefore, the ratio E;/FEy
determines the system’s harmonicity.
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(a) Changing E while fixing other parameters at zero external flux.
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(b) Changing F; while fixing other parameters at half a flux quantum.
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E¢ sets the overall energy scale of the system. Small Ex suppresses charge noise
and is typical for heavy-fluxonium designs used in long-coherence experiments [25].
High E¢ together with moderate E'; yields the light-fluxonium regime, useful for fast,
strong-drive control. The ratio of F;/Ec determines the wy; transition frequency
at half flux, as tunneling between wells depends exponentially on it [26].

Ec=0.90GHz Ec=2.00GHz Ec=5.00GHz
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(a) Changing E¢ while fixing other parameters at zero external flux.
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(b) Changing F¢ while fixing other parameters at half lux quantum.

2.2.3 Matrix elements and selection rules

The coupling strength between eigenstates |i) and |j) under a drive is proportional
to matrix elements of the phase ¢ or charge n operators.

a2 n doar a2
o o[, T o[l al)] (2.38)

Because the fluxonium potential V(QAS) = —-Ly cos(gg — Gext) + %ELQAQ depends ex-
plicitly on the external flux ¢ey, both the eigenfunctions and the associated matrix
elements vary periodically with ¢.. At the sweet spot of half a flux quantum
(Pext = Po/2), even transitions such as |0) <»|2m) become forbidden because of the
symmetry of the wavefunctions (but if the qubit is coupled to a readout resonator,
this restriction is lifted and the transitions can be driven [27]).
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Figure 2.7: Plot of charge matrix elements across external flux. As discussed in
the text, their values change drastically, some even becoming zero at certain points.
Not surprisingly, the elements are symmetric around zero.

As can be seen from fig. 2.7, charge matrix elements are modifiable with external
flux. This means, for capacitive coupling of the fluxonium to the waveguide, we
can modify the rate at which an excitation decays to the environment. This feature
makes the fluxonium appealing for applications in the field of Quantum Thermody-
namics, as we can engineer the interactions with the environment in situ.

2.2.4 Superinductor

To satisfy the fluxonium parameter requirements, £y, < E; and 1 < g—é < 10, an
inductive energy E;, = (®/27)?/L of a few hundred megahertz, which translates
into a linear inductance

L > 100 nH.

Such a large L must come with only a few femtofarads of stray capacitance; otherwise
the self-resonant frequency wy = 1/v/LC would drop into the qubit band (we/27 <
10 GHz). The associated characteristic impedance Z = (/L/C =~ 10*Q therefore
exceeds the resistance quantum (2.19) Rg = h/4e* ~ 6.45 kQ. An inductor that
satisfies Z > R over a broad microwave window and superconducts DC current is
called a superinductor [28].

If we try to implement this type of inductance with geometric inductor, one will
soon run into trouble. As electromagnetic fields are contained in the vacuum, the
impedance of a geometric inductor is limited by vacuum impedance Z; = ’:—é’ =
377 Q). Instead, superinductance is achieved by using kinetic inductance: inductance
associated to the momentum of charge carriers. Thus, this finiteness of momentum
makes the acceleration time also finite, the same way in geometric inductors induced
current opposes the change in magnetic flux. The two mechanisms are described

15
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in the same way with inductors with inductance L. In superconductors, kinetic
inductances can be achieved by nanowires [29], or by using long chains of Josephson
junction(JJ) arrays[24].

2.2.5 Josephson junction array

In this thesis we adopt the JJ-array superinductor. As we know, in the lumped
element approximation we can model a JJ as an inductor with inductance L; (2.27)
and capacitance C;. JJ array would just be these components in series, each having
a certain capacitance to ground Cy. (See Fig 2.8)

20 pm EHT= 5.00 kV Signal A= InLens  Date 17 Feb 2025 ® ~
F—— wo=52mm Mag= 746X Time :22:36:57 > &

apiiia ey
v L |

~

Figure 2.8: Josephson junction array used in the experiments (top) and the related
circuit model (bottom). Each Josephson junction is treated as an inductor with
inductance L; and capacitance C;. Stray ground capacitance to neighboring metallic
objects also taken into account.

It is straightforward to see that for low frequencies this array would behave like
inductors in series, giving a total inductance L = NL;. But there is a limit to the
number of junctions we can have. We can make a simple argument that as both total
inductance and stray capacitance to ground scale with dimension of the array, the
parasitic self-resonant mode \/% gets smaller and would eventually lie in the band
of interest. A more sophisticated analysis would include the Josephson Junction
capacitances with a model given in Fig. 2.8 as well and we would finally arrive at
this inequality for the number of JJs in an array [28]:

N< (2.39)
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2.2.6 Fluxonium—waveguide coupling

We model the fluxonium (which we approximate here as a two-level system) coupled
capacitively to a semi-infinite 50 €2 transmission line. The line contains input and
output fields which satisfy the input-output relation given by

bout (1) = bin(1) + /T (1), (2.40)

Here I', is the radiative decay rate of the qubit into the transmission line, and &_
is the lowering operator of the excitation in the qubit.[30]

We define :
I', : radiative decay into the 1D waveguide,

[, : non-radiative (internal) decay,
I'y : pure-dephasing rate.
The total energy-relaxation and decoherence rates are

T
=T, +0,, D)= ?1 + T, (2.41)

Then we would like to derive the reflection coefficient of our input coherent tone,
and we closely follow [31]. A coherent probe with frequency w, driving the qubit
gives rotating-wave approximation (RWA) Hamiltonian in the probe frame as:

. A Q
H = —562—{—5636, A =w, — wor, (2.42)

and Rabi rate € is given by the incoming field amplitude (2 = 2T, |a;n|).
Including dissipation and dephasing, the density operator obeys

_ ia . | P
P = —ﬁ[H,p]‘{‘FlD[U—]p‘i‘?d)D[az] Ps (243)

with the dissipator
D[X]p = XpX' - (XX p+ pXTX).

Let '
s1(t) = (o(t)) e'@=%) and  sy(t) = (67 (t)o (1))

From (2.43) one finds

i 51 —I'y + 10w 0 1af? 51 —iaf)/2
T sy = 0 Iy —idw —iaQ| |si]|+ | ia2/2 |, (2.44)
S9 iaf)/2 —iaQ2/2  —I4 S9 0

In steady state when ($; = 0) this yields

. QT (A — iT)
L2 (T, + Ty (A4 T2))

(2.45)
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The boundary condition is
(;out = Z;in + \/ Fr 6-77

so for coherent drive ay, = <I;in>, Aout = (bout), and Q = 24/I', |as,|, the complex
reflection coefficient is
Qout Z'Frfl (A — ZFQ)
T(wp) = ] =17 3 2 2\ °
Qlin Q F2+F1(A +F2)

(2.46)

With the equation (2.46) we can fit the experimental data and find out the coupling
rates I';, We can compare if their values follow the theoretically predicted trend
given from eq(2.38). We will see more of that in the Results section.
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Methods

This chapter describes the design—simulation—-measurement pipeline used through-
out the thesis. We begin with circuit design of the fluxonium (choosing E;, Ec, Er,
and the junction geometry) and its microwave environment (CPW resonator or semi-
infinite 50 2 waveguide). Full-wave EM simulations and energy-participation quanti-
zation give the Hamiltonian parameters. Then we follow by the cryogenic setup and
spectroscopy protocols (CW and time-domain) and specifically the “magic-power”
procedure to extract coupling rates and avoid saturation due to high power.

3.1 Design

The chip layout was drafted entirely in Qiskit Metal[32] and contains three fluxonium
qubits arranged on a 7 mm x 7 mm, 8-port chip (Fig. 3.1):

b
T L

o W:“L

Figure 3.1: Qiskit Metal Design of the chip under the test

Qubit A and Qubit B couple capacitively to a shared A/2 readout resonator
positioned at the centre of the chip. Each of these qubits has its own single-ended
charge-drive line for pulsed control and a dedicated fluz-bias line for DC tuning.
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Qubit C couples Capacitively to the semi-infinite feed-line that terminates at the
right-hand edge of the chip. A separate flux line provides DC flux bias, but no
microwave drive is applied through this line; The qubit will be driven via the waveg-
uide.

All three devices share a common ground plane to minimise slot-line modes.

3.1.1 Junction Design

Accurate design of the Josephson junctions is critical for placing the fluxonium
spectrum in its target window. Two separate junction topologies were employed:

3.1.1.1 Single junction (Manhattan layout)

The small junction used as a non-linear element of each fluxonium is patterned in
a Manhattan cross geometry. The overlap area of the junction is 130nm x 130 nm.
This would correspond to the value of £ ~ 5.6GHz, which was the design value.
The area to Josephson junction energy conversion comes from fitting done in each
fabrication round.

Figure 3.2: Design of 130 nmx 130 nm Manhattan-style junction. Blue: junction;
pink: undercut.

3.1.1.2 Superinductor array (Princeton style)

To realize the required ~ 150nH superinductance, we adopt the Princeton ladder
junction layout introduced in [33]. The Al/AlO./Al junctions are processed with
a 1450 nm undercut and 960 nm shadow length (see fig 3.5), leaving an effective
overlap of

Aprray = 1450nm — 960 nm = 490 nm.
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Figure 3.3: Design of 490x490 Princeton style junctions. Blue: Manhattan junc-
tion; Pink: undercut of the junction. The array consists of 100 junctions

This array size corresponds to

ES™ ~ h x 104 GHz.

With N = 100 identical junctions in series the linearized inductive energy is

(26)2 1 Earray
E; = TR = jv ~ h x 1.04 GHz (or Layay ~ 150 1H),

matching the design target.

Table 3.1: Summary of junction parameters.

Single junction  Array junction

Geometry Manhattan cross Princeton ladder
Nominal area (nm?) 130 x 130 490 x 490
E;/h (GHz) 5.6 104

The combination of a high-FE; single junction and a low-FE7,, linearised array meets
the dual requirement £, < E; and 1 < E;/E¢ < 10 for a strongly anharmonic but
charge-noise-insensitive fluxonium qubit.
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Figure 3.4: Josephson Junction array and single Josephson Junction side by side,
connected to metallic pads which act as shunt capacitors
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Figure 3.5: Final rendered design ready for simulation. Orange, light blue, green
and pink components correspond respectively to readout resonators, qubit charge
lines, qubit flux lines and a waveguide.

3.2 Simulation

All full-wave calculations were carried out in Ansys HFSS, called directly from the
Qiskit Metal API.

3.2.1 Capacitance matrix and charging energy

All metal traces, ground pads, and Josephson-junction electrodes are exported as
perfect electric conductors; air and substrate volumes inherit material properties
from the Qiskit Metal design workspace. Each metal pad is assumed as a floating
pad, while the common ground is set to 0V. HFSS solves V-(¢VV') = 0 for every
port excitation and returns the symmetric matrix C;; = 9Q;/0V;.

The total island capacitance Cy is obtained by combining the HFSS pad-to—pad
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Table 3.2: Reduced capacitance matrix (units: fF)

charge pad top pad bottom pad ground plane

readout pad

charge pad 23.128 -0.497 -0.065 -22.317 -0.033
top pad -0.497 36.545 -3.584 -25.457 -1.061
bottom pad -0.065 -3.584 36.529 -21.506 -5.732
ground plane -22.317  -25.457 -21.506 327.801 -152.322
readout pad -0.033 -1.061 -5.732 -152.322 163.192

values with the intrinsic junction capacitance C; of the Al/AlO,/Al tunnel barrier
(= 50 fF /m? for a 130 nm junction, giving C; ~ 0.85 {F).
C(top = Upad,top + Ccharge,top + C(ﬂuxpad,top + C’readout,top

= 25.48 4+ 0.496 4+ 4.96 4 1.062 = 31.998 {F,

C(bot = C1pad,b0t + Creadout,bot + C’ﬂuxpad,bot
= 21.53 + 5.73 4+ 4.95 = 32.210fF.

The mutual pad capacitance Cpags = 3.613 fF adds in parallel, while the top/bottom
networks combine in series:

Cto C’bot
Cy =C Clads P = 33.871F.
. i pad * CYtop + CYbot
The charging energy follows directly,
e? Eo e?
Fo=— — —= ~ (0.943 GHz.
¢~ 90y h T 2hCs z

3.2.2 Eigenmode solver and Energy Participation Ratio

In the second pass the fluxonium pads are shorted by linear inductors of value
L; = (®y/27)?/E;; With HFSS then we will proceed to solve the classical Maxwell
eigenproblem

V x (,flv X E) = w*E,
subject to perfect-conductor and radiation boundaries. Each eigenvalue wy, then will
yield a mode’s complex field profile Eg(r).
After running the simulations for 3 different systems, we see that the converged
modes are as shown in Table 3.3.
However, these frequencies are only an approximation, since instead of the non-
linear inductor we are using a normal linearised inductor. To overcome this issue,
we use what is called the energy-participation-ratio (EPR) routine [34]. Here, we
first calculate with classical simulations what is called the participation ratios:

Inductive energy stored in the junction

P = Total inductive energy stored in mode m’
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Table 3.3: Lowest five eigenmodes of the linearised model (linear inductors in place
of Josephson junctions).

Mode wy /27 (GHz) Assignment

1 5.83 Fluxonium C (waveguide-coupled)
2 5.83 Fluxonium A (resonator-coupled)
3 5.84 Fluxonium B (resonator-coupled)
4 7.43 Read-out resonator A, \/2

5 5.65 Read-out resonator B, \/2

evaluated when only mode m is excited. In the quantum picture one can write

I 127
U G|y

Um)
Um)

(3.1)

where [1,,,) denotes a single-photon Fock excitation of mode m.

If we simplify Eq. (3.1) (see Supplementary Sec. A6 of Ref. [34]) we obtain the
zero-point phase fluctuations for modes of interest, in this case a resonator mode
(r) and a qubit mode (q), or only the qubit mode:

pr=p e prop M
YO « ~PoR,

where w, and w, are the frequencies found in the previous step in eigenmode simu-
lations. If we have the zero point fluctuations, we can construct a full Hamiltonian
by noting the following relations:

ﬁfull = I:—,hn + ]:]nla (3.2)
Hyy = hwedla, + hwyalag, (3.3)
~ @2
Hnl — _EJ COS(@J - Qpext) + 7J ) (34)
P = g (ag+al) + ¢, (ar +a)), (3.5)

After this, the common way to numerically diagonalize the Hamiltonian is to expand
the cosine term up to the fourth order. This way works with weakly anharmonic
qubits, like transmons. However, when the qubit is highly non-linear, like fluxonium,
we need to include terms of higher order[35][36]. Then, the full Hamiltonian is diag-
onalized and modes involving qubit and resonator(if we have a resonator coupled)
are identified.
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Table 3.4: EPR-corrected mode frequencies at zero flux and at the half-flux sweet
spot (Pexy = Po/2).

Device / mode fepr(0) (GHz) prR(CDO/Z) (GHz)
Fluxonium A 6.13 0.21
Fluxonium B 6.14 0.24
Readout resonator A 7.43 7.43
Readout resonator B 5.66 .66
Fluxonium C 6.14 0.23

3.3 Cryogenic Measurements

3.3.1 Measurement setup

As discussed in the theory section, resolving quantum energy levels in superconduct-
ing circuits requires operation at millikelvin temperatures such that kg7 < hwo;
(see Eq. 2.22). We therefore use dilution refrigerators, which reach these tempera-
tures via mixing of *He and *He [37]. In such setups, wiring to the device runs from
the mixing chamber (MXC at around 10mK) up to room-temperature electronics,
unavoidably introducing both passive heat loads (arising from thermal conduction
in metals and also noise from warmer stages) and active heat loads (heating and
dissipation in attenuators, filters, and other components that carry signals). With-
out adequate attenuation and filtering, thermal radiation dephases the device and
stray high-frequency photons can even generate nonequilibrium quasiparticles in su-
perconductors [38].

In practice, cryostat wiring is organized in two different categories that require dif-
ferent approaches. DC lines carry current to the mixing chamber, usually in a
twisted pair arrangement. In our case, we use the twisted pair setup to bias with
the DC voltage at room temperature. The twisted pair setup converts to a coaxial
cable at the mixing chamber, and then it is directly connected to the device. DC
lines are used for primarily two reasons: biasing the components used in the wiring
(for example amplifiers) or delivering current close to device, which generates flux
and changes the frequency of the qubit, as is in our case. Therefore fluctuations
in current would lead to dephasing of our qubit, which is why filtering DC lines is
often a good idea.

RF (microwave) lines connect room-temperature electronics to the device and they
also deliver clean control pulses. In order to meet these requirements, the lines are
attenuated and filtered carefully and are thermalized at each cryostat plate. Drive
lines deliver qubit and readout pulses from room temperature to the chip. A typical
configuration uses coax cables with cryogenic attenuators distributed across stages.
Readout lines extract the weak microwave field that encodes the device state. Con-
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Figure 3.6: Wiring diagram of the dilution refrigerator used in the experiments.
Green (DC) lines connect to on-chip flux lines; light blue to charge lines; pink to

the waveguide; dark blue to the transmission line coupled to two resonators.
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trary to the case of drive lines, they avoid attenuation near the device which is crucial
to have a good signal to noise ratio. Two or three isolators/circulators are typically
placed from MXC up to the 600-800 mK stage, followed by a cryogenic HEMT
amplifier at 4 K and, if available, quantum-limited amplifier at base (JPA/JPC or
a JTWPA).

3.3.2 Experimental techniques

In order to find out if the device is meeting our design targets, we need to characterize
it. For characterization, we used two different techniques: continous wave (CW)
spectroscopy, which probes the steady state response of the system in the frequency
domain, and time-domain measurements, which resolve system dynamics with short
and shaped microwave pulses.

3.3.2.1 Continous wave spectroscopy

In CW spectroscopy, we probe the linear, steady—state response of the chip with con-
tinuous tones while recording complex scattering parameters. In this work, we used
one—tone spectroscopy to characterize the readout resonators and the waveguide
qubit in reflection and two-tone spectroscopy to locate qubit transitions. We also
did the VNA power dependence measurement to determine an optimal (“magic”)
power, which corresponds to the optimal dip while avoiding broadening due to high
power.

Input #1  Input #2 / Output

Figure 3.7: Schematic of a continuous wave spectroscopy with a VNA. This setup
can work for a measurement in reflection, as well in transmission. Taken from [1]

We have two A/2 resonators, the complex response near the resonance is well de-
scribed by
i _
I . (3.6)
Qe 1+ 2iQx W
where Q,' = Q'+ Q! and ¢ describes the physics for impedance asymmetries in
the feedline [39]. Fitting Eq. (3.6) (circle method) yields w,, @;, and Q.. For the

So1(w) = ac’?|1
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waveguide—coupled qubit geometry, we already have a model given in the theory
section using Eq. (2.46).

After finding out the resonator frequency we can move to the Two-Tone measure-
ments. With the readout probe fixed on the resonator peak, we sweep the qubit
drive frequency. At the frequency of qubit, the resonator will get displaced, causing
the probe to get displaced from the dip, resulting in a peak. This is a crude way to
extract qubit frequency for characterization.

For the Magic Power measurement, the goal is to choose a probe power that maxi-
mizes resonance response without causing power broadening. In steps we need to:

1. Acquire a power sweep. Record complex traces Sij(w; Py) over the same
frequency span in a sweep of powers Py, (from well below to above the expected
operating range). This may require increased averaging at lower powers.

2. Baseline removal. For each P, we remove the baseline measurement from
it.

3. Depth metric and selection. Pick the magic power P* that maximizes the
peak depth.

4. Final fit at P*. Fit the reflection data at magic power Si;(w; P*) to the
formula given in Eq. (2.46)

3.3.2.2 Time domain measurements

In time domain measurements, we use the same scheme for control and for read-
out. An arbitrary waveform generator (AWG), which is limited in high-frequency
generation, synthesizes quadrature envelopes at intermediate frequency, I1r(t) and
Q1r(t), which go into the ports of an IQ mixer together with a local oscillator pulse
with frequency wro. This process, known as upconversion, produces a narrowband
pulse at wrr = wro £ wir (depending on if we use upper or lower sideband). The
resultant RF pulse propagates down the attenuated line into the cryostat, couples
to the resonator or waveguide and is transmitted or reflected back.

The same process can also work in reverse: on the way back, the same LO is used
to pump a second IQ mixer. In this mixer, the RF port is the input and we recover
the intermediate frequencies Iy (t) and Qou(t) that the digitizer records. This step
is crucial as the digitizer can’t sample frequencies far in the GHz range. Using the
same LO has the benefit of keeping the phase fixed. Typical values of IF frequencies
are between 50—300 MHz.
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sr(t) = A%m cos{wrot + 9ro)

Aro

) =—;

cos(wrot)

4o

5 sin(wrot)

50(t) = 222 cos(unot + Bro)

2 G romern) 3 7wy € 1

Figure 3.8: 1QQ downconversion chain: the RF readout tone is mixed with in-phase
and 90°-shifted LO signals to yield I/Q IF outputs, then low-pass filtered, digitized,
and DSP-processed. Figure taken from [2]
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Results

This chapter presents the experimental results. We first characterize the device
coupled to the resonator, using single- and two-tone spectroscopy. Results confirm
the expected flux dependence and dispersive coupling. We then move on to the
waveguide-coupled device (on which most experiments were conducted), where flux
dependence of the 0-1, 0-2, 1-2, and 0-3 transitions are acquired. We fit the reflection
with an input-output model to separate radiative and non-radiative decay rates.
Finally, the flux regime where I'y; is strongly suppressed while I'gs and I'j3 remain
large is identified. This flux regime is suitable to realize a A-type system.

4.1 Characterizing resonator-coupled atoms

After finding the resonator mode, we perform punchout measurement to verify the
Josephson junction of qubit has been realized. The idea is simple: sweep the readout
power while measuring the scattering parameter So;(w) over a narrow frequency
range about the resonant frequency of a resonator. After the power injected in the
Josephson junction increases beyond a threshold, the critical current. At this point,
we observe the bare frequency of the cavity. The figures 4.1 confirm the Josephson
junction is operational and we have a non-linearity in the system.
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Figure 4.1: Punchout measurements for the two readout resonators cou-
pled to qubits A (left) and B (right) | We see a clear shift in frequency with
high power.

Next step, to see that the fabrication of Josephson junction array was successful
and there were no cuts in it, we try to see the flux dependence of the resonator
frequency. We know theoretically that the frequency of the fluxonium atom changes
with external flux that threads the loop. As fluxonium and the cavity are coupled,
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the change in fluxonium frequency also shifts the cavity frequency. Thus, if we see
a cavity frequency change with external flux, this would confirm the JJ array is
functional.
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Figure 4.2: Flux dependence of fundamental mode of resonators A (left)
and B (right) | Variation of resonator frequency confirms Josephson junction array
has no cuts and the loop is formed through which the flux is threaded. We can clearly
see different periodicity, which is arising due to different resistances on the flux line.

Other interesting feature of the Fig. 4.2 is the avoided crossings. They appear
because at that specific flux point one of the fluxonium transition frequencies has
the value close to the resonator frequency, and thus modes hybridize.

Before we move to the time-domain measurements, it is important we identify the
qubit frequency. For this, we do a two tone measurement discussed in Subsec.
3.3.2.1. This gives a crude but fast way to extract qubit frequency, which will save a
lot of time later in time-domain measurements. The results of these measurements
are summarized in Fig. 4.3. We see that the fluxonium frequency shifts with external
flux, as expected.
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Figure 4.3: Two-tone measurements of qubit-resonator system A | Qubit
mode detected as a peak in scattering parameter S5, for flux biasing voltage at 0 V
(left panel) and 2 V (right panel).

After identifying JJ and JJ array are functional, we move to time domain measure-
ments. In order to find the qubit frequency, first we need to identify the resonator
coupled to the transmission line.
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Figure 4.4: Measured transmission Sy (dark markers) resonator A to-
gether with a theoretical hanger fit (lighter line) | The extracted resonance
frequency is fo = 7.57 GHz, with coupling rate k./27m = 2.66MHz and internal loss
rate k;/2m = 3.50MHz, yielding a total decay rate ki /2m = 6.16MHz.

After identifying the resonator frequency, we move on to the two-tone measure-
ments. The principle is the same as in continuous-wave measurements: we record
the time trace of the resonator while varying the pump frequency to the qubit. Af-
ter identifying the transition frequency of the qubit, we can do a dispersive shift
measurement, while varying the long pulse amplitude to the qubit. The resonator
fundamental frequency will shift dispersively depending on the amplitude, reaching
the biggest shift when qubit is fully excited.

0.48 1 =335
) -56.0
'E 0.401
3. -56.5 <
2 @

0.321
2 -57.0°
R el
3 0.241 -5752
3 S
I ] -58.0 ©
€016 =
g -58.5
< 0.08

-59.0

0.00 1

-59.5

7.555 7.560 7.565 7.570 7.575 7.580 7.585 7.590
Frequency (LO + IF) [GHZz]

Figure 4.5: Two-dimensional map of resonator A response as a function
of qubit drive amplitude | The shift in the fundamental frequency is observed as
qubit gets excited.
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4.2 Characterizing waveguide-coupled atom

4.2.1 0-1 and 0-2 transitions

After characterizing the resonator coupled qubit system, we move to characterization
of qubit coupled to the waveguide. In order to find the transitions, one has to be
extremely careful checking the spectrum at different external flux points. This is
because trapped flux, which is common in superconducting chips, can shift the
fluxonium spectrum. Therefore, at zero applied voltage we may not really be at
fluxonium’s sweet spot ®.,; = 0 and transitions may be harder to locate. For atoms
coupled to the waveguide we can find the frequencies with a continuous one-tone
measurement. The power also has to be chosen carefully, so that the transition is
visible, but we are not sending too much power that would cause saturation.
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Figure 4.6: One tone measurement of a fluxonium coupled to a waveguide
| We can clearly see fluxonium 0-1 and 1-2 transitions: as 0-1 transition fades 0-2
appears.

As can be seen from Fig. 4.6, transitions disappear for certain flux points. This
can be explained both by decreasing of coupling to the waveguide due to modified
matrix elements (see Fig. 2.7) and increased dephasing due to flux noise. Near the
flux operating point at which the 0-1 transition matrix element decrease, transition
0-2 appears, consistent with the experiment.

4.2.2 1-2 transition

To probe the transition 1-2, we perform two-tone measurements. We apply a con-
stant pump at 0-1 frequency and then measure the S21 characteristic to search for
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the 1-2 transition. Because 0-1 transition changes for each flux point, we also need
to change the pump frequency.
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Figure 4.7: Normalized transmission Sy; of the waveguide fluxonium de-
vice versus DC bias voltage and probe frequency | The background at 2 V
has been subtracted. As like with 0-1 and 0-2 transitions we see that after certain
flux points transition disappears.

As seen in Fig. 2.7, the simulated matrix element for the 1-2 transition decreases
faster than for transition 0-1, which explains why it fades out while transition 0-1
is still visible.

4.2.3 0-3 transition

We can see from Fig. 2.7 that 0-3 has a really small matrix element everywhere
besides the sweet point ®.,; = /2. Therefore, it is hard to locate it experimentally
except near this point. Also, this transition was visible only during one cryostat
cooldown, suggesting the wiring configuration strongly affects the visibility of energy
levels.
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Figure 4.8: One tone measurements locating the 0-3 transition of a flux-
onium coupled to a waveguide showing raw data (left) and normalized
data to background (right) | As we increase the power, we saturate the transi-
tion with photons until the response is no longer visible.

4.2.4 Fitting the data

After finding all transitions, we combine them and fit the transition spectrum to
the theoretically calculated eigenenergies of the Hamiltonian in Eq. (2.37). Each
transition must be renormalized to the same flux axis, as setups can differ in flux-
line resistance; the same voltage can correspond to different flux values (and different
cryostat cooldowns can trap different amounts of flux).
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Figure 4.9: Measured fluxonium transition frequencies (0—1, 0—2, 1 —2,
and 0— 3) as a function of normalized external flux, together with a fit to
the fluxonium Hamiltonian | Circles, triangles, squares, and the star correspond
to experimental data points for the respective transitions, while solid lines show
the best-fit theoretical curves. The extracted parameters are Fc = 0.87GHz, E; =
7.49GHz and E;, = 1.41GHz.
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4.3 Extracting atom-waveguide coupling

As explained in the subchapter 3.3.2.1 we characterize the decay rates of fluxonium
artificial atom to the waveguide using a power dependence measurement. The data
from these measurements are fitted to Eq. (2.46) and coupling rate is extracted.
We do this for 0-1 transitions as well as 0-2 transitions. Before proceeding, we note
that fitting to Eq. (2.46) does not distinguish between I',, and I',. Therefore, we
set I'; = 0, and the sum of these contributions is represented as a single decay rate
I, obtained from the fit.
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Figure 4.10: Magic power measurement and power sweep for a fluxonium
atom O0-1 transition coupled to a waveguide | From the fit to the measured
reflection coefficient, the extracted decay rates are I';/2m = 4.49 MHz (radiative),
[y /27 = 2.48 MHz (non-radiative), and total I'/27m = 6.98 MHz.

As we can see from Fig. 4.10 and Fig. 4.11 we fit the extracted data to find
the radiative rate into the line and the non-radiative decay, which accounts for
internal loss and dephasing. The 0-1 line shows a narrow, well-behaved resonance
with modest non-radiative decay. In contrast, the 0-2 line is noticeably broader and
shallower; the extracted non-radiative contribution is roughly an order of magnitude
larger than for 0-1.

Two effects are consistent with this observation. First, the 0-2 transition is more
flux-dispersive at our operating bias: its frequency changes more steeply with exter-
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nal flux than 0-1, so flux fluctuations cause more energy level broadening. Second,
relaxation from the second excited state has additional pathways. Population can
decay not only directly to the ground state but also via the intermediate state (2-1-
0). This opens extra internal loss channels for 0-2 that are not present for 0-1 and
raises the apparent non-radiative rate.

To determine which pathway is more dominant in the 0-2 case—dephasing or inter-
nal loss—we examine the flux point corresponding to the 0-2 transition frequency
shown in Fig. 4.11 (see Fig. 4.13). At this point, we would expect the 0-2 and 1-2
decay rates to be of similar magnitude. Consequently, the internal decay from level
2 to 1 should be of the same order as the 0-2 radiative decay rate obtained from the
fit. However, I',,,. is an order of magnitude larger than I',., which strongly suggests
that the dominant pathway is dephasing due to flux noise.
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Figure 4.11: Magic power measurement and power sweep for a fluxonium
atom 0-2 transition coupled to a waveguide | From the fit to the measured
reflection coefficient, the extracted decay rates are I';/2m = 2.30 MHz (radiative),
[y /27 = 31.35 MHz (non-radiative), and total I'/27 = 33.65 MHz.

38



4. Results

lg)

Figure 4.12: Schematic of a A three-level system, with two lower states |¢g) and
|m) both coupled to a common excited state |e) via transitions of equal strength T,
while direct coupling between |g) and |m) is negligible.

4.4 A system with fluxonium coupled to waveg-
uide

A A system is a three-level quantum system with two “lower” states |g) and |m) and
one common excited state |€). In a lambda system |g) <> |m) coupling is negligible,
while |g) <> |e) and |m) <> |e) is allowed, and usually coupling I" is engineered to
be the same.

4.4.1 Choosing flux point for A system

For fluxoniums, we know that at symmetry points, eigenstates possess definite par-
ities that yield strong selection rules. Slightly away from these points, parity is
weakly broken and the matrix elements of charge and flux operators become tun-
able.

We choose |0), |1) and |2) states of fluxonium coupled to waveguide to engineer a
lambda system, where |0) and |1) are "lower" states and |2) is a common excited
state. This can be engineered in our system that is coupled capacitively to the by
moving to a flux point where the wavefunction overlaps produce destructive inter-
ference in (0|n|1) while keeping (0]72|2) and (1]|7|2) sizable and similar. Coupling
rate under capacitive coupling to the transmission line is given by[7]:

coth <2k:BT> + 1‘ (4.1)

Therefore, we can theoretically calculate for our levels of interest (i|n|j) using the
parameters we got from fitting and determine at which point we can engineer a
lambda system.

. 12
L oc fwig] [(ilnl )]

4.4.2 Experiments to locate A point

In our experiments, we aimed to identify the flux bias point that realizes a A config-
uration in the fluxonium spectrum. Ideally, this would be a point which we located
in Fig. 4.13 at ®/®; = 0.48. However, from our transition measurements (see Fig.
4.6), the 04> 2 transition disappears before reaching the ideal A point. Therefore, we
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Figure 4.13: Plot of [';; from Eq. (4.1) in arbitrary units (top) and transi-
tion frequencies normalized to charge matrix elements (bottom) | In the
bottom plot, the color intensity of each point encodes the magnitude of the corre-
sponding matrix element |(i|n|j)|, normalized to its maximum value, with darker
points indicating larger values. We locate the flux point where I'ps and I';5 are sim-
ilar and sizable while I'g; is low, which corresponds to external flux ®/®, = 0.48.
Dashed line in both plots this flux point.
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first bias to a point close to this region and first map all observable transitions. As
we already know that the 0< 1 matrix element is intrinsically small, experimentally
it is easier to locate the 0 <> 2 transition first. Once 0 < 2 is identified, the 1< 2
transition is found using a two-tone method: instead of pumping 0+ 1 and sweeping
142, we fix the VNA tone on the 042 frequency and sweep a pump tone. When
the pump matches the 1+ 2 transition frequency, a peak appears in the response,
arising from stimulated emission from |2) to |1).
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Figure 4.14: Power-dependent transmission |Ss;| versus frequency for the
waveguide fluxonium device showing 0 <> 2 transition (left) and power-
dependent 2 tone measurement to locate 1 <+ 2 transition (right) | The
measurements are done at flux biasing point of ®/®, = 0.45, which are slightly away
from desired A system flux bias point.

As shown in Fig. 4.14, the left panel identifies the 0 <> 2 transition, from which we
select an optimal probe power of —35dBm. The right panel displays three peaks in
the S5 response near the expected 1<+ 2 pump frequency, whereas a single peak is
anticipated. The origin of this multiplicity is under investigation.
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Conclusion

This thesis investigated fluxonium devices coupled either to a coplanar-waveguide
(CPW) resonator or directly to a semi-infinite 50 2 waveguide. We developed a com-
plete workflow including design, electromagnetic and flux-bias simulation, cryogenic
measurements and data analysis—that links design choices to measurable decay
channels in multi-level dynamics.

For design, 3D EM simulation and energy-participation-ratio quantization provided
circuit parameters that were consistent with the targeted operating regime, while
magnetostatic simulations yielded a practical current-to-flux calibration for on-chip
biasing. Fabrication produced working fluxonium devices in both the resonator-
coupled and waveguide-coupled topologies, which is a great success for the design of
JJ arrays. In the lab, we characterized the bare resonator, verified dispersive cou-
pling where appropriate, and mapped the flux-dependent transition spectrum of the
waveguide-coupled device. Using reflection measurements and a fit function derived
from input—output theory, we extracted coupling parameters of the fluxonium and
quantified the radiative and non-radiative contributions to decay.

The main takeaway is that the one-dimensional electromagnetic environment can be
used as an engineered bath that selectively enhances or suppresses specific transi-
tions in a multilevel atom. This is particularly interesting, as the physical system is
very simple, comprising just an atom coupled to the waveguide, compared to other
dissipation engineered systems.

In particular, we identified flux region in which matrix-element selection rules sup-
press the 0 <+ 1 transition while having sizable and similar rates on 0 <> 2 and 1 < 2.
This validates the central premise of the work: by designing circuit parameters of
fluxonium artificial atom and also the electromagnetic profile of the environment,
one can steer dissipation pathways toward systems such as A-type control.

Overall, we describe fabrication-reproducible design, simulation and quantitative
spectroscopy and demonstrate that fluxonium in a planar environment is a viable
platform for controlled dissipation and level-selective engineering.

Building on these results, our next step is to build and operate a A system using
fluxonium eigenstates. On the device side, adjustments of £, E. and E, will help
to position both 0 <+ 2 and 1 <> 2 in a more easily accessible flux bias point.
Successful demonstration of a fluxonium A-system would enable high-contrast flu-
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orescence readout and controlled heat flows relevant to quantum thermodynamics
experiments. Also, we will prototype a new device; the direct coupling with waveg-
uide will still be maintained, while also including a planar readout resonator. This
would allow for weak, quantum non-demolition (QND) readout outside the 4-8 GHz
range, which is the current limitation.
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Appendix 1

A.1 COMSOL workflow for flux-bias calibration

Our goal is to find the amount of current needed to thread exactly ®y/2 through
the fluxonium loop formed by JJ and JJ array. The calculation is performed with
the Magnetic Fields (mf) interface in COMSOL MurtipHYSICS® [40]. The key
steps are summarised below.

The GDS file generated by Qiskit Metal is imported to the comsol file, so that the
simulation catches the physics of the device. A Work Plane is used to create the
2-D shapes by 150 nm, matching the thickness of the aluminium film (Fig. A.1). To
mimic the free space around the chip, a 600 um sphere is created which encloses the
device. Later this shpere will be assigned vacuum properties.

Fy—x
z

Figure A.1: Imported GDS layout extruded to 150nm (grey) and enclosed in an
air sphere. The bias line is shorted to the ground with one and and with other is
connected to the port.



A. Appendix 1

For simulation only two materials are required:

o Air/vacuum: default settings of e, =1, p, =1, 0 = 0.

« Superconductor (Al): modelled as an impedance boundary with o =
107S/m, p, = 107%, &, = 1. We use these values because we know that
superconductor is an ideal conductor that is a diamagnet, it expels magnetic
fields[41]. These finite extrema are the largest (smallest) values COMSOL
accepts and approximate a perfect diamagnetic conductor.

We define the flux line as a coil domain and excite it with a reference current
Iy = 1mA. To capture the full physics of a superconductor, we also take in the
account Surface Current Density that is given by London Equation : J, = —\;2A,
and is imposed on the aluminium surface.

A two-step study solves first the coil geometry analysis and then a stationary mag-
netic problem.

Using the Multislice plot in logarithmic scale we visualise the magnetic-flux den-
sity and streamlines (Fig. A.2). The flux through the superconducting loop is ob-
tained from

@:/B.ds - }{ A-dl,
S oS

where we used Stokes’ theorem /s (VXA)dS = fé ; A-dl and the relation B = VxA.

As a contour whe chose a contour that encloses the loop

Figure A.2: Magnitude of the magnetic flux density (colour) and stream lines
for a 1mA bias current. The flux is concentrated through the loop because the
surrounding superconductor repels the field.

The results suggest that the required current to thread a half flux quantum is

11/2q>0 ~ 2.7 llA
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