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Chapter 1

INTRODUCTION

Microwave and Radio Frequency (RF) technology form a cornerstone of current technological
advancements, permeating both the commercial and defense sectors. These technologies are pivotal in
applications that encompass information processing, sensing, and communications [1, 2]. Commercially,
they are integral to the operation of devices and systems ranging from smartphones and 5G, WiFi
wireless technologies to radar sensors in various sectors. In defense, microwave technology is essential
for passive and active sensing, communication systems, and weapons control. The reliance on and

evolution within these domains underscore ongoing challenges in RF and microwave engineering.

As the field of RF and microwave engineering continues to encounter ongoing challenges, quantum
physics has begun to play a pivotal role in this expanding domain. In the quantum field, developments
over the past two decades have facilitated the creation and control of complex quantum systems.
These advancements extend well beyond fundamental research to emerging technologies in computing,
communication, and sensing. The superconducting platform, in contrast to other platforms such as
electron spins in silicon [3-8|, quantum dots [9-12], trapped ions [13-15], ultracold atoms [16-18|,
nitrogen-vacancies in diamonds [19, 20|, and polarized photons [21, 22|, offers unique opportunities
for parameter manipulation [23, 24]. A significant achievement in this area is the realization of the
strong coupling regime, a condition where interaction strengths surpass individual system decay rates
[25, 26]. This achievement is facilitated by advances in nanofabrication technology, allowing for the
construction of sophisticated superconducting quantum chips. This area of research in physics, where

quantum effects are studied in electrical circuits, is called circuit quantum electrodynamics.

In superconducting circuits and cavity quantum electrodynamics systems, Josephson junctions
play a pivotal role. Characterized by their strong nonlinearity, and low losses, these junctions
are fundamental for various quantum information applications. Their crucial role is evident in the
realization of parametrically driven devices, including quantum amplifiers [27-32|, frequency converters
[33-35], nonclassical light generators [36, 37|, stabilizers 38, 39|, and microwave single-photon detectors
(SPDs) [40, 41]. The operation of these devices is based on three- or four-wave mixing processes enabled
by a strong microwave drive, termed a "pump". Among these, SPDs can be applied for many quantum
protocols, such as quantum teleportation [42|, entanglement distillation [43], entanglement swapping
[44], quantum eraser [45|, quantum repeater [46], Gaussian boson sampling [47], and quantum error

correction [48].

In the optical regime, single-photon detectors are realized in various kinds of implementations
such as quantum dots [49-51|, superconducting nanowires 52|, single-photon avalanche photodiodes
[53], and up-conversion detectors [54|. Conversely, development of SPDs in the microwave domain is
particularly challenging. This is primarily attributed to the lower energy scales involved [40, 41, 55—
58] and the high performance standards demanded by applications in quantum information, quantum
sensing, and quantum illumination [59-65]. Despite these obstacles, various microwave SPD designs
with quantum efficiencies exceeding 50% have been demonstrated in the recent years [40, 41, 55-58].
The strategic significance of microwave SPDs becomes particularly important in applications such

as dark matter axion search [61], spin fluorescence detection [66, 67|, and quantum radar [64, 68].



The application of microwave SPDs in the quantum radar systems enables an experimental quantum
advantage in a target detection [64]. In the field of spin fluorescence detection, microwave SPDs can
surpass the signal-to-noise-ratio performance over the conventional electron spin resonance methods,
marking a substantial improvement in detection techniques [66, 67]. Meanwhile, microwave SPD
technologies can also further advance the rapidly growing fields of microwave quantum communication
and sensing [37, 65, 69, 70].

A common technique for detecting single photons in microwave SPDs involves the use of transmon
qubits, a dominant type of superconducting qubits used in quantum computation [40, 41, 57, 58].
The phenomenon of transmon ionization (TI) emerges when the transmon qubit state escapes the
confinement of the Josephson potential. Such behavior can be caused by strong microwave pumping,
which can set the transmon into a rather complex regime involving many quantum levels [71-74].
This phenomenon is known under various names, such as the quantum-to-classical phase transition
[75-77], first-order dissipative phase transition [78-81], chaotic regime |74, 82|, and breakdown of
photon-blockade [77, 78|. Various tools and representations, such as Rényi entropy, Floquet theory,
and Husimi Q functions, are employed to indicate potential phase transitions. Notably, within the
framework of the quantum Duffing oscillator, Rényi entropy serves as a quantifier of purity of the
quantum system, while the Floquet theory provides insights into the temporal evolution under periodic
driving. Concurrently, the Husimi Q function offers a phase space representation, revealing significant
quantum fluctuations which arise from tunneling between two metastable states. While this bistability
is known to be useful for high-fidelity readout schemes |73, 83|, its influence on the SPD behavior
remains not very well understood until now. Given the importance of such devices in quantum
applications, we investigate its complex dynamical behavior, and quantify the impact of the TI on the

SPD performance.

This thesis is organized as follows. In Chap. 2, we review the fundamental theory of superconducting
microwave circuits. Beginning with the theory of coplanar waveguide (CPW) transmission lines, we
explore the fundamental components including 2D CPW resonators, 3D cavities, and the transmon
qubit. We then examine the concepts, sources, and applications of decoherence in quantum systems.
The chapter also introduces the four-wave mixing process, pivotal in our SPD study, and delves into
quantum-to-classical phase transitions in transmon systems. Subsequently, in Chap. 3, we detail the
fabrication techniques developed at the Walther-Meifiner-Institute (WMI). We present our findings on
the internal quality factors of 2D CPW resonators and the coherence times of 2D transmon qubits,
showcasing the advancements made in sample fabrication. In Chap. 4, we present an experimental and
numerical study of the TI onset and the SPD performance of a transmon qubit coupled to a multi-mode
superconducting 3D cavity. Finally, Chap. 5 discusses the potential application of our SPD system as a
multi-photon Fock-state generator. We explore the concept of irreversible coupling and its implications

for quantum state generation and manipulation.



Chapter 2

SUPERCONDUCTING MICROWAVE CIRCUITS

Before delving into the details of quantum electromagnetic circuits, it is important to highlight some
key points, especially the electromagnetic phenomena, and the linear and nonlinear response.

Quantum electromagnetic circuits can be seen as the quantum mechanical counterpart of microwave
circuits, also known as high-frequency circuits. In many situations, electromagnetic phenomena both
in vacuum and matter can be described classically based on Maxwell’s equation and the concepts
of classical optics. In some cases this is no longer possible and the electromagnetic fields, which so
far have been treated classically, have to be treated quantum mechanically. This extends classical
electrodynamics and optics to quantum electrodynamics and quantum optics.

Whether the considered systems are linear or non-linear is on first sight not relevant for the
classical to quantum transition. For example, also in classical optics we can treat systems by a linear
approximation only in the simplest case (so-called linear response theory) but have to treat them by
a more detailed non-linear description for stronger perturbations, which extends the field to nonlinear

L In that case for all systems showing a nonlinear response the superposition principle is no

optics
longer valid. That is, if one superimposes two electromagnetic waves with two different frequencies, the
resulting wave does no longer contain only these two frequency components, but also other frequency
components [84, 85|. A phenomenon termed as frequency mixing. The spectrum of these emergent
frequencies is modulated by the specific nature of the nonlinearity, potentially leading to three-wave,
four-wave, or even higher-order wave mixing. Such nonlinear dynamics underpin parametric processes,
a principle already harnessed in commercial devices designed for tasks like parametric amplification
and frequency conversion. An illustrative example from our lab is the employment of an I-QQ mixer
in a room-temperature qubit measurement setup; it adeptly downconverts a GHz-frequency readout
signal to the MHz domain, aligning with the operational frequency of an FPGA.

Shifting our focus to superconducting circuits, Josephson junctions emerge as quintessential
components characterized by their pronounced nonlinearity, absence of dissipation, and compatibility
with high-frequency operations. Parametrically activated devices, such as quantum amplifiers [27—
32|, frequency converters [33-35], nonclassical-light generator [36, 37|, stabilizer [38, 39|, and single-
photon detectors [40, 41|, heavily rely on three- or four-wave mixing processes, making high-frequency
operation crucial for their functionality. It is important to note that while these mechanisms are rooted
in quantum theory, high pump power prerequisites mean that there are scenarios wherein a classical
approach to Josephson circuits suffices. In particular, we can observe a quantum-to-classical phase
transition [75-77]. That is, there exists a threshold power beyond which a classical perspective is
valid. For example, if we can approximate the Josephson system as a quantum Duffing oscillation, this
phenomenon is commonly known as the first-order dissipative phase transition [80, 81, 86]. If quantum
devices are coupled to the so-called transmon qubits, which are specific type of superconducting qubits

based on Josephson junctions, this crossover is often referred to transmon ionization [73, 74] or other

Tt is worth to mention that the departure from linearity has nothing to do with the system size but only whether or
not the considered systems responds linearly or nonlinearly to a perturbation. But we can describe small systems always
as so-called lumped element (zero-dimensional) systems as long as the system size is small compared to the wave length
of the electromagnetic fields. This is true for both a classical and quantum description.
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Figure 2.1. Transmission line element represented by a lumped-element circuit.

terms such as break-down of photon blockade [77, 78], or chaotic regime |74, 82].

Hence, the interplay between quantum and classical regimes in superconducting circuits,
underscored by the dynamics of frequency mixing and the pivotal role of Josephson junctions,
remains a paramount topic of investigation. The phase transitions and the associated operational
thresholds emphasize the delicate balance and the non-trivial transition zones in these systems.
Therefore, the study of quantum electromagnetic circuits holds significant importance in the analysis

of superconducting circuits and the design of novel devices.

2.1 Coplanar waveguide transmission lines

This section is mainly based on the paper [87] and partly based on the books [1, 2, 88|. This
section deals with the quantum mechanical description of electromagnetic circuits based on quantum
electrodynamics (QED). This field is called circuit quantum elctrodynamics (cQED) and extends the

classical treatment of microwave circuits to a full quantum description.

2.1.1 Transmission line theory

The electronic circuits considered in this thesis are composed of discrete components like resistors,
capacitors, inductors, and conductors. In classical circuit theory, the predominant parameters used
for the description of these circuits are notably voltage and current. In the realm of field analysis,
parameters of interest are often characterized in terms of their amplitude and phase. The relationship
between these parameters for the input and output fields is systematically captured through the
scattering matrix. To reconcile these two distinct paradigms, we resort to transmission line theory, a

framework that unifies the terminologies of electronic circuitry with those of (quantum) optics.

Classical transmission line theory

To make the transition between a lumped-element (zero dimensional) theory to a theory capable to
describe extended circuits, it is vital to remember that circuit theory fundamentally incorporates four
distinct lumped elements: resistance, inductance, conductance, and capacitance. Our aim, if feasible,
is to utilize these inherent characteristics as linear elements. To be able to describe extended circuits,
we consider an infinitesimal fraction of the transmission line as a lumped-element circuit, such that we
can split up the circuit in many lumped-element circuits that are coupled to each other. In this context,

R represents the series resistance per unit length, L stands for the series inductance per unit length, G
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denotes the shunt conductance per unit length, and C describes the shunt capacitance per unit length
(see Fig.2.1). It is worth mentioning that a transmission line is often schematically represented as a
two-wire line since transmission lines always have at least two conductors [1].

If we model our problem as shown in Fig. 2.1 and solve by using the Kirchoff’s voltage law and the

current law, we obtain the following differential equations by taking the limit as Az — 0,

oV (z,t) 0I(z,t)
—— = —RI(z,t) — L——
BE (1) ot
and I (z,1) I (z,1)
z z
—2 = -GV (z,t) - C— 1~
0z (z,%) ot
known as telegrapher equations. In the frequency domain, the solutions of these differential equations
are
V(Z) =Vine 7 + Voure™ (21)
I(z) =line™ " + Loute™, (2.2)
where

v = \/(R —iwl)(G —iwC).

The terms with e™7* represents the incoming wave propagation in the +z direction and the term with
€7* the outgoing wave propagation in the —z direction with carrier frequency w. Then, Vi out is the
voltage amplitude of incoming and outgoing wave, respectively, and I, out is the current amplitude.

Furthermore, we obtain the so-called characteristic impedance Z

g R —iwlL R=G=0 £
"=Ve-iwc ~— VcC

and therefore the Eq. (2.2) can be rewritten as

1

I(:)= 5

(Vine 7% — Vouee ™). (2.3)
Therefore, the entire dynamical process can be captured by Vi, and V2. To ensure compatibility
with industry-standard microwave equipment, we restrict ourselves to a transmission line design with
an impedance of 50 2. This impedance matching is critical to minimize signal reflections and enhance
the performance of our microwave circuits. To realize a 50 €2 impedance, we adopt specific dimensional
parameters for our transmission line designs. Namely, we opt for a center conductor with a width of
12 um, along with maintaining a 20 um gap between the center conductor and the ground plane. By
adhering to these design guidelines, we can effectively achieve the desired impedance, which allows for

effortless integration with conventional 50 €2 microwave systems.

In order to make the transition from a classical to a quantum description, the classical quantities as

voltage and current have to be replaced by corresponding field operators, which in turn are associated

2Strictly speaking, a distinction must be made between incoming wave and +z propagating wave, as well as outgoing
wave and —z propagating wave, especially when we consider Egs. (2.1) and (2.2). The rationale behind this differentiation
stems from the fact that the relationships expressed in Egs. (2.1) and (2.3) are typically applicable solely for £z traveling
waves and Vi, and Vo are arbitrary independent functions. However, when two transmission lines are interconnected
(like in semi-infinite lines), the incoming and outgoing waves become dependent due to the boundary conditions, leading
to an equality between both wave types [1, 89].



with the creation and annihilation operators in quantum mechanics [87, 89]. As a periodic boundary
condition, we consider a finite piece of length [ of a transmission line, which results in a selection of
possible wave numbers k with corresponding mode frequencies wy. A reasonable starting point is to

begin with the Lagrangian by initially associating the flux variable ¢ with voltage and current? [87, 89].

V() =0hp(z 1), I(2) = — % (1),

Having obtained the flux representation, we can derive the Lagrangian density

for which we obtain the momentum conjugate of ¢(z,t) as the charge per length

0L(z,t)

q(z,t) = 50ip(2.t) = Copp(z,t).

The Hamiltonian is then given by

H) = [ degplat ) + 5 @uplat),

As we can examine a wave equation characterized by the flux, calculating the Euler-Lagrange equation
reveals that both the charge per length and the flux are variables undergoing oscillations, resulting in
a Hamiltonian that represents a simple harmonic oscillator. Consequently, we are motivated to recast
this in terms of field variables in order to observe the quantum analogy of the Hamiltonian expressed

in the language of creation and annihilation operators. This can be obtained by defining

Ant) = = [ dze—ihe [ L t'kQ t
k():\7l ze \/?—CQ(ZU)—Z ﬁ@(za) )

where again the fields as a function of wave vector k have to obey periodic boundary condition on a

length [. Then we have
1

H(t) = §Z(A,§Ak + ARAY). (2.5)
k

The input voltage Vi, and output voltage Vi, can be written as

1 . )
Vin(z,t) = \/%Z[Ak(())e“(’ﬂz—wt) + A% (0)e kzmwit)] (2.6a)

k>0

1 . )
Vout (2, 1) = \/%Z[Ak(())e“(’%—wt) + AL (0)e k=) (2.6b)
k<0

where the frequency wy, is dependent on k.

3 An alternative pathway is to start with the Maxwell’s equations, which would offer a more lucid association between
the representations of voltage and current and the field representation, as compared to the Lagrangian methodology.
However, this approach makes drawing parallels with quantum optics challenging. For those interested in pursuing this
line of reasoning, we direct them to Ref. [1].



Quantum transmission line theory

With the relationship between the voltage-current and field representation in classical transmission
line theory established, we now proceed to its quantization. In the context of the Lagrangian density,
we have derived the momentum conjugate of ¢(z,t), which turned out to be the charge per length.
Using the correspondence principle [89], we treat these two physical variables as operators that obey

the following commutation relation

[4(2), &(2)] = —ihd (2 — ).
This gives us the basis for the quantization of the field amplitude derived from Eq. (2.6) which obeys

[Ap, Ap] = heogp -

T

Therefore, we can write down the quantized field operator with creation @; and annihilation operators
ay by

Ay, = /hway. (2.7)

Thus, we see by expressing the quantized Hamiltonian with Eq. (2.7) it is consistent with the classical

Hamiltonian form in Eq. (2.5)
~ o 1
Hbath = Ek hu)k |:CL]T€CL]€ + 2:| . (28)

From here on, when we perceive the transmission line as an environment, in a quantum description
it can be viewed as a bath of quantum harmonic oscillators. The core concept of the transmission
line theory, particularly the correlation between the classical voltage-current representation and the
corresponding quantum mechanical field operator description, stems from the Hamiltonian perspective
of the infinitesimally small LC circuit. This LC circuit’s energy per unit length encapsulates the energy

held within the capacitor and the inductor. The quantization of input and output voltage in Eq. (2.6)

reads
~ 1 )
‘/in(t) =1/ %Z\/ hwy, [dke_zwkt + hc}
k>0
- oodﬂ hOJZO o —jwt
_ /0 T amlwle ™ + e (2.92)
. 1 .
Vout(t) =4/ %Z\/ hwy, [age ™+ + h.c.]
k<0
_ [T [hwio it
_/0 5 5 [Aout[w]e ™" +h.c.], (2.9b)
where

. /11 N
Qin,out[W] = 27 7ﬁ2ak5(w — wg) (2.10)

k=0

is the input/output field annihilation operator obeying the commutation relation

[ain,out (W], (Gin.out [w'])f} = 276 (w — ).



In our analysis, we are often interested in a specific frequency range centered around a characteristic
drive or resonance frequency wy. Henceforth, it is advantageous to work in the time-domain using a
frame rotating at w = wp. By performing a Fourier transform on Eq. (2.10), we obtain the following

expression

- e~ Hwp—wo)(t— to)

~ 72(wk u.)())(t tl)

CLout ZLCZ ( ) (212)
k<0

Here, ty < t is the time in the distant past before any wave packet e.g. launched at the cavity reached
it, while 1 > t is a time in the distant future after the input field has e.g. interacted with the cavity
(see also Sec.2.4). Finally, we obtain for the quantized voltage and current in the frequency domain

as

g

220 w] + ot [w]) (2.13a)

. 1 . )
Tw] = ZO(V W] = Vour[w]) = \/;am — Gout|w]). (2.13b)

To summarize this subsection, we have derived the relationship between voltage-current

V [W] = ‘A/;n [W} out

representation and field representation classically and quantum mechanically.

2.1.2 Superconducting transmission line resonators

Superconducting microwave transmission line resonators play a crucial role in cQED for reading out
the qubit state [90], studying light-matter interaction |25, 26|, serving as quantum buses [91], Purcell
filters [92], photon storage devices [93], bosonic cat qubits [94] or waste mode for dissipation engineering
[39, 41]. Here, we will provide an overview of resonant transmission line structures and introduce
the fundamental concepts involved. In contrast to freely propagating waves on transmission lines in
Subsec. 2.1.1, we modify the electromagnetic field to form standing waves with discrete frequencies by
imposing specific boundary conditions. The introduction of boundary conditions into a transmission
line structure can be achieved through two common methods: shorting the line to ground or creating
an open-circuit by cutting the center conductor. Shorting the line to ground forces the voltage at
that position to zero, effectively creating a node. On the other hand, an open-circuit structure leads
to a vanishing current at the cut point, establishing an antinode in the voltage distribution. These
boundary conditions allow us to engineer the electromagnetic field distribution along the transmission
line resonator, resulting in the formation of standing waves with integer multiple of fundamental mode
frequency. By controlling the boundary conditions and resonator length, we can tailor the resonant

frequencies and achieve the desired functionalities for various applications in cQED.

In cQED, there are two types of resonators: quarter-wavelength resonators and half-wavelength
resonators. Quarter-wavelength resonators are commonly used in cQED due to their compact size
compared to half-wavelength resonators. In a quarter-wavelength resonator, one end is shorted, while
the other end is open, as depicted in Fig.2.5(a). Under these boundary conditions, the electric field

4l

distribution constructively interferes for a wavelength given by A, = <=, where [, is the resonator

length and n € N denotes the mode number. This interference results in strong suppression of all other



wavelengths inside the resonator. The wave equation has to satisfy

0?2 9
922 + k| o(z) =0

with the boundary conditions?

©(0) =0, o(lr) =po.

The solution is p(z) = ¢gsin (kz) with kl, = 7nl, /A, = mn/4. Hence, the resonator frequency, wy ,,

is formulated as

1 n c n (2.14)
w. = 0 = —_—. .
"t JLCR AL e Al
Analogously to Eq. (2.5), the Hamiltonian of the transmission line resonator reads as
S| 1
Ht) = / dz = (q(2, )2 + = (Dop(2, 1)) (2.15)
0 2Cr ) 2Lr 4 ) )

and its quantized version can be expressed as
Hy oo = g hwy p, &T&n—i—} .
) - ) n 2

In practice, we are primarily interested in the fundamental mode of the resonator due to the large

frequency separation between modes. Thus, the Hamiltonian is simplified to
H, = hweala, (2.16)

with w, = wy.1.

In summary, a transmission line resonator can be effectively described as a lumped-element LC
circuit with a single resonant frequency of interest. The ability to engineer the resonator’s boundary
conditions and resonant frequencies offers great flexibility and control in cQED experiments and

applications.

2.2 3D cavity

This section is mainly based on the books [85, 95| and partially on [96-98].

A useful realization of a quantum harmonic oscillator in the microwave regime is achieved
through a three-dimensional (3D) cavity. The 3D cavity possesses a closed hollow geometry with
metallic walls that represent high-reflectivity mirrors for microwave radiation and thereby impose
specific boundary conditions on the confined electromagnetic field. Utilizing a 3D cavity offers
distinct advantages for quantum systems compared to 1D resonators. A particular advantage of 3D
cavities is their weak vacuum field, which leads to high internal quality factors (Q;) due to weaker
coupling of the electromagnetic modes to loss channels such as two-level systems. This characteristic
distinguishes them from 1D resonators and enhances their coherence properties. Moreover, the

multimode nature of 3D cavities, arising from their three-dimensional spatial structure, leads to a

4 Again, (0) = 0 physically means the resonator end is open such that no current is flowing, while the other resonator
end is shorted for ¢(l.) = o such that the current is flowing.



spectrum of eigenfrequencies that are not equidistant as in ideal 1D resonators and their separation
can be engineered by choosing the specific dimensions of the cavity. That is, unlike 1D resonators
where eigenfrequencies are separated by integer multiples of the fundamental mode frequency, the
modes in a 3D cavity are located closer to each other. This characteristic allows for multiple
modes to interact with a qubit with comparable strengths. The unique capabilities of 3D cavities
enable a wide range of applications, including quantum memory, quantum state confinement, and the
generation and manipulation of Schrodinger cat states. These functionalities have been explored in
various experimental studies [39, 57, 71, 99-108|. Furthermore, the implementation of the Gottesman-
Kitaev-Preskill (GKP) encoding, a key approach in fault-tolerant quantum computing, has achieved
a breakthrough using a 3D architecture. This significant milestone marks the realization of the first
logical qubit beyond the break-even point [109]. The 3D cavity’s unique properties make it a promising
platform for advancing quantum technologies and exploring new frontiers in quantum information
processing.

When comparing 3D cavities with 1D resonators, a crucial figure of merit is the strength of the
vacuum field. While 1D resonators usually exhibit smaller mode volumes accompanied by high vacuum
field amplitudes, 3D microwave cavities have much larger mode volumes and correspondingly smaller
vacuum fields. The average mode volume for a 1D microwave resonator is typically on the order of
Vm,lD/)\3 ~ 107° < 1 [98, 110], while for a 3D microwave cavity, it is generally Vm,3D7mw/)\3 ~ 1
[110]. This is a very large mode volume, if we also compare with a typical 3D optical cavity with
Vim,3D,0pt/ NMar1072 <« 1 [111]. The vacuum field amplitudes for the electric and magnetic fields are

Twoy. pohw,
E = _ B =
07V 2e0V o=V 2v,

respectively. Here, w, represents the resonant frequency of the resonator and the cavity. If we insert

given by

those values into above equations for w, /27 = 5 GHz (or equivalently A = 60 mm), we obtain

1D resonator | 3D Cavity
Ey | 43mV/cm | 4.3uV/cm
By 1.4 nT 1.4 pT

This distinction influences the coupling strength between the cavity and other systems, such as
qubits or resonators. While 1D resonators allow for strong coupling and hence faster control and
readout, their stronger coupling with the environment can limit coherence times. In contrast, qubits
enclosed within a 3D cavity often demonstrate longer coherence times due to reduced coupling to

external sources of losses.

To explore the multimode nature of a metallic rectangular cavity, we analyze the TE (transversal

electric) mode, which has to satisfy the following wave equation

92 9% 92
=+ —+ k) E =
<a$2 + B taoa ™ ) (z,y,2) =0,

where k. is the so-called cutoff wave number. The differential equation presented above can be resolved

using the technique of variable separation, represented as:
E(x,y,2) = Ee(2)Ey(y) E=(2).

10
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Figure 2.2. (a) Electric and (b) magnetic field distribution of the horseshoe geometry showing the
first mode. The red rectangle indicates the input and output port. The color scale represents the field
strength in arbitrary logarithmic units, and the arrows indicate the field orientation. On all sides, the
boundary conditions for the electric fields are set to £ = 0.

Furthermore, to consider the boundary conditions for the electric fields at the walls, specifically at
z=0,a,y=0,band z = 0,d, it is essential to note that the walls are metallic and uncharged. Hence,
according to Gauss’s law, V- E = p/ey = 0, the field must be zero at every point on the surface.

Consequently, the boundary conditions are defined as

Henceforth, we obtain
l
= i (50)an () ().
a

We see that the cut-off wave number is given by

s

T T
kcxzfa kc =7 kcz—*
a Y ’ d

which are associated with the fundamental frequencies

C
fc,y _?b’ fc,z —ﬁ

In general, the possible mode frequencies are given by

_ ¢ 2 2 2
Fomt = o () (k) + ()

For more complex cavity structures, simulation software, such as CST Microwave Studio, is often

utilized to characterize the modes [112] (see Fig. 2.2).

2.3 Transmon qubit

This section is mainly based on the paper [90] and partially based on the paper [87] and the Ph.D.
thesis [113].

11



(a) (b)

Figure 2.3. (a) Electrical circuit representation of the transmon. Josephson junction is shunted by
a capacitor Cy. (b) Design of 2D floating transmon. The red lines represent the Manhattan-type
Josephson junction and its lead. The width of Josephson junction is not to scale. (c) Design of
3D transmon. The vertically stretched pads with length [, is later required for the electric dipole
interaction with the electric field of the cavity (see Subsec. 2.5.1). In both cases, 2D and 3D, the large
pads (colored in blue) realize the shunted capacitance Cj.

The transmission-line shunted plasma oscillation qubit - briefly called transmon qubit - is one of
the most successful superconducting qubit types until today [23, 24, 87, 90, 99, 113]. The advantages of
this device are the long coherence time due to the insensitivity against charge noise when compared to
the charge qubit [90, 114, 115] and the smaller critical current density of the Josephson junction, which
simplifies one step in the whole complex fabrication process since fluctuations in the oxidation process
such as in the oxidation time are less critical. Both advantages are based on the required relation
between the charge energy and the Josephson energy, namely Fc < Ej, which will be explained in
the following.

The transmon qubit consists of a Josephson junction, which is shunted by a large capacitance C,

as shown in Fig. 2.3. The Hamiltonian of the transmon qubit is described by
H =4E¢ (h — ng)2 — Ejcos, (2.17)

where the Josephson energy and the charging energy are defined as

dol, 2
— 0% Eo =S, (2.18)

FE
T T o 2C,

respectively. The effective offset charge reads

I

2.1
2e 2e ( 9)

with the gate voltage V;, gate capacitance Cy, and the environment-induced offset charge Q,. Its

eigenenergies can be precisely described in terms of Mathieu functions by

En(ng) = Ecaan, 1 k(mmn,) (—E1/2Ec) (2.20)
in the phase basis, where a,(¢) denotes the Mathieu characteristic value [90, 114]. If we now

12
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Figure 2.4. (a) Potential energy of a transmon in phase representation with Ej;/Ec ~ 80. The
transition frequency wp; corresponds to the qubit frequency wy, while the transition frequency wig =
Wg — Xgqq is different from w,. That is, we can make the separation between the first two energy levels
different. (b) Energy levels as a function of offset-charge n,. We observe flat behavior over all n, for
low energy levels leading to insensitivity against charge noise.

approximate these eigenenergies in the limit, Ko < Ej, they can be formulated as

m ;3
em = (=1)" EC24;Z;F5 \/E (;;;) o emV8Es/Fe, (2.21)
Henceforth, the transmon qubits have the properties that its charge dispersion decreases exponentially
with E;/Ec, while its loss in anharmonicity is described by a weak power law®. This charge
insensitivity can be well observed in Fig.2.4, where the lower eigenenergies are not dependent on
Ng.

The eigenenergy description in Egs. (2.20) or (2.21) is a precise formulation, but it can be
approximated in a more tractable expression. In this regard, we expand the Hamiltonian in Eq. (2.17)
up to the fourth order in ¢ = (2E¢/FE J)l/ 4 (dq + dj]). As derived in Appendix A, we then arrive at

Ty = wetihay + Malala,a, (2.22)

2

with the qubit frequency w, = VS8EcE; — Ec and anharmonicity Xqq =~ —FEc. Here, dgﬂ is the
annihilation (creation) operator. The nonlinearity of the Josephson junction results in unequal energy
spacings between quantum states. Specifically, the energy difference between the ground state and
the first excited state is different from the energy differences between other states. Consequently, we
can designate the ground state as the logical state |0) and the first excited state as the logical state
|1). In this regime, where the relevant excitation and dissipation rates are much smaller than the
anharmonicity x4, we can replace the bosonic annihilation operator a, with the Pauli annihilation

operator . This substitution leads to the well-known qubit Hamiltonian
Hy = —=0-. (2.23)

The Hamiltonian in Eq. (2.22) is also known as quantum Duffing Hamiltonian and is an active research

field with respect to the first order dissipative quantum phase transition, photon blockade and quantum

5The typical ratio used in the experiments is E;/E¢ = 20 — 80 with Ec = 200 — 350 MHz and E; = 6 — 20 GHz.
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simulations |77, 81, 85, 86, 116-119].

2.4 Decoherence in superconducting circuits

Up to this point, we have focused on discussing closed quantum systems. However, in practical
applications, quantum systems invariably interact with their surrounding environment, making them
open quantum systems. This interaction with the environment introduces decoherence effects, which
ultimately lead to the loss of quantum information encoded in the system. Decoherence manifests
as energy relaxation and dephasing processes. Energy relaxation refers to the irreversible leakage
of information from the quantum system to the bosonic heat bath of the environment, resulting
in the loss of coherence and ultimately the destruction of quantum information. On the other
hand, dephasing captures the loss of phase coherence between different quantum states, disrupting
the ordered information contained within quantum superpositions. These decoherence processes are
significant challenges in quantum technology, as they limit the coherence time and the preservation of
fragile quantum states. Understanding and mitigating the effects of decoherence are essential for the

development and practical implementation of quantum technologies.

2.4.1 Quantum description of dissipation

In this subsection, we mainly follow the paper [89, 120] and the book [85].

Quantum Langevin equation

Here, we first focus on the equation of motion in the presence of dissipation in the Heisenberg picture
and we will see that the result in Sec. 2.1 will play a central role in our discussion. The mathematical
description of "opening" the system to the environment means an interaction with the surrounding
bath [85, 89|, which leads to the following Hamiltonian

7:[ = ﬁsys + 7:lbath + ﬁsba (224)

where ﬁsys is the system Hamiltonian and ﬁbath is the environment Hamiltonian approximated by the
bath of harmonic oscillators introduced in Eq. (2.8). For simplicity, we assume a cavity resonator as

our system (see Eq. (2.16)). The coupling Hamiltonian within the rotating wave approximation is
Hp = —ihy ( Frtpd], — f;&iak> . (2.25)
k

Here, fi is the interaction strength of the system mode r with the bath mode k. The resulting

Heisenberg equations of motion can be then calculated as

a = — iwpag + fia, (2.26a)

éLr - - iwrdr - ka&k:
k
t
= —iwpby — > foe T (1) = > | fif? / dre i wr—wn)(t=1) giwr (=) (7). (2.26b)
k k to
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Figure 2.5. (a) Image of a A\/4 CPW resonator (green) coupled to a coplanar transmission line
(orange). The left end is shorted, while the right end is open. (b) Equivalent lumped-element-
representation of the CPW resonator, a,, (green) capacitively coupled to the transmission line (orange)
with the decay rate x. An infinite number of quantum harmonic oscillators can be used to model the
bath represented by the transmission line.

We can further use the Fermi Golden Rule expression such that the decay rate from the n = 1 single

photon excited state to the n = 0 ground state can be expressed as
k=2mf2g(w) =2m > [ ful?6 (wy — wp) (2.27)
k

where the interaction strength fj is assumed to be constant within the Markov approximation and the
density of states is defined as g(w,) =), 0 (w, — wy). Additionally, comparing the second term in Eq.
(2.26b) with the result given in Eq. (2.11), we arrive at the quantum Langevin equation for the cavity

mode as
b = —itwpiy — g — /R (2.28)

with the propagating input field ai,. Thus, we derived the dynamics of the open cavity system for
the energy relaxation process (see Fig. 2.5). For the calculation of the dephasing process, we replace

G, — alé,.

The time evolution we considered so far is dependent on the past influence of the input field ajy,,
i.e. t > tg. We can, however, also analyze the propagating output field Goy¢ after the input mode has
interacted with the system, so ¢t < ¢t;. Modifying Eq. (2.26b) as

. . tl . .
ar = —iwyay — Z fre @R a0 (1) + Z ]fk\Q/ dre @wrmwn)(t=1) giwr(T=1)g (1)
k k t
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and again comparing the second term with Eq. (2.12), we obtain for the cavity mode as
X LA K N
ar = —twra, + 5 VEGout - (2.29)
Subtracting Eq. (2.29) from Eq. (2.28) leads to the input-output formalism for the cavity
Gout = VKér + din. (2.30)

Henceforth, the output field contains information of the system in form of a,, which we will usually

measure in our experiment.

Quantum master equation

The counterpart of quantum Langevin equation for the Schrodinger picture is the quantum master
equation, which describes the system dynamics using the density operator p. This approach is especially
useful for a statistical description of the dynamics of the localized systems since the effects of the

propagating fields have been averaged over the trace operation [120]. That is, we compute

p(t) = Troath (Psb())

where p € Hgys is the reduced density matrix of the system and pg, € Hgys ® Hpatn is the density
matrix in the entire system-bath Hilbert space. We again start with the Hamiltonian described by
Eq. (2.24). The master equation of the system-bath density operator in the interaction picture is given
by [121, 122]

B L1y R
povint (£) = = | b 8): pains (1)

with

ﬁsb(t) — ei(ﬂsys'*'?:lbath)t/ﬁq_zsbe—i(ﬂsys-i‘?:lbach)t/ﬁ_

We now assume that the system and the bath are initially independent® such that the density operator
can be described by a product state psp, = p ® Ppath and Trpath (ﬁsb(t) ﬁsb,int) = 0. This leads to the

equation of motion seen solely by the system as

p0) = /O "t T [P t), [Fln(®), i) )

o [ @ ([0, [ 0).50) @ ] ]). )

~
~

where we have further used the Born-Markov approximation. The Born approximation assumes a
weak coupling and a large heat bath, which means that its interaction does not significantly change

the reservoir
Psb,int () = p(t) @ Prath

as well as the bath correlation function

Trbath ( [ﬁsb(t)a [ﬁsb(t')’ﬁsb,im(t/)H) ~ p(t") Trpasn ([ﬁsb(t% [ﬂsb(t,)v ﬁbathﬂ) -

SThat is, the interaction is turned on at ¢t = 0.
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The Markov approximation states that the future evolution of pgp int () is only dependent on the current
quantum state Pgp int (t), but not on the past history of pgp in¢ (). This is justified since the reservoir is a
large system that remains in thermal equilibrium. That is, we anticipate that any small perturbations
caused by its interaction with the system will not persist for an extended period. In other words,
the reservoir’s correlation time is typically much shorter than the time scale required for significant
changes in the system. Thus, the system can be effectively treated as instantaneous and memoryless,
allowing for a simplified analysis.

For simplicity, we again assume a cavity-type harmonic oscillator as our system (see Eq. (2.16)).
Using Eq. (2.31) we obtain

p(t) = a (amu)ai - aiam@)) +53 (armt)ai +alp(t)a, — afarp(t) — p(t)ata ) +hee,

where

t
8= /dtlznth wi) | ful? e @rmen) =),

where ng(wy) is the mean thermal photon number at frequency wy. In the similar spirit derived for

the quantum Langevin equation and after careful mathematical calculations [85, 120], we arrive at

plt) = =i, |afay, p(8)| + (o +1) DIVRaA(E) + DIV o(2).

The second term represents the decay into lower energy states, while the last term corresponds to
the excitation into higher states due to thermal excitation. In the cryogenic environment of around
10mK, the thermal photon number at around 8 GHz is negligibly small, 7i¢, ~ 2 x 10717, The general

formulation of the master equation is written as

A~

: R 1 &1 _ 51
p(0) = L) 3] = = [H,5(0)] + (B + 1) DILIH) + P DIEo(0), (2:32)
where we have defined the Lindbladian superoperator as £(t) [5] and the superoperator D[L]j as

. P R s
DILlp = LpLt - 5 (LT Lp+pLt L) . (2.33)

2.4.2 SLH framework

This subsection is mainly based on the paper [120] and focus on specific topics, namely the
generalization of input-output relation and quantum Langevin equation, and the SLH composition
rules.

As quantum technologies evolve, the complexity extends beyond individual quantum systems to the
intricate interconnections established through propagating electromagnetic fields. Such interconnected
landscapes, known as quantum input-output networks (QION), can be adeptly modeled using the
SLH framework. This framework emphasizes characteristics like modularity and hierarchy, enabling a
deeper understanding of these networks. A salient feature of the SLH framework is its compatibility

with control-theoretical analysis of quantum coherent systems. This compatibility seamlessly bridges
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quantum dynamics with classical control theory principles. Feedback and feedforward, fundamental
to control theory, are particularly well-represented in this model. A burgeoning domain, coined as
coherent quantum feedback control theory, is under active exploration, manifesting its potential in
numerous applications. Active devices boasting specialized functions are emerging [123, 124], alongside
advancements in quantum state control [125-127] and innovations in quantum back-action evasion for
gravitational wave detection [124, 128|. Notably, research has theoretically underscored the superiority
of quantum coherent feedback over quantum measurement feedback in executing specific tasks for
linear quantum systems [125, 129]. Additionally, the SLH framework plays a pivotal role in devising
unidirectional devices tailored for quantum information routing. Such capabilities are crucial for
tasks like heralded quantum state transfers across distant qubits and the orchestration of stabilizer
codes, vital for quantum error correction [130]. In the field of quantum filtering, such as Josephson
quantum filter, this framework can also offer strategies to circumvent the inherent trade-off between

fast control/readout and coherence time of a qubit [131].

In the realm of quantum physics, the SLH formalism, encapsulated by the triple (S, [:, 7:[), serves
as a comprehensive framework for delineating the interaction dynamics of distinct quantum entities,
including qubits and Josephson parametric amplifiers, with their associated input and output fields.
This framework is characterized by three core elements: the scattering matrix S, the loss operator’
[A/, and the Hamiltonian . What sets the SLH triple-based description apart is its versatility and
computational efficiency. It paves the way for streamlined software integration, enabling a more
automated approach to both the design and analysis of quantum network components, thus alleviating

the analytical demands traditionally placed on researchers.

Generalization of input-output relation and quantum Langevin equation

Given the SLH triple G = (S, L, ), we arrive at the following input-output relations for the general

multiple input/output case and the quantum Langevin equation for an arbitrary system operator X8

dout =L + Say, (2.34)
%X :% [’H X] +DHLX + af st [X IZ} + [ILT, X} San, (2.35)

where we have defined

Qin /out,1 Ly

=
Il

>

g
I

Ain/out = )

CA’Jin/oumN E’N [X,I:N}

"In our cavity example, we have X =a,and L = /K, for the energy relaxation process.

8Strictly speaking, the quantum Langevin equation is more appropriately expressed within the framework of quantum
stochastic differential equations (QSDEs). This preference arises due to the mathematical singularity of the canonical
commutation relation, [dm(t) al

, in(t')] = §(t — t'). To address this issue, we introduce the time-integrated form, A =

fg d7ain(7). This redefined quantity offers a commutation relation given by [dAm(t), d/l;rn(t’)] = dt. However, for the

sake of maintaining familiarity and brevity in this thesis, we steer clear of the full QSDE description. Expanding on the
broader context, there exists a necessity to incorporate the gauge process, Ain = fot de;fn(T)din(T). Yet, as our focus
predominantly rests on vacuum noise, this gauge process often vanishes.
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(a) (b)

Figure 2.6. Schematic representation of (a) series product and (b) direct coupling, where the wiggle
represent the interaction between G1 and Gs.

x| =[ [iLx]. o [ENX] ] DUEIX =) LiXE - (ELX + KLIL).

SLH composition rules

The SLH composition rules are developed by Gough and James [132, 133] and are algebraic
prescriptions for combining the SLH triples of individual components, whose traveling waves are
connected in various ways. There are three physical assumptions for these rules: (i) the validity
of Markov approximation, (ii) the fields are propagating in a dissipation-less and linear medium and
the time for propagation between localized components are negligible, and (iii) the input fields into
the network are in the vacuum state. The third assumption, however, can be easily extended for non-
vacuum states of the propagating fields. In particular, for the coherent state we describe the triple as
Geon = (1, a,0) with the classical field amplitude «.

Rule 1 (Series product) We cascade one output from one localized network, G; = (Sl,ﬁl,?:ll),
into the input of another, Gy = (S, Lo, Ha), as illustrated in Fig. 2.6 (a). The series product of
both networks is given by

G =G5 <1 G1 = (Sr, Ly, Hr)
- . h
= <5251, Lo+ SoLo, Hy + Ha + o, (Lgsle - L{S;LQD : (2.36)
Note the directional property of this result which makes Gs <1 G1 # G <1 Ga.

Rule 2 (Direct coupling) The direct coupling refers to the situation, when G and G5 are in parallel
and have a direct Hamiltonian interaction between both systems, /Hinta as shown in Fig. 2.6 (a).

In that case, we read

Gr =G, B Gy = (St, Ly, Hr)
(] S0 Ly
0 S |’

5 ] i+ Ho + 7:lint> . (2.37)
Rule 3 (Feedback reduction and network interconnection) The feedback reduction computes

Lo

the effective SLH triple that results from interconnecting an output of G to an input of G.

Suppose the original system G has N input and output ports. We want to connect the output
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port x to the input port y. This internal link is eliminated by the feedback reduction rule, which

~ A~

results in a new reduced system Gyed = (Sred; Lireds Hred) With

Sred :S:fgj + S:fy (I - Sxy)_l ng (238&)
IA‘red :ﬁi + S:T:y (I - Sxy)_l f‘w (238b)
N N h [~ A ~ -1 N

Huea =H + o <LT5:,y (I = Sp) 'Ly — L (I — S;y) S yL> (2.38¢)

and the identity I has the same dimension as the reduced Hilbert space. The subscripts on S

and L with overbars denote matrices with certain rows or columns removed. Explicitly,

_ Sl::rfl;l:yfl Sl:mfl;y+1:n _ Sl:mfl;y
Szg = ) Szy = )
Sac+1:n;1:y—1 Sac+1:n;y+1:n S;I:+1:n;y
- f—‘l:x—l
Sy = [ Swy—1 Swy+im } ) S.y =51y Lz = :
Lz+1:n

As these rules, especially the feedback reduction rule, are written in an abstract form, we illustrate
an explicit example to understand these prescriptions. This example will be also later used for
understanding the influence of parasitic modes on the quality factors in Chap.3. We consider two
resonator systems, G = (Sl,fq,?:h + 7:[int) and Gy = (52713277:[2) with

10
wef 0] o

Lp=| VRS (2.40)

vV KE20E
Hy/h =Dyl iy, (2.41)
Hint/h =012 (dlflz + dgfh) : (2.42)

Here, the resonators are described by the annihilation operator a; and the detuning A, which are
directly interacting with Hint. Additionally, both systems have two input and two output ports,
which are coupled with strength kp; and kis. For example, a typical hanger-type resonator in the
superconducting circuits, as depicted in Fig.2.5(a), has two input and two output ports with the
external coupling strengths of kg = kg2 = ki /2. We, furthermore, assume that the propagating wave
accumulates some phase ¢ until it reaches the other local network. This is described by the SLH triples

G3 =G4 = ('?,0,0). The whole picture of the network interconnection is shown in Fig. 2.7 (a).

Now, let us apply the SLH composition rules. As we have two systems in parallel directly interacting
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Figure 2.7. Schematic representation of network interconnection via the feedback reduction rule: (a)
An illustration of the network under consideration. Note the flexibility in interpreting which ports are
designated as 'input’ and ’output’ in this depiction. (b) The same components, which are concatenated
and coupled. All inputs are situated on the left and all outputs on the right. (c) Transformation of
the network to ensure eliminated nodes are block-contiguous for the application of Eq.(2.38). For
ease of representation, all nodes targeted for elimination are placed at the top of the circuit. (d) The
necessary rearrangements of the input and output ports from configuration (c) to set the stage for
proper feedback connections. In particular, we require permutations of the input and output ports
such that the ports i € 1,2, 3,4 are feedback connected. Finally, we obtain (a).

with each other, we apply the "direct coupling" rule resulting to

Gr=G1HG,BG3sHG, (2.43)

S1 L

S L N N .
= 2 , 02 yH1 4+ Ha + Hing

1 VE11a1
1 V1201
1 A/Ko1a N N .
= VIR o H | - (2.44)
VK2202
et® 0
e 0

Our next task is to interconnect the composed system to achieve the same result in Fig. 2.7 (a). That

is, we want to connect the input and output ports in the following way:

out | in
1 5)
4 6
5 3
6 2

We then perform a permutation of input and output ports such that we can use the configuration

depicted in Fig.2.7(c) and the application of Eq.(2.38) becomes simple. In particular, we use the
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scattering matrix for the permutation

Sout =

and

o = O O O O
= o O O O O
S O = O O O

= O O O O O
o = O O o O
S O = O O O

O O O = O O
o O O o = O
o O O o o
o O O o o =
o O O = O O
o O O o = O

such that we apply the "series product" rule for the rewired system
G/T = (Sout, 0, 0) <Gr < (Sin, 0, 0).

This leads to

VE11a1
0
V2202
0
V2102
V1201

6i¢ ; i‘/j“ :SoutflT —

o RO O O O
_ oo O o O

o Ol O O =
o OO0 = O O

, 7:[/T :7:[1 + 7:[2 + ﬁint‘

Finally, the "feedback reduction" rule can be utilized to eliminate the interconnections. The reduced

form of the scattering matrix and loss operators is read as

[0 0 0 0] 1
€ 0 0 0 0 0 0100 0
%=1 0 0 ol Sy:[o 0]’ S“’:!o 00 1| "o
I 0 € 0 0
[0 0 0|
e 0 0 VE11a1
0 0 0 . 0 ) [\/Edzl
Sy = ; ) = . Lz = K
0 0 €% 0 VE2202 VE1201
0 1 0 0 0
0 0 0 1|

Substituting these expressions in Eq. (2.38), we find

10
01

Sred :ei(b [
i VEa1ag + iy
4= .
h VE1201 + €%
7:[red :7:[1 + 7:[2 + ﬁint
hy/K11K 4 - h\/K12K ) )
+ @ (e%la; - e—’%{ag) + % (e%ﬁag - e—%laﬁ) .
i i

O = O O

(2.45a)

(2.45D)

(2.45¢)

A more detailed analysis and interpretation of this resulting system can be later found in Chap. 3.
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2.4.3 Quality factors

This subsection is mainly based on the paper [134-136] and the book [1, 85].

In many applications, the coherence time of quantum devices is limited by internal loss channels,
which can be effectively evaluated using resonators as a chip quality test bed [137, 138]. There are
two primary reasons for selecting resonators for this purpose. Firstly, superconducting resonators
can be easily fabricated without requiring sub-micrometer size fabrication procedures required for e.g.
Josephson junctions. This simplifies the manufacturing process and allows for efficient production.
Secondly, when characterizing losses, it is sufficient to use continuous wave microwave spectroscopy
techniques using a vector network analyzer (VNA), instead of employing more complex pulsed

measurements. This approach enables faster analysis of resonator losses.

The key figure of merit describing the performance of resonator is their quality factor Q. It quantifies
the ratio of energy stored in the resonator Eio to the energy dissipated per cycle Egiss = Poss/wr-
Mathematically, it can be expressed as the ratio of the resonator’s angular frequency w, to the total
dissipation rate k,, which comprises both external loss x,. and internal loss &, ;, giving rise to the

following relation

total energy stored Bt owr Wy (2.46)
energy dissipated per cycle " Ploss Jwr  Re Kre =+ Hm' '

The external loss represents the intentionally engineered loss channel due to the finite coupling to the
external circuit which is a transmission line in our case. This loss can be accessed and measured in
the single-tone spectroscopy, for example, using a VNA. The method of this extraction will be later
discussed in the quality factor measurement. On the other hand, the internal loss corresponds to the
undesired dissipation due to internal loss channels which may originate from a variety of different
mechanisms. To characterize the overall performance, the loaded quality factor ¢); accounts for both

external and internal quality factors inversely summed

1 1 1

o-o ‘o (2.47)

where Q¢ = wy /Ky is the external quality factor and @Q; = w,/k,; is the internal quality factor.

Input-output approach for internal and external losses

In this section, we will derive the output field in terms of internal and external losses, which is directly
related to the scattering coefficients. Our focus will be on the reflection measurement, while references
[135, 136] provide further information on transmission measurements and different resonator types
such as hanger-, necklace-, and bridge-type resonators. To facilitate our analysis, we modify the key
equations, Eq. (2.35) and Eq. (2.34), as follows: Considering that the cavity experiences both extrinsic

and intrinsic loss channels, we express the loss operators and the propagating input/output fields as

Er = "Q’/‘,C&T s din out — din/out,C . (248)
N / o
NG Qin /out,i
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Substituting these expressions into the Eq. (2.35) and Eq. (2.34), we obtain
2 . A K A A
ar = — 1Apqa, — ?T — A/ Br,clin,c — \/Frilin,i, (249&)

Goute | _ | VFrelr || dine | (2.49b)
Qout,i W“r Qin,i

where we have transformed into the frame rotating with frequency wy and defined the detunig as
Arq = wr — wq. Notably, aout,c represents the output field propagating through the transmission
line, emerging from the same port where the input field i, is incident. In the steady state, the

input-output relation can be rewritten as

A Rr.c ~ Erifire
= (1 Ve — YT G 2.50
Qout,c < i I+ Hr/2) Qin,c i g Kn,«/2 Qin,j ( )

If we now assume that the input field responsible for the intrinsic decay is a vacuum field, (Gin;) =0,

we then find for the reflection scattering coefficient

<&out,c> —1 Ry.c QZ/QC

S = (@in.c) T iAg R 2 1/244Q (wafwy — 1))

(2.51)

This result reveals two important features. Firstly, for x,; > 0 and A4 = 0, we observe |S1;| < 1,
indicating that a portion of the incoming field’s energy is lost to the intrinsic loss channels. Secondly,
when k,; = 0 and A,q = 0, we have S1; = —1, implying a complete 7-phase shift upon reflection.
This result serves as the foundation for practical quality factor extraction.

We note that for the transmission measurement of the notch-type resonator, we read

<&0ut,02> _ _HT,C/2 _ Ql/Qc
<&in,c1> 1INq + /ﬁ;r/2 1+ Qin (wd/wr — 1)),

So1 = (2.52)

where @ip 1 is the incoming field from the left, and aout,c2 the outgoing field to the right, w.o.l.g..

Quality factor measurement

In practice, we need to consider environmental distortions, which include cable delay, cable losses, and
impedance mismatches [134-136]. These imperfections are taken into account by an amplitude factor

a, phase shift «, cable delay 74, and small circuit asymmetry ¢

_da, —iwgT B Ql/’QC’eM)
S11 = ae'e <1 172+ 101 (waan — 1)>> . (2.53)

To extract the ideal resonator function (Eq. (2.51)), the circle fit method is employed, which allows us
to fit the data points in the phase space [139]. The circle fit is particularly suitable because the ideal
resonator function traces out a circle in phase space. In the following, we briefly outline the circle
fitting procedure [134, 135], which is visualized in Fig. 2.8.

1. Correction of frequency-dependent phase shift
The first linear fit of the frequency-dependent phase, which changes linearly with wg7, roughly
extracts the cable delay 7. This quantity will be needed as initial parameter guess for the
fine phase shift correction. Furthermore, a Lorentzian fit is applied to the frequency-dependent

amplitude to obtain the resonance frequency w, and to select a reasonable amount of data for
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Figure 2.8. Example of circle fitting procedure with acquired data from sample PRes-061 (blue/green
dots). (a) Rough frequency-dependent phase correction by linear fit (red dashed line). (b) Lorentzian
fit of the amplitude (red dashed line). (¢) Unwrapped data Si;; in the phase space. Due to the residual
frequency-dependent phase shift, the data is deformed. (d) Data points S112 after the removal of the
remaining frequency-dependent phase shift. S’ is the off-resonant point altered by the prefactors a
and a. (e) Determination of resonance frequency by fitting the frequency-dependent phase shift 6(wq).
(f) Corrected data Sy 4 after the elimination of the attenuation a and «. The off-resonant point is
finally located at Sy = 1. Furthermore, phase correction ¢ is determined. (g) Asymmetry corrected
data Si14 such that the resonance point is located on the real axis. The circle radius is rescaled by
cos(¢) to account for a difference |@Q.| and Re(Q.).

the following fitting procedure. Now, our aim is to correct the measured data close to a perfect
circle as the cable delay introduces a frequency dependent rotation of the phase centered at the
origin and, therefore, twists the circle to a loop like curve. Mathematically speaking, we first

transform into the rotating frame of w, by calculating
Si11 = S11e™r7,

which already looks like a circle as demonstrated in Fig. 2.8 (¢). Afterwards, the residual phase

shift is corrected by using the circle-fitting technique.

2. Fine correction of phase shift o and scaling factor a
The only imperfection resides in the phase shift « assuming « is independent of the frequency in
the close region of the resonance. To determine a and «, we make use of the powerful property of
the off-resonant point S,g = 1 because it is independent of the resonance frequency, the quality
factor and impedance mismatch. Hence, our goal is to determine the position of S!g, which is
only altered by the prefactors a and «, and then to place and normalize S/ to Sog = 1 in the

complex plane. Since it resides in the opposite direction of the circle, we first determine the
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precise resonance frequency. Now, the circle fit comes into play, which determines the center of
the circle and translates to the origin. Afterwards, we perform a frequency-dependent phase shift
fit

0(wq) = 0o + 2 arctan (2@1 <1 . wd)) : (2.54)

Wr

where 6y, Q; and w, are the fitting parameters. Finally, the off-resonant point S/ is found via

the geometric relations
Si1,2 = xc +19cos (0g +m) + i (ye + rosin (6o + 7))

with ro being the radius of the circle and r. = (x., y.) being the circle center. The absolute value

of S112 gives the amplitude scaling factor a and arg(S11,2) the phase offset . After correcting

Si13 = S112/Slg
the off-resonant point at S, = 1 is obtained.

3. Circuit asymmetry correction
To correct for circuit asymmetry, we make use of the property that the center of the circle should

lie on the real axis in the absence of asymmetry. Therefore, we apply a transformation given by

51174 = COS((Z))(Sng — 1) +1,

where ¢ represents the phase correction. It is important to note that we also rescale the radius
of the circle by a factor of | cos(¢)| to account for the difference between |Q.| and Re(Q.) [140].
This transformation allows us to effectively correct for any circuit asymmetry and obtain a more

accurate representation of the resonator function.

2.4.4 Loss mechanisms

In this subsection, our exposition closely aligns with the discourse presented in the paper [141],
supplemented by the insights obtained in [137, 138| for TLSs and [142, 143] for the parasitic modes.
In the field of quantum physics, there are various sources of microwave loss channels that can impact
the performance of quantum devices [141]: two-level systems (TLS), quasiparticles, radiative losses,
eddy current losses, and parasitic modes. In the single-photon regime, which is commonly encountered
in quantum devices, the primary contribution to loss usually arises from TLS. TLS are associated with
impurities [144-147], trapped electrons [148, 149], or adsorbates [150] present at the interfaces between
different materials such as metal/substrate, metal/air, and substrate/air [137, 138, 151]. Additionally,
the generation of quasiparticles in the superconducting material due to stray infrared light or thermal
activation can also introduce loss in these resonators. These contributions should not be overlooked, as
they can significantly impact the performance of quantum devices. In fact, the presence of these loss
mechanisms can lead to an effective qubit temperature that is defined by Tog = hwq/kgIn(1/ (ng) — 1)
and exceeds the actual temperature of the cryogenic environment, reaching values of up to 150 mK even
when the dilution refrigerator temperature is around 10— 50 mK [103, 152, 153|. Furthermore, the chip
environment plays a crucial role in device performance, particularly with regards to eddy current loss,
slotline, chip and box modes [142, 143, 154-156]. Implementing countermeasures to improve coherence

times requires careful engineering of the sample box design, including a high density of short grounding

26



wirebonds, the absence of a normal conducting ground plane under the chip, and a shift of chip and
box modes to higher frequencies. These measures help mitigate the detrimental effects of the chip

environment, contributing to enhanced coherence times and improved device performance.

TLS losses

TLS are recognized as significant sources of loss in superconducting quantum devices, and they usually
can not avoided completely in various dielectric materials [137, 138, 156]. Especially, the TLS are
contributing most at positions where the electromagnetic field has a high amplitude. These TLS
exhibit two forms of interaction with quantum devices: coherent coupling leading to decoherence
[138, 151, 157], and low-frequency environmental noise causing dephasing [150, 158, 159]. As illustrated
in Fig.2.9, the impact of TLS is particularly pronounced at interfaces involving metal/substrate,
metal/air, and substrate/air, where the absence of crystalline order characterizes the amorphous state.
Disordered oxide layers commonly associated with these interfaces contain a significant density of TLS
resulting in an undesired loss channel. For instance, when silicon (Si) is utilized as the substrate,
oxidation occurs, resulting in the formation of SiOs. In the case of Nb/Si or Al/Si layers, silicon oxides
can be a prominent source of decoherence at the metal /substrate interface. Similarly, niobium (Nb) as
a superconducting material can form surface oxides such as NbOy and NbaOj [160], while aluminum
(Al) is subject to oxidation, leading to the formation of AloOy. In crystalline a— AlOs3, each aluminum
atom is bonded to six oxygen atoms. However, in its glassy form, approximately 55% of aluminum
atoms are fourfold-coordinated (bonded to four oxygen atoms), and 42% are fivefold-coordinated [161].
Although the precise microscopic origin of these two-level systems remains not fully understood [137],
a phenomenological model known as the power and temperature-dependent model provides a suitable
description of their behavior in amorphous glasses [162]. This model predicts the TLS loss dTrg as

[162]
tanh (hw/2kgT
oTLS = 018 (o 2k >7 (2.55)

1+ (ny/ne)?

where 5%LS represents the internal unsaturated TLS loss, n, = Q% /nmQ. denotes the photon number
circulating inside the resonator for the nth mode, n, is the photon number resonantly applied to the
input of the resonator, and [ is a geometry-dependent design parameter [137, 141, 162-166]. The
critical photon number n,. encompasses the average relaxation and dephasing rate of the TLS ensemble

[156, 162],
3he

N 2,u2TLSTl (T = 0)Tac

T% coth (§), (2.56)

e

with £ = hw,/2kpT, the effective dipole moment of the TLSs utrg, the relaxation time of the TLSs

71 and the TLS coupling rate to acoustic phonons 7'

Quasiparticle losses

Quasiparticles in superconducting materials are generated by breaking up the Cooper pairs. The pair-
breaking can occur in various ways: thermal excitation and electromagnetic radiation at frequencies
above the gap frequency [141]. The thermally generated quasiparticle density is usually about
exponentially dependent on the ratio of the thermal energy and the superconducting energy gap Agc
at temperatures far below the critical temperature. Henceforth, using superconducting material with

larger Ag. such as Nb is always beneficial.
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Figure 2.9. Sketch of defects at interfaces metal/substrate, metal/air, and substrate/air, showing a
cross-section of a chip with no substrate treatment. At the metal/substrate interface and substrate/air
interface, TLS can arise in silicon oxide layers, manifesting as surface defects. In particular, incomplete
bonding of silicon atoms leads to the presence of unpaired electrons localized on the defect silicon
atom, resulting in the formation of dangling bonds [167]. At the metal/air interface, the metal surface
is susceptible to oxidation, which can host TLS in the form of atomic tunneling systems. Additionally,
adsorbates like hydrogen and molecular oxygen introduce surface spins. Residual materials from
fabrication processes, such as resists, also contribute to the presence of surface defects.

Microwave radiation can induce pair-breaking and power-dependent loss, which is characterized by

k
5 o (g) (2.57)
with an unspecified exponent k. Usually, microwave frequencies of a few GHz are not sufficient for most
materials as the gap frequency corresponds to severy 10 (Al) up to several 100 GHz (Nb). However,
they can redistribute already generated quasiparticles to higher energies. So, when a sufficiently
strong microwave tone excites pre-existing quasiparticles from an energy level £ > Ag. to a higher
level E 4+ nhw (n € N) with w being the microwave frequency, the quasiparticles can relax towards
energy levels near the superconducting gap by the emission of phonon that are capable to break up
additional quasiparticles. This loss mechanism becomes more noticeable at high power levels.
In case of the thermal activated quasiparticles, the quasiparticle density strongly increases with
decreasing ratio ¢ = Ag./kpT, of the gap energy and the thermal energy, i.e. with increasing T' or
decreasing Ag.. According to the Mattis-Bardeen theory [168], the loss can be described by

s _ 2K e~ sinh () Ko (€)
P ( 21 /¢ — 2e~€.Jy (5)) ,

(2.58)

where K is the ratio of kinetic inductance to the total inductance of the material, ¢ = hw,/2kpT,
and Ky, Jy are the modified Bessel function of the first and second kind, respectively. In practice,
the refrigerator operating temperature ranges between 10 — 50 mK. At this temperature quasiparticle
losses are usually negligible even for materials with small energy gap such as Al.

In contrast, non-equilibrium quasiparticle loss has been identified as a significant factor that can
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degrade the performance of quantum devices. This type of loss is attributed to the presence of stray
infrared light originating from higher temperature stages [152, 169], which can be effectively mitigated
by isolating the devices from the radiative environment using multistage shielding techniques [170].
Additionally, cosmic rays can also generate quasiparticles through particle ionization, which poses a

new concern in maintaining device performance [171, 172].

Eddy current loss

Eddy currents are electrical currents that are generated within an electrical conductor by a time-varying
electromagnetic field. This phenomenon simply results from by Faraday’s law of induction [173]. These
flow of currents counterbalance the magnetic fields that created them according to Lenz’ rule. In our
context, the most proximate conductive material is the normal conducting ground plane underneath
the chip, which leads to eddy current loss, also referred to as conductivity loss. This loss depends on
the distance d = dchip + dyac, Where depi, denotes the thickness of the substrate and dya. represents
the vacuum gap (see Fig.2.10). Hence, a common strategy to mitigate this is to construct a sample
box with a far distant ground plane under the chip or to use a superconducting ground plane. Such
a design diminishes conductivity loss and decreases power dissipation by reducing the electric field at
the boundary [142, 143, 155, 156]. As shown by [156], the loss can be described by

[ Wt dehip + dyac ZoK (d)l,
e = 1 , 2.59
ddy 20box < N dchip/ﬁr + dyac 32(Zvacw)2 ( )

were (i =~ g is the absolute permeability of the conductive material, ooy refers to the electrical

conductivity at the resonator frequency w,, Zg = 508, Zyae &~ 3772 is the vacuum impedance, and
K(d)? = ffooo dyk(y,d), where k(y,d) denotes the field distribution at z = 0 along the y-direction. I,
stands for the resonator length, w for the resonator gap width, and €, = 11.9 is the relative dielectric
constant of the Si substrate.

Notably, within a gold-plated copper package with a standard conductivity of opex = 4.5x10% S/m,
eddy current loss approaches a saturation point at Qeqqy = 4.5 X 105 when dyae ~ 3mm. This quality
factor is reduced by around three orders of magnitude for dy,c = O mm, as indicated by the simulation
[142]. Note that Qedqqy can be further improved by a proper choice of material, for example Cu coated
by superconducting Al with an oxide thickness of 2nm. In this situation the quality factor is only
limited by the dielectric loss of 5 x 10712 [143].

Parasitic modes

Parasitic modes in quantum devices are primarily caused by the chip environment, including factors
such as sample boxes, wire bonding, and air bridges [141]. The main issue arises from the overlap
between the parasitic modes and the modes of the quantum device, leading to unwanted cross talk.
This cross talk occurs with low-Q); box modes and slotline modes, resulting in a reduction of the
intrinsic quality factor (Q;) of the device [142, 143, 154, 155]|. Several strategies can be employed to
mitigate parasitic losses. One approach is to increase the detuning between the resonator mode and
other modes present, reducing the field overlap. Additionally, increasing Q. of all modes can also help
to minimize the impact of parasitic losses. The presence of a sample box gives rise to box modes,
which correspond to cavity modes within the surrounding free space. These modes exhibit frequencies

that are highly dependent on the specific geometry and boundary conditions of the sample box. By
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Figure 2.10. [llustration of sample box with chip. The Si substrate with the relative dielectric
constant &, = 11.9 (dark blue) covered by the superconducting thin film (beige) is separated from the
copper floor (brown) by a vacuum gap dyac. For dy,e = 0, significant loss contribution from the eddy
current loss and cross talk to the chip mode can be expected.

modifying these factors, it is possible to effectively manipulate and control the frequencies of the box

modes.

Another important consideration is the influence of the superconducting thin film that covers
a significant portion of the chip area. This thin film and the floor of the sample box create an
additional cavity inside of the dielectric substrate. The presence of the dielectric medium within this
cavity significantly lowers the frequencies of the fundamental modes compared to the vacuum case.
For a typical chip size of 6 mm x 10 mm, these fundamental mode frequencies typically range from
8 — 12 GHz [143, 174]. Consequently, the coupling between the quantum system and these box modes
is strengthened, leading to enhanced Purcell decay. To mitigate this effect, it is possible to introduce a
vacuum gap between the substrate and the ground plane of the sample box, as illustrated in Fig. 2.10.
This helps to minimize the influence of the dielectric medium on the fundamental mode frequencies.

Indeed, we can model the relative change in the fundamental mode frequency as

fO \/5»_7“ 4 5rdvac + dchlp (260)

dvac + dchlp
where €. represents the effective dielectric constant between the thin film and the sample box floor, denip
denotes the thickness of the substrate, and dy,. represents the vacuum gap. Here, we have assumed
that the cavity dimensions in the z direction are much smaller compared to the (x,y) directions, the
fundamental mode fy is primarily affected by changes in the dielectric filling. As this equation is a

monotonically increasing function, it allows us to place the fundamental mode at higher frequencies

by increasing dyac.

Parasitic slotline modes arise when there is a voltage difference across the conductor. This typically
occurs when the ground plane is separated from the coplanar waveguides or if there is insufficient
electrical connection between the ground plane and the sample box. These slotline modes can couple
strongly to CPW resonators due to their significant field overlap, resulting in lower ; values due to
their extended spatial presence in the dielectric and packaging. To mitigate this effect, techniques
such as wire bonding and air bridges can be employed to eliminate or reduce the presence of parasitic

slotline modes.
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Other losses

Other sources of loss in superconducting quantum devices include loss by vortex motion, vortex loss
and radiation loss. Vortex motion induced loss only occurs if there are Abrikosov vortices trapped in
the superconducting materials and if they can move under the action of the Lorentz force induced
by the microwave currents flowing in the superconducting film. Consequently, to mitigate losses
stemming from vortex motion, a technique known as "flux traps" is implemented. These traps are
essentially holes strategically incorporated into the superconducting films, designed to reduce the effects
of vortex motion. Note that even if type-I superconductors are used for the microwave circuits, the thin
superconducting film can exhibit type-II behavior, allowing for the formation of vortices [175, 176].
Radiation loss, on the other hand, stems from the dissipation of energy into free space. The amount
of energy dissipated depends on the frequency and geometry of the CPW resonator. To mitigate
radiation loss, one approach is to place the chip inside a cavity or inside a sample box. This cavity

acts as a filter, reducing the amount of energy radiated into free space and suppressing the radiative
loss [154, 177].

2.5 Interacting system

Having introduced the fundamental systems, namely superconducting microwave resonators and
transmon qubit, we now turn our attention to the interacting system. We first discuss the qubit-

photon interaction following [23, 24| and then address the four-wave mixing process.

2.5.1 Qubit-photon interaction

The qubit-photon interaction, also known as the light-matter interaction, is a central concept. In
general, it is described by the quantum Rabi model, which captures the interaction between a qubit
described by the Hamiltonian in Eq. (2.23), and the quantized harmonic oscillator, as described by Eq.
(2.16) |24, 90, 178, 179|

A o hw, . ~ . . ~
Hravi = hwrdla, + Tqaz + hggr (O‘T + a) (aT + aI) , (2.61)

where g4, is the vacuum coupling strength. ¢ and 61 is the de-excitation and excitation Pauli operator
of the qubit, respectively, while d,(j) is the annihilation (creation) operator of the resonator mode. This
Rabi model is, however, not suited for an analytical study. If the eigenfrequencies of each system, w.,
are much larger than the coupling strength g4, we can apply the rotating wave approximation, which

leads to the Jaynes-Cummings Hamiltonian [23, 24, 90, 98, 179|
; ST o 1 sal
Hic = hwrala, + — 0 + hggr (a a, + aT> ) (2.62)

We can understand this Hamiltonian as a number preserving process: the qubit can be either excited by
annihilating a resonator photon (6%é,) or de-excited by creating a photon (6ELT). Its eigenfrequencies

can be analytically found to be [98|

Wt =wpn £ \/Agr +92.(n+1)
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(a)
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Figure 2.11. (a) Lumped-element-representation of the distributed circuit, where the transmon qubit,
aq, and resonator, a,, are coupled together. (b) Schematic representation of a horseshoe 3D cavity
enclosing a transmon qubit chip. A 2D structure placed in a 3D cavity is also called "3D transmon
qubit". The colored vertical arrows depict the electric field E(7). The electric field E(7) and the dipole

=

moment p, are aligned in parallel realizing the electric dipole interaction, gqr = py - E.

with the detuning A, = wg — w;,, and its corresponding eigenstates

|n,+) =cos O, |n+1,0) +sin O, |n, 1) (2.63a)
[n, =) =sin Oy [n+1,0) — cos O [n, 1) (2.63b)

with the mixing angle

1 294V 1
O, = ~tan"! 2grvi ¥ .
2 Agr

Thus, the eigenstates of the coupled system (also known as dressed states) are superposition of the
bare (uncoupled) qubit and resonator states.

As already discussed in Sec. 2.3, the transmon qubit is not a pure two-level system and in many
cases the additional levels have to be taken into account. Taking into account only the third level for
simplicity, we can rewrite the Hamiltonian in Eq. (2.62) as [24]

Hao/h = wpala, +wali, + X2akala,a, + g (alar +agal) (2.64)

where we have replaced the Pauli operators to the annihilation (creation) operators &((IT) obeying the

commutation relation [dq, d};} = 1. For example, if the 2D transmon and the resonator are coupled
with capacitance C.. in cQED as shown in Fig.2.11(a), the coupling strength can be expressed as® [90]

Ce

Gqr = \/wqwr2\/(cq T Cc) (Cr n CC) . (2.65)

In case of a cavity QED such as illustrated in Fig.2.11(b), where the transmon is coupled with the

cavity via the electric dipole interaction, we have [24, 104, 106]
Jaqr = Py E(7) (2.66)

with the dipole moment p, = el—:] and the cavity electric field E(Fq) at the position 77 of the transmon

qubit.

9see also AppendixB.1 for the derivation.
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Qubit driving

One of the most important methods for manipulating single qubits is through an external microwave
drive. Here, we are considering the driving of an interacting qubit-resonator system, but this discussion

is also valid for the direct qubit driving.

Eq. (2.62) can be reformulated as a qubit driving Hamiltonian. Assuming a coherent state for the

resonator'’, we can transform the Hamiltonian into the displaced frame and obtain!! [179]

N hw . . L
Hyd = 76163 + hggr 0| (&Te*we*“"dt + 5’61¢€w}dt> , (2.67)
where the time dependent complex amplitude, «,.(t), due to the coherent drive with frequency wy is

given by!?

—iwgt _ _V Kr <diﬂ> et

1) = —i¢ .
or(t) = las| e iwy — iwg + Ky /2

Note that the phase ¢ is dependent on the detuning w, — wy as well. Moving furthermore into the

rotation frame of the drive, Ho = hwyb» /2, we can get rid of the time dependence. We obtain

. hA 2h,
0d = 211%”L gCI;|aT|

. . hA,, A , .
(&T e 4 &e“i’) = %5+ % <6Te_“¢’ + &ew) (2.68)

with the qubit-drive detuning Ay = wg—wq. The time evolution of the qubit state for |4(0)),., = [0)

rot
can then be read as (see Sec. C.1)

|¢J(t)>rot =sin <2> €_Z¢/2€_ZQRabit/2 |\Ilf>r0t + ¢ cos <2> €Z¢/2€ZQRAbit/2 |\Ij+>rot

with the Rabi frequency Qgrapi = /A% + Ag 4~ The probability of finding the qubit in the excited state

is determined by

P([1)) = (@) Pe [4(2)) = (@] 1) (1] [(2))

o 9 0 o 0 0\ |?
= | —ie!®/2—0Ranit/2 giyy <2> cos <2> + jei®/2Hi0Ranit/2 giy <2> cos <2>
.9

:Sln (0) eiQRabit/2 . e_iQRabit/Qr — Sil’l2 (0) sin2 QR&bit

4 2

A2 2 QRabit
=i . 2.69

Az Az ( 2 ) (2.69)

We can determine the qubit frequency by plotting the Rabi frequency Qrap as a function of the
detuning A, and identifying its minimum. At this minimum, the driving frequency is equal to the
qubit frequency. The Rabi frequency is proportional to the square root of the drive power €, due to its
dependence on the magnitude of c,.. In this context, the parameter ¢ can be interpreted as the pulse
length of the drive.

10This assumption is typically valid when using a coherent microwave tone.
"Here, we neglect the quantum fluctuation of the resonator, é.
12Here, we assume that the resonator mode is already in steady state. See Sec. C.3.
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Dispersive regime

The conventional readout procedure introduces noise into the system due to the Heisenberg uncertainty
relation, making it impossible to obtain the same result repeatedly. However, in certain situations, it
is possible to perform a non-destructive readout that does not disturb the system, leading to repeated
identical results. This type of measurement is known as a quantum non-demolition measurement (QND

measurement) and is essential for measurement-based quantum feedback control.

The readout method for the transmon qubit is based on the reformulation of the Jaynes-Cummings
Hamiltonian (Eq. (2.62)) in the dispersive regime, where the condition |Ay,.| > g, is satisfied. In this
regime, the system’s Hamiltonian can be accurately described using the Schrieffer-Wolff transformation
(refer to Sec. C.2 for more details) |23, 24, 90].

. 1 .
Hyaisp/ T = (wr + %qa) far + 5 (g + X;) 5. (2.70)
Here, xqr = 2g3T /Agr is the cross-Kerr strength. The term X;" &Z&I&T is known as the ac-Stark shift or

dispersive shift related to the finite number &I[Lr of resonator photons, while Xé" 0, is called as Lamb

shift due to vacuum fluctuations. The Hamiltonian presented can be interpreted in two ways: Firstly,
the frequency of the resonator is dependent on the state of the qubit, and secondly, the frequency of
the qubit is dependent on the number of photons in the resonator. The former interpretation is utilized
for reading out the qubit state, while the latter is employed for photon number calibration and is also

the source of increased qubit dephasing.

As discussed in Egs. (2.51) and (2.54) in Sec. 2.4, the resonator’s response within the rotating frame

of w,nd:[d,n is expressed as
265

Si=1- —"""-—,
TiXqr + Kre

(2.71)

where, for the sake of simplicity, we have neglected internal losses. In both instances, the responses
are primarily focused around the resonator’s resonance frequency. The fundamental principle behind
the qubit readout is that, if this frequency alters due to a shift in the qubit state, we can detect
changes in either the microwave amplitude in transmission measurements or the phase shift in reflection
measurements (in the reflection measurements, we evaluate the phase response as no amplitude change
can be discerned.). The optimal ratio for the readout is x4 = £, as suggested in [180]. This optimum
can be understood if we consider two extreme scenarios: xqr < K, and xg4r > k. The former scenario
makes it challenging to differentiate between states |0) and |1) due to significant overlap of the Gaussian
distributions in the I-Q) plane, while the latter scenario results in very small signals. Hence, there is

an optimum between two extreme regimes.

If we consider the transmon as three level system, we need to account for the anharmonicity. That

is, the dispersive shift is reduced to [90]

/ Xqq
Xgr = Xar = A >
qr qr qu 4 Aq’r
which leads to
~ R SN X N
Hy disp = (w,, + X;Tagaq) ala, + (wq + 57") alag. (2.72)

It is important to note that we need to apply the formula g4 = |/x;,Qqr for extracting the qubit-

resonator coupling strength.
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Purcell effect

As discussed in Sec. 2.4, the interaction of a qubit with an open transmission line leads to free-space
spontaneous emission, as the qubit is coupled to an infinite number of harmonic modes. However, when
the qubit is weakly coupled to a single-mode resonator, a significant enhancement in the qubit decay
rate can be observed. This phenomenon is known as the Purcell effect [181, 182]. The key distinction
lies in the density of states (number of states per frequency interval), which determines the number of
photonic states the qubit can interact with.
The density of states for the transmission line is proportional to wg, while the density of states for
the resonator is described by a Lorentzian function [182]
2
D, (wy) = jﬂmﬁ (2.73)
which essentially acts as a band pass filter. If the detuning between qubit and resonator is negligible
(0gr < Ky), the density of states is enhanced by the quality factor of the resonator. This high density
of states enhances the spontaneous emission rate, surpassing that in free space. However, for a large
detuning between the qubit and resonator (J4, > k), the reduced density of states suppresses radiative
decay. This effect is called Purcell filtering. The Purcell-filtered relaxation rate of the qubit can be

expressed as [92]

r,c 2 r ?
Vg, P = HQ’ — \2[\/—./4 + 4/ A%+ (/irAqr)2 ~ Rrc (Zq> (2.74)
qr

with A = A?;r + 4927, - ”%,c /4. While the Purcell effect can significantly enhance the coherence time of
the qubit, it is important to note that this enhancement is subject to the condition ggT /Ag < 1 and
Krc/0gr < 1 at the same time. However, these requirements may be in conflict with achieving strong
qubit-photon coupling and fast qubit readout [100, 106]. In scenarios where a long coherence time
of the qubit is desired but the condition (2.74) is not satisfied, we call the system is Purcell-limited.
To overcome this limitation,so-called Purcell filters are commonly employed in between the readout
resonator and transmission line [183, 184]. These filters can help to control the density of states and

improve the qubit’s coherence properties further.

2.5.2 Four-wave mixing

In this subsection, we delve into the description understanding of multi-wave mixing in Josephson
physics. The Josephson junction, a highly nonlinear element described by a cosine potential in the
Hamiltonian, enables the realization of strong multi-wave mixing processes. Particularly, three- or
four-wave mixing processes find applications in various parametrically activated devices, including
parametric amplifiers [27-32, 185], frequency converters [33-35], nonclassical-light generators [36, 37|,
stabilizers [38, 39|, and single-photon detectors [40, 41|. Our focus here is specifically on the irreversible
frequency conversion process demonstrated in the recent work by Lescanne et al. [41].

This idea bears resemblance to the Jaynes-Cummings Hamiltonian discussed in Subsec.2.5.1. In a
similar manner to how the eigenstates in Eq. (2.63) can be described as a superposition of the bare qubit
and resonator states due to their coupling, the bare modes can be expressed as a sum of eigenmodes,
each multiplied by a kth polynomial order when expanding the Josephson cosine potential. By carefully

selecting the appropriate driving frequency, we can engineer specific multi-wave interactions, allowing
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for precise control and manipulation of the system.

Hamiltonian

We are considering a system consisting of a 3D cavity containing a qubit that is coupled to two modes
of the cavity, the so-called buffer and waste mode (see Fig.2.12). The transmon qubit is coupled
with the buffer and waste mode via electrical dipole interaction. The electrical dipole moment of the
transmon, which is realized by the antenna-like long capacitance, interacts with the electrical fields
of the buffer and waste, as illustrated in Fig.2.12(a). The cavity modes can be excited by external
microwave drives via stub antennae by electrical dipole interaction [96, 97]. Hence, the Hamiltonian

description of our system is described by

H=Hg+Ho+ Huw + Hop + Haw + Hoa + Hud, (2.75)
where
H :WEJCOS 2—7T<i> (2.76)
¢ 2Cs; ®g '

is the transmon qubit Hamiltonian with the charge Q, the magnetic flux <i>, the gate charge Q4 the
total capacitance Cy, the Josephson energy E, and the flux quantum ®q [24, 90, 114],

N 1 2, [
Hb/w = 5 /d?’reoEg/w + M()Hg/w (277)
is the Hamiltonian describing the buffer /waste with the clectric field E(7) and the magnetic field H (7)
[85, 95], R

Havjw = Dy v (2.78)
is the interaction Hamiltonian between the transmon qubit and buffer/waste mode with the electrical

dipole moment of the transmon ﬁq = Ql—:] with its antenna length [, [24, 97, 104], and

~

Hab/w - ﬁa(t) ’ Eb/w (279)

is the external coupling Hamiltonian between the antenna and buffer/waste mode described by the
electrical dipole moment of the antenna py(t) = py cos (wgt) with the driving frequency wy [96, 97].

This last term is also called the driving term.

It is convenient for the second quantization, if the unit of all variables is dimensionless. Fortunately,
since the Hamiltonian can be generalized to the generalized coordinates and its conjugate momenta
[186], we will rewrite them in the dimensionless canonical variables (Q, P;), where the indices z =
q, b, w represents the qubit mode, buffer mode and waste mode, respectively. In this case, the above
Hamiltonians are reformulated as

N 4FEc /2 2 E; 2 wp [ 2 2 w 2 S
Afn == (Pa=ng) " = S eos (Qu) + 7 (P +QR) + 7 (P2 + Q%)
+ v Py Py + §uw Py Py + 263, cos (wat) Py + 264, cos (wat) Py, (2.80)
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Figure 2.12. (a) A transmon is mounted in a 3D superconducting cavity coupled with the cavity
waste/buffer mode (orange/green shaded area representing its electric field distribution in the cavity).
(b) Principle of the microwave single-photon detection. A coherent incoming photon (green wave) is
absorbed by a buffer mode, a;, and is converted to a pair of qubit mode, &, and waste mode, a,,, with
interaction strength g4&,. Due to the engineered fast dissipiation of the waste mode, Ky, > |g4€p|, the
reverse process (&Z&&w) is effectively inhibited.

where we have defined

2 A 2 QT ~

Pq EQ/(Qe)v Qq =—9, Ng EQQ/(QG)) €b/w =+/Fb/w,cPin

with the flux quantum @, gate charge (g, external coupling rate xy/,, . of the buffer and waste mode,

respectively, and the square root of the pump photon flux pi,. Furthermore,

2
e ~ Wh/w o >
Ec=——+ =— [—1—2 -l
C 2027 gb/w 280%/1” eub/w q»

where @y, 1s the unit vector of Eb Jw-

Rescaling of the canonical conjugate pair of the transmon qubit

Since what we measure in experiments is the eigenfrequency of the device, it is convenient to transform
the Hamiltonian in Eq. (2.80) into the eigenmode basis. Furthermore, the eigenmode description also
helps us to understand the four wave mixing process due to the Josephson nonlinearity.

To obtain the eigenmodes, we separate the right hand side of Eq. (2.80) in linear, nonlinear, and
driven parts. Additionally, we included fSEcngpq in the driven Hamiltonian, as it does not have a

bilinear form and thus unsuitable for the eigenmode basis calculation. Henceforth, we get

Hiin/h =$1§3 + %éﬁ + % (135 + 52%) - %w (135 + qu)
4 L,y + GuPy P, (2.81)
Ho =— Ey (cos (éq) + ég/2> , (2.82)
. SEo =2 2 s
Hare /B = — Tnqu + 2¢ep cos (wqt) Py + 24, cos (wgt) Py. (2.83)

It is favorable, if we can write the two qubit terms in Eq. (2.81) in form of wq(qu + Qg) /4. For that
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purpose, we rescale the canonical variables of the transmon qubit as follows!?

(B ~1/4 R 9B\ V4 &
B=(it) h o=(%2) (2.84)

Inserting Eq. (2.84) into the two qubit terms in Eq. (2.81), we obtain

2 Eya E;\'? ., Ej (2Ec\"? .
4ECP,12+7Q3 =L¢c <2EC’> Pq2+7 Eil] Qg

ECEJ 1/2 . ECEJ 1/2 o
(5 e ()

_ q P2 N2
—ZW%+%)

where we have defined the qubit frequency wy, = v/8EcE;/h. The coupling parameters can also be

B 1 E; 1/4 .
gb/w =9 2EC gb/w'

Setting Pb/w = Pb/w and Qb/w = Qb/w, we can reformulate Eq. (2.81) in the compact form

redefined as

A 2, 515 5
Hiin/h = §PTQPPP + iQTQQQQ (2.85)
with
P [P Pb, pw} R Q = [Qqa Qb7 Qw} )
Wg 9b Gu Wy 0 0
1
Qpp=51 g w 0 |, Qag=5| 0 w 0
Jgw 0 wy 0 0 wy

Diagonalization of the bilinear Hamiltonian

For the diagonalization of the Hamiltonian Eq. (2.85), we transform into the Lagrangian formalism,

obtain the eigenmodes, and then transform it back to the Hamiltonian. The key pomt is that the

Lagrange formalism deals with the generalized coordinate Q and its time derivative Q, which are in
a direct linear relation. As we will see later, this linear relation is advantageous for the eigenmode
calculation [187].

As derived in Appendix C.4, the Lagrangian of Eq. (2.85) reads'*

15+ 5 15 -
£/h=5Q"ppQ - 5Q 200

Following the approach of [187], we first diagonalize
Qa0 = 0gAel.0)) = Aggl.,

where Agq is a dimensionless diagonal matrix and 1, is the identity matrix with physical dimensions

Bsee [24, 90, 114] and Appendix A for more details.
1VWWithin the Lagrangian formalism, we omit the hat denoting the operator for clarity.
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of an angular frequency. We transform the principle-axis of @) to
2 o 1/2 —
Q= AQQ ,
such that L .
_1ATA120-1 0125 _ L5311 5
L/h= 5@ AQQ QPPAQQ Q- 5@ 1,Q.
Further, by diagonalizing the matrix in the first term
—1/2~—1 A —1/2 1 4-17
AQQ QPPAQQ = OpAppl, Op,
where App is again a dimensionless diagonal matrix, and defining the eigenmode coordinate as
= ~1/4 At 3 ~1/4 1/2 5
Gm = Ap'0LQ = A ObAGSG, (2.86)
the linear Lagrangian can be recast as
rh= Lar a5 Lar a2y 4
/h - §Qm PP 1w Qm - §Qm pp]-me~
The Lagrangian equation of motion yields the harmonic eigenvalue equation

oL d oL
0Qm At g

= AYRLGn + A 15 G = OG0 + 927G

m

with the diagonal eigenfrequency matrix Q = %diag [Wrn.q> Win.bs Wm,w] 1w = A}D/Iglw. The indices ¢, b, w

refer to the qubit-, buffer-, and waste-type eigenmode. This is reasonable considering the fact that
the ratio gy .,/ ‘wq —wp /w| < 1 in the undriven case. After having obtained the eigenmodes and their

corresponding eigenfrequencies, we can transform back to the Hamiltonian formalism

7:[lin/h = %ﬁrgﬂﬁm + iéﬁgém (2'87)

with By, = 9£/0Gm = 010,

Here, we want to draw attention to the fact that according to Eq. (2.86) the general coordinate Q

can be described as a sum of the variables de in the jth eigenmode basis
Qi =) #;Qm., (2.88)
J

where ¢;; can be interpreted as the (dimensionless) zero-point fluctuation of jth eigenmode at ith

(original) basis with [@];; = AégQO pQY/2. Analogously, for the conjugate momenta we can express
Py =Y itijPn; (2.89)
J

with the (dimensionless) zero-point fluctuation 7;; of jth eigenmode at ith (original) basis with [n];; =
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Q;;AégzO pQ3/2. The full Hamiltonian can then be rewritten as
. 15, 5 2 2 1) 2 1z
)k ==PLQP, + ~GLQ0m — =2 ( cos (Qq) +2Q2
2 2 h 2
4F ¢~ .
- T”g Z Ngj Pm.j
J

+ 2¢; cos (wgt) Z nbijJ + 2¢, cos (wqt) Z nwjif’mj
J J

=5 e (PR + @) = 5 (eon (@) + 303)
J

AFq 3
- T”g Ngj P,
J

+ 2¢ey cos (wqt) Z nbijJ + 2¢&4, cos (wqt) Z nwjpmJ (2.90)
J J

with
2 A 2EC 1/4 - ~
Qq = Z ©qiQm.j = <EJ> Z BqiQm,j
J J

. . Es\*'"—. -
A= s = (5] s
J

J
according to Eq. (2.84).

Thus, we have successfully expressed the bare modes of the uncoupled system as the sums of the
normal modes, which enables the multi-wave mixing process. We further want to note that the driving

term in Eq. (2.90) now contains the qubit driving term

(25 + 280w Nwg) Pm,q cos (wqt) =2 (1 /Eb,cNbg + 4 /Iiw,can) pinif’mq cos (wqt)
=2 /e PPin Prm.q €08 (Wat) = 264 P q cos (wat) , (2.91)

which is nothing but the Purcell effect with the decay rate, v, p.

Second Quantization of the Hamiltonian

For the second quantization of the Hamiltonian, we introduce the annihilation a; and creation operators
t

a; as
= §j. Thus, the Hamiltonian in Eq. (2.90) in the Fock basis

J
1 4

1 —

Q>
L= S

Qm.;j

2.92
P (2.92)

1
2

Q>

[ E—

with the commutation relation [dj, &L

is reformulated as

. .. E 2 12 4iEc L
H/h= Z mea;aj — ?‘] <cos (Qq> + 2@2) — Tng anj (a} — aj>
J

Jj=g,bw

+ 2igy cos (wqt) Z N (d} - &j> + 2igy, cos (wqt) Z N (d} - dj) . (2.93)
J J
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Four-wave mixing for single-photon detection

Here, we are interested in the four-wave mixing process allowing to use the system shown in Fig. 2.12,
where its derivation is mostly adapted from [41]. Our aim is to have a term in the Hamiltonian Eq.
(2.93), where the buffer state, which temporary stores the incoming single photon, is converted into a

qubit state and waste mode by applying a pump pulse. That is,
H4wm/h = g4§pabaT f z(w +w wé_wd)t + h.c. (2.94)

with the total mean field amplitude &, = &; + & + &, where the qubit, buffer and waste mode is
displaced by &;/p/w [41, 72, 188]. Henceforth, we choose the drive frequency wq = w, = wy, + wy, — wj.
Here, we use w} indicating that we take into account the ac-Stark shift. g4 is the interaction strength
for the four-wave mixing process, which definition will be shown later.

Thus, to obtain the term given in Eq.(2.94) under the conditions provided above, Eq.(2.93)

transforms to

At A A 12 , At oA
Z wm7ja;aj — LBy (COS (Q;) 5@ ) — 4iEcngngg (a:; — aq)

Jj=g,bw

+ 2igy cos (wat) npp (&Z - db> + 2igy, cos (wat) Ny (dL - dw> + 2igg cos (wqt) (&g - &q) (2.95)

with
Q :Z‘qu (d}"‘dj) t Pqj (5j+§;)'
J

Here, we also omitted the terms 4Ecng, and 4Ecng,, because we assume Ecngy, Ecng, < Ejgog’q. As

mentioned above, the four wave mixing process occurs due to the high nonlinearity of the Josephson
2 S 4
inductance. Henceforth, the fourth order term of cos <Q;> + %Q’ ~ oo Q’ is important. As derived in

Appendix B.2, after neglecting terms with O(gpgb qw) and performing a rotating wave approximation,

we arrive at

2 2 4

L 24 5 Paqt- 2 ¥aq . a Paq -+ -
ﬁQl Squ 9 aba +quw 9 T w T+ 9 (]; Qq
<’04
+ %cﬂagaqaq + cquapqqagaqalab + (pqqcpqw an ha ww

+ ©4bPaqPquwPapp (dqdzdw + &E&bdiu)
with ¢gp = (Pgeq + ©apés + Pqwéuw)/Ep- Henceforth, in the rotating frame we arrive at

Hy/h ~Agalag + Awalyaw + Ayalay
Xagq it n

+ 7aTa(T1aqaq + quaTaan Gw + Xgb dfl Z ap + g4&p <a al wib + aqawaz>

+igq(t) (d:rl — &q> + iel, ( ) (ab — ab> (2.96)

we have defined

_ / _ Ly
Aj =wmj — wj, 94 =7 77 PabPaa PquwPap;

_EJSO __ Er o o __Erp o
Xag =~ 3 ;q’ Xgw =7 757¥qqPqu> Xab =" " Paq¥abs
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and for driving strength

/ /
Ew —EwNww, €y = EpNpy

For simplicity, we neglected terms with Xw, Xob-

2.5.3 Dissipation engineering for irreversible qubit-photon coupling

In this subsection, we follow [41|, which derives the nonlinear decay by tracing out the waste modes
with adiabatic elimination. After canceling out the ac-Stark terms and restrict the Hilbert space of
the qubit mode to a two level system (a, — &), we arrive at
WY Tl + Hop
Ho /B =g1&pinil 6 + g165alau6 + (Au = xqu6'e) alan
Hap/h =x0 8}y,
which dynamics is described by the Lindblad master equation

d

Sh=—i (71, 5] + KDl + mDlas]p + 14D161p + 74,4 D1676]7

= = i [l | + KDl + Lo [ (2.97)

where

Lov [0 = — i [Figy. 7] + mDlan]p + 7D [510 + 74 6D[6 1615,

Adiabatic elimination

For the adiabatic elimination of the waste mode, we assume that

g4§p
R

Xj3'
R

~ K1,

)

such that the waste mode is dominantly in the vacuum state due to the fast decay rate x,. Hence,
we can reduce the Hilbert space of the waste mode to H,, = span (|0y),|1lw)). In particular, for the

density matrix p € Hy ® Hyp @ Hay, the reduced density matrices acting on the qubit and buffer Hilbert
space we have the following relations

{Ow| £10w) =poo, (Ow| p|1w) =6po01, (Ll p|Lw) :52/6117 (Ow| p[2w) :52ﬁ02
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with |jy),|Jjs,) being the Fock basis of the waste mode. Note that poo € Hq ® Hyp. By projecting
Eq. (2.97) with (Oy]| ... [0w) , (O] .- [1w) , (Lw| -.- |1w), respectively, we obtain

% poo = — i (Ou)| [g4§pdde6T + u€lal o + <Aw - quafa) il iy, ﬁ] |0w)

+ (Ol maDlawl 0u) + L o)

— i [g4§;agaﬁm - g4§pﬁ01db&T] + 0%kupr1 + Lab [poo] + O (6%) (2.98)

5%/301 =—i§” [9455&2&/311 - g4€pﬁ02&b&q + ipoo [9455&2&} + idpo1 [Aw - quﬁTfﬂ

— 5%”@)1 +6Lgp [por1] + O (53)
G oy [a€gals] + idpon [Aw — xqu616] — 65 pon + 6L () + O (%) (2.99)
5 S us = —i6° [0s5a16 51 — gaEyproing | — i3 [s8yind ! pon — 01&rvalo]

+ 82 [Aw — X', pn}

+ 8%k | po2 —pu1 | + 6Ly [p11] + O (6°)
—~—~
12) ¢ How
= — 6 [ga&pnd o1 — a6 pr0afe] + 0 [Apug — xqu'5,
— 8% Kwpi1 + 67 Loy [p11] + O (6%) (2.100)

Focusing the relevant dynamics, we find that Egs. (2.99) and (2.100) include a damping term of order
8%, while all terms in Eq. (2.98) are of order §2. Hence, this allows us to treat po1 and p11 as a steady

state (adiabatic approximation), which results to

O et es—)

s
9.5,/ ale, (2.101)

~000 .
%” — i (Ay — qu>

where we used &Z&&T& = &Za. As for the steady state solution for pi1, we get

1 ‘94517‘

2

PUIPN PN PN

2 2 apo - P00 - (2.102)
(%U) +(Aw_qu)2 g

P11 =

Inserting the steady state solutions into Eq. (2.98), we obtain

if’oo =—1 —i |yl adapo et poo — losy | poody et
dt %U"'_i(Aw_qu) b HTw_i(Aw_qu) b
|g4‘fp|2 N N
3 ayo pooabO'
(5)" + (Aw — xqu)’
+ Lab [poo]
2
94§ Afa aat a
2 | p| B (Ay — qu) a[];abO'UT7 /000]
(Tw) + (Aw - qu)
+ kD [dbﬁq poo + Lgb [Poo) (2.103)
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with the nonlinear decay rates f/nl = JRnlapo !

2 2
Aw=xqw 4

(5 )+ (B x)? o

Qubit evolution

The dynamics describing the transfer of quantum information to the buffer mode is derived. We add
the driving term ¢,/kpbin (&b - &Z) into the master equation (Eq.(2.103)), where bi, is the amplitude
of the coherent drive. For simplicity, we set A,y = xquw in Eq. (2.103) and assume ;qub /B Y Va6 K Kw
in the zeroth order approximation. This gives us

d . o at] . A1 P
P00 =KD [abUT] poo + KD [as] poo + €}, [ab — a4, Poo] (2.105)

with €} = \/Kpbin. Since the time evolution of the buffer mode is dependent on the qubit state, we first
consider pg = (g| poo |g) and pe = (e poo |e), such that

d . 1 an oAt oA ata A1 A At oA

TPe =~ 5t (Pgabaz + abaZPg> + kD [ap] pg + €}, [ab —a, Pg} ; (2.106a)
d . S A1 A At oA

e :nnlabpgaz + kpD [ap) pe + € [ab — az, pe] . (2.106b)

In our case, since the applied buffer tone is a coherent tone, we can safely assume that the buffer is in
a coherent state |8) with the dimensionless amplitude'® § = —2¢} /(rn + 3). That is, pg/e o |B) (B].
We can now calculate the qubit ground and excited state probability by tracing them, py /. = Tr(pg/.)-

This leads us to formulate

d

2
qPo = 181" pg, (2.107a)
d
37Pe =t B py. (2.107b)

Assuming the qubit is in the ground state for t = 0, we obtain

4} k) 2
pe(t) =1- eXp —mt =1- exXp (_770 |bin| t) (2108)
with the conversion efficiency
4KpKnl
e (Kol + £ip)? (2109

2.5.4 Limitation

Influence of qubit decoherence rate

In our previous discussions, the effects of qubit decoherence on its temporal evolution have not been
taken into account. To address this issue, we delve into the impact of qubit decoherence on its dynamics.
Notably, it becomes evident that the qubit population never reaches unity. This is a direct implication
of the fact that qubit decoherence inherently reduces the detection efficiency in single-photon detection

scenarios.

15The amplitude can be calculated for steady state using Lo and ﬁb,c/,- = ,/Fb,c/iab as the loss operators.
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The qubit decoherence term is added to the master equation in Eq. (2.105), such that we obtain

d . o at] . a1 . o a1
apoo =KD [abaT] poo + koD [ap) poo + €}, [ab - az, poo] + 74D [6] poo- (2.110)

After following the same procedure as in the previous subsection, the differential equation is formulated

as
2
d pg _ _nC’bin| ’Yq Py 2111
& - 2 ) ( . )
DPe Me |bin’ —Yq DPe
which solution gives
_nelbin® —Ne|bin [Pt =74t Yq Yq ( — o= 7e|bin [P t—, t>
[ Py(t) ] _ m\binﬁlﬂqlf T el boe : py(0) |
t 7ebin (1 _ o Melbin|“t—qt 7e|bin Yq —7e|bin|“t—qt 0
pe( ) Ne|bin|*+74 € Ne|bin |*+74 * 77C|bin‘2+7qe pe( )
(2.112)

We find the excitation probability of the transmon qubit for sufficiently long time ¢ as

Tlc ‘bin’2

Pe(t &> 0) = ——————
WC‘binF + Y

(2.113)
It is noteworthy that the saturation level of the qubit population establishes a relative dependency
on the qubit energy relaxation rate 74, and the "effective buffer photon conversion rate" 7. |bin\2.
Particularly, the impact of the energy relaxation rate becomes significant when the value of 7, \bin|2 is
comparably small. This observation underscores an interplay or a steady-state dynamics between the
information gain from the incoming buffer photon flux and information loss into the environment. In
other words, while the qubit becomes excited due to photon conversion, it concurrently relaxes back

into its surrounding bath.

Influence of residual waste photon number

In our prior discussions, we assumed that our quantum system experienced only vacuum noise,
excluding the influence of the coherent drive (refer to Sec.2.4). This is a standard assumption,
primarily justified by the extremely low temperatures of dilution refrigerators, typically in the range
of 10 — 50 mK. Nevertheless, heating due to strong system pumping and microwave noise from the
input lines can increase the waste photon number [103, 152, 153]. This is particularly relevant in our
case: the presence of a residual waste photon number can influence the detection efficiency. This is
attributed to the fact that the reversal process (dZdwé) has a finite probability. Given this potential
complication, it is imperative to thoroughly examine how the residual waste photon number impacts

the qubit’s temporal evolution.
We model the residual waste photon number as arising from a thermal bath. According to Eq. (2.32),
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the Egs. (2.98), (2.99) and (2.100) are modified to

d . . oAt et a .
P =1 (0w | [g4§pabaLO’T + 9451,@;,%0', P} (U

(0wl (K0 (1+ na ) Dl + wwnenwPlak]p) [0w) + L oo

=—10 [9452(326,510 - g4£pﬁ01&bé—q + 6%k (L + Ngh) P11 — KwNth,wPoo + Lab [poo] + O (6%)

(2.114)
55 hor = — 10 [gsggaloin — giypuning'] + oo [msale]

(0] (K (14 nan0) Dl + ki PLak]p) 1) + 8L [oor] + O (%)

=ip00 [945261;55] - 5ﬁw(1+24nth’w)ﬁm + 6L, [por] + O (6%) (2.115)
62d%ﬁ11 =~ i6* [ gugalopon — gaéppraind®| — 0 [ga&ns ot — gs&roals]

(Ll (s (14 nen) Dl + RoninwDIal 1p) L) + 82Lop [p1] + O (5%)
= — 8 | 9186 por — 915 pr0a}o]

— %Ky (1 + 3ngh.w) P11 + Nenwdoo + 67 Ly [p11] + O (6%) (2.116)

Here, we set Ay, = xquw for simplicity. With the same argument as in Subsec.2.5.3, we can find the

steady state solutions for pg; and pi1

A a 2i94§; als
pPo1 p005/<&w(1+4nth,w) b

1 [ 4 |94fp’2 T

apd Poody 0 + KuwNihwPoo
b

o 52 (14 Bnun) | Rl + 4n0n0)

and insert them into

iﬁ _ o 2e6P [&Ta 66T poo + pood) a enﬂ
qz P00 Ko (L + 47k ) p b 00 00, b

1+ N [ 4 1gs&p)? t

apo ! pooiy & + Hwnth,wﬁool — KuwNh,wPoo + Lab [Poo] + O (6%)

14 3nhw | Fuw(l + 4ngn )

~okint (1 — 41¢n00) Dlard ] poo — 2kninenwind” poodio + Loy [oo] + O (6%, n) - (2.117)
Eq. (2.105) can therefore be rewritten as

T

tpo0ale + kD [a) poo + € [ab — a4, ﬁoo} , (2.118)

&ﬁoo =kl (1 — 4n¢nw) D [dbﬁT] P00 — 2Kn1Mth,wAp0

which results to

d

2
qtPe = 7 finl (1 — 4nen,w) ‘5/‘ Dg; (2.119a)
d 2
gPe =ronn (1= 6nunw) |B'] p (2.119b)
with ,
, 2ey

Kol (1 — 4ngn ) + Ky
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Finally, we obtain the qubit evolution

1-6
pe(t) = ——thw (1 — exp (—17; |bin]? t)) (2.120)
1— 4nth7w

with the modified conversion efficiency

77, _: 4/€an1 (1 — 4nth7w)
(Bl (1= 4ng ) + Kp)?

(2.121)

We clearly see that the qubit population is limited by the waste photon number 7y, ,, and can never
reach unity. For example, if we have n, ,, = 0.05 corresponding to an effective temperature of 120 mK,

we obtain pe(t — oo) = ny = 0.875.

2.6 Quantum-to-classical phase transition of a transmon system

In the previous sections, we have discussed an open and interacting quantum system. In both scenarios,
the system is treated quantum mechanically or semi-classically, where for example the resonator is
treated in classical means (see e.g. the qubit driving in Sec.2.5). In other words, the full classical
treatment fails to correctly describe its underlying physics. However, in some extreme scenarios, such
as extremely strong driving of the quantum system, the behavior of such system can be well described

classically.

A good example is the Josephson circuit. As the Josephson potential is a cosine potential, its
classical analogue is often represented by a pendulum, where the deviation angle from the equilibrium
position corresponds to the phase difference across the Josephson junction [90, 189]. For a weak
drive, the pendulum acquires some kinetic energy and starts to oscillate around the equilibrium. This
oscillation is described differently in a the quantum and classical treatment: In the quantum mechanical
treatment, the energy is quantized and the system can only acquire discrete energies. In the first-order
approximation such system is known as the simple quantum harmonic oscillator (see App. A). In the
classical description, any energy is allowed, thus it fails to "reproduce" the discretization of the energy
levels. In contrast, for a strong drive, it acquires sufficient energy to escape from its trapping potential
well and rotates indefinitely. That is, the phase particle behaves as a free particle and the energy

quantization is not existent. In other words, the classical treatment is possible.

One may then think, where is the threshold between quantum and classical? Is it a smooth
transition or not? In the transmon case, we actually can observe a quantum-to-classical phase
transition |75-77]. That is, there exists a threshold power, where the behavior of the system suddenly
changes. This phenomenon is also known under various names such as transmon ionization [73, 74|,
first-order dissipative phase transition [78-81, 190, 191], chaotic regime [74, 82|, and breakdown of
photon-blockade |77, 78].

In this section, we briefly introduce various tools and representation, such as Rényi entropy,
second-order correlation function, Floquet theory, and Husimi Q functions, which are employed to
indicate potential phase transitions. Lastly, we first discuss the quantum Duffing oscillator, which is
an approximation of a transmon qubit up to its anharmonicity, with focus on the first-order dissipative

(quantum-to-classical) phase transition and expand it to the discussion for the transmon.
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2.6.1 Rényi entropy, correlation function, Husimi Q distribution, Floquet theory
Rényi entropy

Here, we briefly discuss the Rényi entropy based on the papers [192, 193]. As we will see later, the
focus of the discussion lies on the measure of the purity of the quantum system and quantum phase
transition.

The Rényi entropy is a term coming from the information theory and is a generalization of various
entropy notions such as Shannon entropy'® (von Neumann entropy in the quantum context!”) and
collision entropy. It finds many applications in the context of phase transition in quantum information
theory and quantum computing [194], quantum communication [195], condensed matter physics [196]

and also holography in quantum gravity [193, 197]. This quantity is defined as

1
So = log Trp®, (2.122)
1-a
where « is an order parameter. We emphasize that for &« = 1 we obtain the von Neumann entropy,
Sn = —Trplog p. The advantage of the Rényi entropy compared to the von Neumann entropy is the

simple calculation as the computation of log p is a hard task [193|. For the special case of o = 2,
Sy = —log Trp? = —log P, (2.123)

we observe that So measures the purity of a quantum system, P = Trp?, in a logarithmic scale. For
a completely mixed state, the Rényi entropy approaches the limit —log(1/d,), where d, represents
the dimensionality of the associated Hilbert space. The proof that the completely mixed state is an

equiprobable probability distribution of the state can be shown by using the Cauchy-Schwarz inequality
1 1 ? 1
_ 2
5 (a2n) <f v
k k

for the density matrix p = >, pi |k) (k| with >, pr = 1. The equality holds only for p, = 1/d,.
Hence, the minimum of the purity is min P = min ", p; = 1/d,. Therefore, the entropy is always
upper-bounded by Sy < —log(1/d,). In the context of quantum-to-classical phase transition, this
method is especially suited to clarify the phase transition to the classical state: According to [73], the
transmon ionization is associated with a sharp drop in the purity. That is, a sudden transition to a

(mostly) completely mixed state.

Second-order correlation function

Here, the second-order correlation function is briefly introduced based on the books [85, 182].
The second-order correlation function is an important concept used to understand and describe the

statistical properties of the quantum state. It is defined as

Atata o
§@)(0) = {alataly) (2.124)

16The Shannon entropy has been introduced as a classical quantity in the context of information theory.
"The von Neumann entropy is an extension of the concept of Gibbs entropy from classical statistical mechanics to
quantum statistical mechanics.
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for t = 0. In the context of quantum optics, it is a measure of detecting two photons at the same time.
This function helps us to understand the nature of light. For example, for a perfectly coherent state,
we obtain 9(2)(0) = 1, and for any other type of classical light we always have a greater value than
unity. In contrast, if we measure g(Q)(O) < 1, it is a signature of non-classical nature of light such as

photon anti-bunching and quantum entanglement.

Husimi Q distribution

Here, the Husimi Q distribution is briefly introduced based on the book [85].

The Husimi Q function is a quasi-probability distribution over a phase-space, usually applied to
represent the density matrix p of the electromagnetic fields'®. It is used to describe the states in
quantum mechanics, where the usual concept of probability distribution is not applicable due to the
Heisenberg uncertainty principle. The Husmi Q distribution is defined on the coherent state basis |a),
where oo = Re(a) + ilm(a) corresponds to a point in the phase space

R L (2.125)

s

The advantage of this representation is the non-negativity without any singularity as opposed to the
Glauber-Sudarshan P representation, while its relatively large uncertainty makes it hard to distinguish
e.g. between a vacuum state from a thermal state as opposed to a Wigner representation. Nevertheless,
in the case of the quantum Duffing oscillator and related study, the Husimi Q distribution is a widely
used method to visualize its quantum state [74, 78, 79, 82, 190, 198, 199|. As this topic will be covered
later in more detail, the existence of two metastable states of the Duffing oscillator in its bistable

regime can be well observed in the phase space [78, 79, 81, 86, 191].

Floquet theory

Here, we briefly delve into the Floquet theory, drawing predominantly from [200-203]. Floquet theory
offers a comprehensive framework for understanding periodic systems.

Floquet theory plays a crucial role in analyzing quantum systems characterized by periodic
dynamics. This periodicity in the Hamiltonian often arises due to various factors, such as crystal
potentials, a concept well-articulated in condensed matter physics through Bloch’s theorem, or due to
externally applied time-periodic potentials.

The essence of Floquet theory lies in its ability to render time-dependent problems in a rotating
frame tractable, leveraging the inherent periodicity of the Hamiltonian. Specifically, the theory aids
in decomposing the dynamics into two distinct categories: the fast dynamics within a single period T’
of the Hamiltonian and the slower dynamics that evolve from one period to the next. This separation
is crucial for understanding and predicting the system’s behavior over time. An especially valuable
application of Floquet theory is in examining the effects of rapid rotational terms in the Hamiltonian.
While these terms are often neglected in the rotating wave approximation, especially in weakly driven
systems, they become critically significant in scenarios involving strong driving forces. This significance
is exemplified in the phenomenon known as the Bloch-Siegert shift, where the strong drive alters the
resonance conditions of the system. The Bloch-Siegert shift is typically analyzed using a frequency

expansion method, which provides insights into the impact of these otherwise disregarded terms.

8The Husimi Q representation is one of several phase space distributions. Others include Glauber-Sudarshan P
representation and Wigner representation.
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Here, we focus on the time-periodic problem. Beginning with the time-dependent Schrédinger

equation, our wave function is described as
ih— [(t)) = H(t) [¥(1))
with H(t) = H(t + T). Its dynamics is captured by the unitary time-evolution operator U (¢, to)

%)) = U (t.t0) [4(to))

which is in general a complicated time-ordered exponential. As we are considering a time-periodic
Hamiltonian, the important feature of the Floquet theory can be well found in the one-period evolution
Floquet operator

Fo=U(ty+ T, to) = e HrT/h (2.126)

where Hp is the Hermitian operator. That is, the eigensystem of Fy gives our desired Floquet modes

lun(to)) and its quasi-energies €, determined by

Ey [un(to)) = e T/ |u, (1)) . (2.127)

" underscores the fact that this quantity is strictly defined within the confines of

The prefix "quasi-'
the Brillouin zone and hence €, is only determined by modulo A with € = 27 /7. This is analogous
to the quasi-momentum in the Bloch theorem [189]. A complete set of solution of the time-dependent

Schrédinger equation has the form

[n(t)) = e~ "1 Juy (8))

with |u,(t +T)) = |un(t)). For completeness, any state |¢(t)) can therefore be expressed in the basis
of the Floquet modes

[(2)) =U (¢, to) [1(to))
= ane 00y, (1)) (2.128)

with the coefficients a,, = (u,(t0)|¥(to))-

In the context of phase transitions, the analysis of Floquet modes gains particular significance when
exploring the chaotic regime of a quantum system [74, 82, 198, 199, 204|. Floquet modes, fundamentally,
are the eigenstates of the system’s propagator over a single drive period, as described in Eqgs. (2.126)
and (2.127). These modes can be conceptualized as the quantum analog of the stroboscopic Poincaré
map, a tool quintessential in classical dynamics for visualizing and understanding the intricate behavior
of chaotic systems in phase space [205]. The Poincaré map, in classical mechanics, serves as a powerful
method to detect and characterize chaos by graphically representing the trajectory of a system in phase
space. This representation makes it possible to identify patterns and structures that are characteristic
of chaotic dynamics, such as fractals and strange attractors. In a quantum context, the Husimi Q
representation of the Floquet modes serves a similar purpose. This representation provides a phase-
space distribution of the quantum states, analogous to the classical phase-space trajectories depicted in
the Poincaré map. Employing the Husimi Q representation to analyze Floquet modes enables a deeper

understanding of the underlying chaotic behavior in quantum systems. This approach effectively
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bridges the gap between quantum and classical chaos theories. By correlating the quantum Floquet
modes with their classical counterparts through the Poincaré map, we can gain insights into the nature
of the quantum phase transitions, particularly in how they correlate with chaotic dynamics. Such an
analysis is instrumental in unraveling the complex interplay between quantum mechanics and classical

chaos, further enriching our comprehension in chaotic regimes.

2.6.2 From quantum Duffing oscillator to transmon

We first start with the discussion of the quantum Duffing oscillator, which is an approximated form of
the transmon qubit up to its anharmonicity. The quantum Duffing Hamiltonian has already been
introduced in Eq.(2.22). Its quantum Langevin equation given in Eq.(2.35) obeys the following
expression

d, A a ata2 Vg .

e = —1Agqlg — ’quqazag — Eqaq — v/ Yqlin, (2.129)
where Ayq = wy — wg is the frequency detuning between the transmon qubit and the driving field, v,
is the energy dissipation rate of the transmon qubit and a;, is the input field. For relatively strong
driving field, we can treat it classically such that ¢, = /75 (Gin). Henceforth, we can express the

effective Duffing Hamiltonian as
Ao /h = Dgadhiq + “Lalabaga, + ic, (a0 —ab). (2.130)

According to [85, 86|, we can obtain the correlation function of the signal moments by solving the

Fokker-Planck equation in the steady state and the correlation function is written as

* ; * 2
<<&2)J &2> _ d*jdkF(C)F(c ) 0F2 (k +c,j+c,41d )
F(k + C)F(] + C*) O.FQ (C, 0*74 ’d|2>

(2.131)

with the unitless detuning c, the unitless driving strength d, the generalized hypergeometric function

oF2, and the gamma special function I' defined as

oo

2040 — iy ()T (y)="

C=—_—">1 d ) OFQ (x7 Y,z) = .
Xaq Xaq ) ,;) [z 4+ n)l(y 4+ n)n!

_ 2igq

The importance of this result is that all orders of signal moments are always single valued.

This conclusion is completely different from the classical treatment, which states that there is a
bistability or hysteresis [86]. Indeed, if we treat Eq. (2.129) fully classically, i.e. ag = (a,), we obtain
the classical equation of motion

d * 2

) . 7
7%= —10Aqa0g — 1Xqq Loy — &g, (2.132)

a% — 2

which is equivalent to the Duffing equation under a rotating wave approximation. Its steady state

equation gives

o 2
X2 lal® 4+ 24 gaxgq ol + [Agd + (;) ] o> —e2 = 0. (2.133)

It is evident that the solution of this third-order polynomial equation of |0¢|2 has three roots. In other

words, a unique solution is not guaranteed [79, 86, 116|. The turning point of the stability region [86]
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is given by

—20g0 % (A2, - 3 (7/2)°

(2.134)
3Xqq

lag|? =

We can then verify that the bistability occurs for Agd > 3(v,/2)? and AgaXqq < 0 as la|? is real and
positive.

In the study of the quantum Duffing oscillator, it is intriguing to note that despite the existence of
only a singular steady-state solution, analogies to the bistability observed in its classical counterpart
can be drawn. In the classical regime, bistability is manifested through two distinct solutions which, in
the quantum context, correspond to two metastable states with exceptionally long lifetimes relative to
other system timescales. These metastable states persist before the system eventually relaxes into the
unique steady state as t — oco. This persistence of metastable states can be described by the concept
of the Liouvillian gap. This gap is defined as the difference between the lowest two eigenvalues of the

Liouvillian superoperator!®, obtained through the following relation

p(t) = exp (L (6) [H(0)] = 3 exp (£, (z mm> . (2.135)

The Lindbladian superoperator £p(t) for the quantum Duffing oscillator is described as

Lo(t) [0(1)) =~ [Ho.5(8)] + 24D [ag) 2(0), (2.136)
Here, ¢y = Tr(lpmp) represents the trace of the product of the left eigenmatrix I, ,,, and the density
operator p. The left l,, ,, and corresponding right r,, ,,, eigenmatrices of the Liouvillian superoperator
Lp correspond to the nth eigenvalue with a geometric multiplicity of m, i.e., A, forn =0,1,---. We
order these eigenvalues such that §, = Re(\,) with 0, < ,+1, creating a discrete spectrum known
as the Liouvillian spectrum. When the second smallest eigenvalue d; is significantly smaller and well-
separated from the subsequent values in the Liouvillian spectrum, 1 < d2, a two-stage relaxation
process ensues: Initially, the system undergoes a rapid relaxation into the metastable states, followed
by a slower convergence to the stable steady state [81, 206].

In the context of phase transitions within quantum systems, a critical parameter often delineates the
boundary between quantum and classical behaviors. For the quantum Duffing oscillator, this transition
to what can be described as the thermodynamic limit occurs as €, — oo while keeping the product
Xqq€q constant. This limit intuitively aligns with the concept that, under the regime of strong drive,
the mean-field approximation becomes increasingly valid, thereby permitting a classical treatment of
the system. This theoretical transition is underpinned by the Langevin equation, as formulated in
Eq. (2.132). Here, we rescale the operator G, = v/Na., such that

d. . .U Y -
d—taq =—1 {Aqdaq — Nagag] — Eqaq —V/Neq,
d ., . A ) Vq A
— qple =1 [Aqdac — Uacac} — o e — €0, (2.137)
where x4 = U/N and ¢, = V/Neo with constants U and ¢y and a scaling factor N. In this
framework, the bosonic commutation relation diminishes as [&C, &};} = 1/N, becoming negligible for

large N and thus validating the classical treatment. As an additional note, another perspective on

95ee also Eq. (2.32) for more details
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the thermodynamic limit involves transforming the system into Fourier space, resulting in a Bose-
Hubbard lattice with NV sites. For an in-depth exploration of this topic, the reader is directed to the
comprehensive discussion provided in the literatures [207-211]. Furthermore, to develop an intuitive
understanding of the first-order dissipative phase transition, we consider the concept of photon-blockade
breakdown [77, 78]. In this scenario, the driving force is off-resonant with the eigenfrequencies of the
oscillator. Below a critical threshold, energy conservation is not satisfied for excitation to higher energy
states, a consequence of the anharmonicity of the system, which is characterized by unequally spaced
energy levels. This suppression maintains the system predominantly in its ground state, illustrating
the essence of photon-blockade. However, in the driven, dissipative regime, the bandwidth of the
eigenenergies is broadened due to the influence of drive photons, as briefly discussed in Subsec.2.5.1.
Once the bistability threshold is surpassed, this bandwidth expansion can be sufficient to allow off-
resonant drive photons to induce excitations in the quantum Duffing oscillator. Consequently, the
discrete nature of the energy levels becomes less pronounced, leading to a transition where the behavior

of the system increasingly resembles classical dynamics.

Now, we examine the response of the quantum Duffing oscillator to varying pump power levels,
applying parameters that correlate closely with those of a "transmon qubit" w,. Additionally, the
driving frequency is significantly detuned from the transmon qubit’s resonant frequency. These
parameters will subsequently form the foundational basis for the analyses in Chap.4. Our initial
focus is on the steady-state population of the quantum Duffing oscillator, n, = (d};%} . According
to Eq. (2.133), a pronounced increase in the steady-state population is anticipated in proximity to the
classical bistability region. This expectation is confirmed by the data presented in Fig.2.13 (a), where
a sharp rise in population is observed at approximately —73 dBm. Below the critical pump power,
the steady-state population remains near zero, but after the threshold, it converges to the classical
steady-state population. The Rényi entropy Ss supports this observation. It yields a value of zero at
instances where the system is in a pure state, characterized by a purity P = 1. At the critical point, the
entropy shows a peak, which indicates the maximum mixture of the coherent and the squeezed state.
The Husimi Q function visualizes the equiprobable mixture of both phase in Fig.2.14 (a). At —98 dBm
and at —70dBm, we recognize the coherent and the squeezed state, respectively, while at the critical
pump power of —73.1 dBm we find both phases in the phase space. After the threshold, the entropy
drops down monotonically as the state becomes "purely coherent". We further study its behavior in
the context of the Floquet modes. The bottom panel of Fig.2.13 (a) shows the probability of finding
Floquet modes in the steady-state density matrix of the quantum Duffing oscillator. Interestingly, we
have an equiprobable mixture of the Floquet modes |0) -, |1) -, |2) - associated with a partial mixture of
the Floquet mode [3)  at —73.1 dBm. The Husimi Q distribution of these Floquet modes demonstrates
that they capture the main feature of the quantum Duffing oscillator: The coherent vacuum state is
one of the eigenstate of the driven system, which is the Floquet state |0), while the squeezed state
can be found for the Floquet state |3) (and |1), at around —50dBm). The progressive transition of
the squeezed state can be confirmed by the second-order correlation function. After the threshold, it
starts with a slightly smaller value than unity because of the squeezed state, which eventually reaches
the unity (see Fig.2.13 (a)).

Extending our analysis, we now apply the theoretical framework developed for the quantum Duffing
oscillator to the transmon qubit system. Numerical simulations, depicted in Fig.2.13 (b), exhibit
behaviors in the transmon system that are qualitatively similar to those observed in the quantum

Dulffing oscillator, particularly in the lower power regime. A notable parallel is the emergence of a peak
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Figure 2.13. Numerical simulations allowing to compare the behavior of (a) quantum Duffing
oscillator and (b) transmon qubit. (a) Steady-state population n, calculated by the quantum (blue solid
line) and classical theories (blue dashed line). The unstable classical steady-state solution is represented
by the blue dash-dotted line. Rényi entropy So (orange solid line) with its maximum entropy (orange
dashed-dotted line), correlation function g(®(0) (green solid line) with the unity value (green dashed
line). The probability of finding Floquet modes |0)x,|1)x,|2) 5, |3) (blue, orange, green, red solid
line) in the simulated density matrix  (ng| p|ng) . The critical point of equiprobable mixture of the
coherent and squeezed state is indicated by the vertical black dashed line at —73.1dBm, while the
vertical black dashed line at —70 dBm is the starting point of the squeezed state. Rényi entropy Sa (b)
Steady-state transmon population n, (blue solid line), Rényi entropy S2 (orange solid line) with its
maximum entropy (orange dashed-dotted line), correlation function ¢(2(0) (green solid line) with the
unity value (green dashed line). The probability of finding Floquet modes |0) -, |1) 7z, |7) ,|10) o, |14)
(blue, orange, green, red, purple solid line) in the simulated density matrix g (ng|p|ng) . The black
vertical dashed lines are positioned at —67, —62, —59 dBm. The parameters used for both simulations
are wy/2m = 5.664 GHz, x4¢/2m = —242 MHz, wy/2m = 5.156 GHz, and 7, = 1/80 pus with the Hilbert
space dimension of d; = 25. In the case of the transmon qubit, Ec/h and E;/h are chosen such that
wg and X4q coincide with the Duffing parameters.

in the second-order correlation function, g(*)(0), corresponding to an increase in both the transmon
population and the Rényi entropy. The value of this correlation function at the lower power limit
(9(2)(0) ~ 1.8) closely mirrors that observed in the quantum Duffing oscillator, thereby supporting the
approximation of the transmon qubit as a Duffing system within this specific power regime. However,
the similarity between these systems becomes less pronounced as we move beyond this threshold. In
this higher power regime, the transmon qubit exhibits distinct behavior compared to the quantum
Duffing oscillator, particularly in terms of the Rényi entropy. While the Duffing system demonstrates
a monotonic decrease in entropy, the entropy in the transmon qubit system asymptotically approaches
Sy = —log(1/d,), indicative of a transition towards a completely mixed state. This observation is in

agreement with both numerical and experimental studies [71-73], further validating our findings.

The examination of the Husimi Q function within the phase space offers significant insights into the

evolving dynamics of the transmon qubit system, as depicted in Fig. 2.15 (a). Initially, at a pump power
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Figure 2.14. Simulated Husimi Q function of the quantum Duffing oscillator for various drive powers.
(a) The Husimi Q function of the steady-state density matrix. (b) The Husimi Q function of the Floquet
modes [0)5, |1) 5, |2)p, |3)p (from top to bottom).

of —62dBm, the Husimi @Q function exhibits a slight deformation from its Gaussian-like distribution,
indicative of the onset of non-trivial quantum effects. As the pump power increases to —53 dBm,
this distribution transitions into a squeezed-like form, characterized by its distinct elongation in the
phase space. For higher pump powers, we observe an irregular delocalization over the phase space, as
shown at —47dBm in Fig.2.15(a). This delocalization within the phase space can be attributed to
changes in the Husimi Q distribution, along with the statistical distribution of the Floquet modes. Up
to approximately —59 dBm, the density matrix of the transmon primarily comprises one, occasionally
two at very low powers, Floquet modes. This is evidenced in the bottom panel of Fig. 2.13 (b). However,
with an increase in pump power, there is a marked reduction in the probability of the leading Floquet
mode’s presence within the density matrix, resulting to an almost equiprobable distribution of these
modes. Concurrently, the Husimi Q functions associated with these Floquet modes begin to show
widespread delocalization across the phase space, as shown in Fig. 2.15 (b). This phenomenon is being
studied in relation to the regular and chaotic states [74, 200, 212]. Regular states in quantum systems
are characterized by predictability and order, typically manifested as well-defined, smooth, and closed

orbits or tori in phase space. In contrast, chaotic states are defined by their sensitivity to initial
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Figure 2.15. Simulated Husimi Q function of the transmon qubit for various drive powers. (a) The
Husimi @ function of the steady-state density matrix. (b) The Husimi Q function of the Floquet modes
|0)7,11)z,]10) p (from top to bottom).

conditions and aperiodic long-term behavior, often resulting in fractal structures in phase space. In
the context of the transmon qubit, chaotic behavior is observed at the boundary of confined and
unconfined states in the Josephson potential, a region known as the separatrix [74]. To quantitatively

analyze this transition, we consider the mean energy per cycle for a given Floquet mode |¢y(t)) &

17 -
W= [t e R0 (o)

where ((H))r ~ 2E; marks the onset of irregular and chaotic behavior in the Floquet modes.
Observations indicate that as the pump power increases, the mean energy per cycle of all Floquet
modes, initially below 2FE;, steadily approaches this critical value, signifying a transition to irregular
and chaotic dynamics [74]. Hence, the widespread delocalilzation of the Floquet modes in the Husimi
Q representation across the phase space is associated with the transition to irregular and chaotic
dynamics. In summary, our investigation into the transmon qubit system reveals that at high pump
powers, there is a complete mixture of chaotic Floquet modes, underscoring the complex quantum-to-

classical transition in this regime.
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Chapter 3

SAMPLE FABRICATION AND CHARACTERIZATION

Sample fabrication plays a critical role in realizing high-performance quantum chips with a continuously
increasing number of circuits components. It involves meticulous material selection, precise chemical
treatment of surfaces and interfaces, and sub-micrometer control in electron/laser beam writing. Major
advancements in fabrication techniques have led to the development of highly coherent quantum
systems with precise frequency control. Notably, IBM recently achieved a transmon coherence time
exceeding 1 ms [213], underscoring the significance of nanofabrication technology in the field of circuit
quantum electrodynamics.

In this chapter, we present the fabrication steps and parameters relevant to the production of our
samples based on the superconductors niobium (Nb) and aluminum (Al). A significant breakthrough
in sample fabrication is the use of buffered-oxide etching (BOE), which effectively eliminates surfaces
oxides and contaminants leading to so-called Two-Level-Fluctuators (TLSs), which represent the
dominant sources of loss in superconducting circuits (see Chap. 2). By implementing this technique, we
can minimize the impact of TLS-induced losses and enhance the overall performance of our quantum
devices by increasing their coherence time. We characterize the quality of our fabrication processes
through the extraction of the internal quality factors of the resonators and the measurement of the

coherence time of the transmon qubits.

3.1 Fabrication techniques

In this section, we outline the multi-step process for fabricating high-quality superconducting resonators
and transmon qubits. The fabrication workflow comprises essential stages such as cleaning, material
deposition, lithography, and post-processing. The effective reduction of losses is predominantly
achieved through two key steps: the cleaning step and the post-processing step. These steps involve
processes such as Piranha etching, buffered oxide etching (BOE), argon (Ar) ion milling, and bandaging.
We will delve into each fabrication step in the respective subsections to provide a comprehensive
understanding of their roles in minimizing losses. Moreover, due to the distinct characteristic
dimensions of Josephson junctions and coplanar waveguides, we present separate discussions on the
fabrication techniques for these components. An overview of the whole fabrication procedure is shown

in Figs.3.1 and 3.2. All fabrication steps are based on the investigations presented in Refs. [214-219).

3.1.1 Fabrication of coplanar waveguides

Substrate treatment

The initial step of our fabrication process involves thorough cleaning of the silicon substrates to establish
a pristine crystal surface. This cleaning procedure is crucial to ensure the success of subsequent
fabrication steps. To remove the protective resist layer from the substrate, we employ hot acetone
and subsequently 2-isopropanol (IPA) in an ultrasonic bath. The application of heat and mechanical
agitation provided by the ultrasonic bath supports the effective dissolution and removal of the resist

layer, leaving behind a clean substrate.
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(d) (e) (f)

Figure 3.1. Overview of coplanar waveguide fabrication steps. Here, we take Nb as a concrete
example. (a) Substrate treatment. The protective resist layer is removed by hot acetone and IPA.
Afterwards, the substrate is chemically etched by Piranha mixture and BOE. (b) Sputtering of Nb.
After the cleaning process, Nb is sputtered onto the substrate in the PLASSYS system. (c) Resist
coating. Photoresist is spin-coated onto the Nb layer. (d) Optical lithography and development.
The laser writer transfers the desired circuit design into the resist. The unexposed areas will then be
removed by the developer. (e) RIE etching. Removal of uncovered Nb by RIE. (f) Post-processing.
After the removal of the remaining resist in the remover solution, HF dip is employed to remove a
niobium oxide layer.

However, to achieve an even higher level of cleanliness and eliminate any residual organic
contaminants, we implement Piranha etching as a secondary cleaning step. Piranha etching involves
the use of a powerful etchant composed of concentrated sulfuric acid (HoSO4 (100 wt%)) and aqueous
hydrogen peroxide (HaO2 (35 wt%)) in a 3:1 ratio. This mixture undergoes a chemical reaction,

resulting in the production of atomic oxygen [220]
HS04 + HaO9 +— H30T + HSO; + O. (3.1)

The atomic oxygen generated during Piranha cleaning exhibits strong reactivity towards organic
materials. It disrupts the hybridized C-C bonds present in carbon-based residues, effectively removing
any remaining resist residues or other organic contaminants from the substrate surface. We place the

sample for 10 min in a beaker with piranha solution at 80°C, and afterwards rinse it in DI water.

During the etching process, a thick silicon oxide layer is formed on the surface [167, 221, 222|,
which needs to be removed for further fabrication steps. To address this, we utilize BOE, an aqueous
solution composed of hydrofluoric acid (HF, 6.5 wt%) and ammonia fluoride (NH4F, 34.8 wt%). HF

plays a key role in removing the silicon oxide layer through the following reaction [223]:

Si—O0-X+H"—Si—OH)"-X, (X=SiorH) (3.2)
Si—O(H)" — X +HF, — Si — F+HO — X + HF (3.3)

This reaction results in the formation of Si”F, which effectively slows down the oxidation process when
the substrate is exposed to air. This helps to preserve the quality of the etched surface and prevents
rapid re-oxidation, allowing for a smooth transition to subsequent fabrication steps. In addition to its
role in oxide removal, NH4F plays a crucial role in maintaining a constant etch rate. It continuously
provides F~ ions, ensuring a consistent etching process throughout the duration. This constant etch
rate is essential for a smooth substrate surface [160]. To perform the BOE, our samples are immersed

in the BOE solution for a duration of 30s. Subsequently, they are rinsed with DI water to remove any
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residual etchant. After rinsing, the samples are carefully blow-dried using nitrogen gas to avoid any
contamination or watermarks. Finally, the samples are transferred to the load lock of the PLASSYS

deposition system for further processing.

Sputtering deposition

Sputtering is a widely used physical vapor deposition (PVD) technique in which a target material,
such as Nb in our case, is bombarded with ions, typically Ar ions. The sputtering process takes
place in a UHV chamber filled with the sputtering gas, which is ionized by applying a high voltage
between the target (cathode) and an anode. This ionization creates a plasma of ionized gas, specifically
ionized argon. The ionized argon ions are accelerated towards the Nb target and upon collision, they
transfer kinetic energy to the Nb atoms. If the transferred kinetic energy exceeds the binding energy
of the Nb atoms, they are dislodged from the target material and travels along a straight trajectory,
ultimately depositing onto the substrate surface. This process allows for the controlled deposition of
a thin film of Nb onto the substrate. In order to achieve high-purity Nb layers, a high-purity target
material (99.95%), a UHV deposition chamber with a base pressure below 10~ mbar, and a high-purity
sputtering gas (Ar, 99.9999%) are used.

In our work, we utilize a sputtering system provided by PLASSYS. The PLASSYS system features
a confocal sputtering layout, where the target is tilted and offset from the substrate holder. To enhance

the uniformity of the deposited film, the substrate holder rotates during sputtering.

Resist spin coating

Spin coating is employed in this step using an optical negative resist, where the unexposed areas will be
removed in the development process. To achieve a uniform resist thickness, a spin coater is used, which
applies centrifugal force to distribute the resist evenly. Subsequently, the resist is baked to evaporate

the solvent, to improve the adhesion to the substrate and to prevent it from further dispersion.

In our case, the photoresist AZ MiR 701 14cP is spin-coated at 4000 rpm for 1 min and soft-baked
for 75s at 90°C. This results in a resist thickness of 900 nm.

Optical lithography

To modify the polymer chain structure of the spin-coated sample, we employ a laser writer in our
fabrication process. The laser writer is utilized to irradiate the sample with a focused laser beam. This
irradiation induces changes in the polymer chain structure, allowing us to create the desired circuit
design. The laser writer is well-suited for writing structures with larger spatial dimensions, such as
transmission lines and coplanar waveguide (CPW) resonators, due to its beam spot size between 300 nm

and 5 pum. This feature enables precise and efficient fabrication of these components.

For the laser writing process, we use a 405 nm laser in the Picomaster 200 system to draw the
desired circuit design onto the resist. The laser exposes specific areas of the resist, creating patterns
and structures as defined in the design layout. After the laser exposure, a post-exposure bake step is
performed at a temperature of 110°C for a duration of 90s. This bake step helps mitigate potential
standing wave effects [214].
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Resist development

In the development stage, an appropriate resist developer is used to remove the unexposed areas,
leaving behind the desired resist pattern.

Here, we utilize a developer called AZ 726 MIF for 60s, which contains 2.38% tetra methyl
ammonium hydroxide (N(CH3)f OH™) (TMAH).

Reactive ion etching and wet etching process

we employ reactive ion etching (RIE) to etch our Nb layers. RIE is a versatile etching technique
that can remove material both physically and chemically, depending on the ionized gas and the kinetic
energy of the plasma ions. In our case, we utilize SFg to produce the ionized gas F~ and the Nb film as
the target material. Similar to the sputtering mechanism, RIE involves bombarding the target material
with ionized gases. This is achieved by applying a potential difference between the plasma and the
target material underneath. The ions from the plasma are accelerated towards the target, resulting
in the physical removal of the uncovered Nb material. This physical process leads to an anisotropic
etching, primarily occurring in the direction of particle incident. In addition to this physical process,
RIE also involves a chemical process. Radicals formed in the plasma chemically react with the target
material, in this case, Nb. After the chemical reaction, the byproducts desorb from the surface and
are pumped out of the etching chamber. This chemical process, driven by the reaction of radicals,
contributes to the etching process by removing material evenly in all directions. This is known as
isotropic etching, and it can result in undercutting of the Nb material once the etch reaches the Si
substrate. To enhance the anisotropic etching process and mitigate undercutting, we utilize Ar gas.
This ion-assisted etching allows for a more controlled etch process. Our RIE processes are carried out
using a Plasmalab 80 Plus system from Oxford Instruments. It is an inductively coupled plasma RIE
systems, which allows to change the plasma density and the kinetic energy of the ions separately. By
carefully controlling the etching parameters such as gas composition, pressure, power, and etch time,
we can precisely control the etching process and achieve the desired etch profile and depth in the Nb
material.

In contrast to using RIE for etching Nb, when it comes to etching Al, we employ a wet etching
process. This is due to the unavailability of a suitable etching gas in our RIE system for etching
Al. In our wet etching process, we utilize the same solution as for the development, AZ 726 MIF.
Here, the development AND the etching is carried out at room temperature for a duration of 180s,
simultaneously. After the etching step, the sample is rinsed twice with DI water. Unlike RIE, wet
etching does not attack Si and is a completely isotropic process, which means that it removes aluminum
uniformly in all directions. This includes the sidewalls of the etched structure, resulting in lateral
etching of approximately 0.5 um. It is important to take this lateral etching into account when designing
the device, as it can impact the overall dimensions and geometry of the structures.

To remove any remaining resist, the chip is immersed in a suitable remover solution as part of the

cleaning process.

Post-processing

In the course of the fabrication process, Nb is susceptible to oxidation when exposed to ambient
atmospheric conditions. To address this, when the ground layer is composed of Nb, we begin by

removing the niobium oxide layer through a 30-minute immersion in BOE. As elaborated in the
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subsequent subsection, following this de-oxidation, the Nb metal layer undergoes spin-coating, a pivotal
step in the Josephson junctions’ fabrication. This procedure shields the Nb from re-oxidation such that

it ensures an oxide-free substrate.

3.1.2 Fabrication of Josephson junction

In the fabrication of the Al Josephson junction, we utilize a lift-off process. Central to this procedure is
the so-called shadow evaporation technique, a key method that facilitates the formation of the junction
through aluminum deposition [224]. This technique, established over decades, ensures precise control
and deposition of aluminum, enabling the creation of reliable and consistent junctions.

Following the etching of larger structures as described in Subsec.3.1.1, we initiate the lift-off
procedure. Successfully merging these processes necessitates precise alignment of the structures. As an
illustrative example, it is important that the Josephson junctions are meticulously positioned between
the pads, as depicted in Fig.2.3 (b). To facilitate this precision, the etched thin film incorporates the
so-called markers. These markers serve as guides for the electron-beam lithography process, which
subsequently writes the design for the Josephson junction. A more detailed explanation on electron-
beam lithography will be presented later in this subsection. However, for the fabrication of 3D transmon
qubits introduced in Sec.2.5, we can directly start with an all-aluminum lift-off process. The all-
aluminum process offers several advantages, including a reduced number of process steps, simplifying
the overall fabrication procedure. Additionally, the design of the 3D transmon qubit, resembling a
floating transmon, ensures that the electric field is mainly concentrated around the Josephson junctions.
Consequently, the dominant decoherence source arises from the TLSs distributed in the junction region.
Even in the presence of potential residual resist contamination stemming from the lift-off process, we
can still expect a high coherence time for our qubit.

The typical junction size for transmon qubits is in a sub-micrometer regime! requiring a precise

patterning of the double-layer resist system by resist electron-beam lithography.

Substrate cleaning (for lift-off process)

We use the cleaning step introduced in the fabrication of coplanar waveguide.

Resist spin coating

In Josephson junction fabrication, we use a double-layer resist system that plays a crucial role in the
successful fabrication of our devices in a shadow evaporation process. This resist system consists of
two distinct layers: a bottom layer with enhanced sensitivity to electron radiation and a top layer that
acts as a "roof" for high-precision resolution at the nanometer scale.

The bottom layer is instrumental in creating an undercut, which prevents the deposition of
aluminum to the resist walls during subsequent deposition steps. This is particularly important for
maintaining the integrity of thin Josephson junctions, which are highly susceptible to variations in the
fabrication process. The top layer of the resist system is designed to have considerable overhangs over
the bottom layer, creating a clear boundary. The overhanging resist structure allows one to avoid any
connection between the Al film deposited on top of the restist and that on the substrate. This prevents

unintended removal of the aluminum during the subsequent lift-off process.

1For a transmon frequency between 4 — 8 GHz, we require a junction width of around 200 nm to 300 nm.
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Figure 3.2. Overview of the Josephson-junction fabrication steps. (a) Resist spin coating. Bottom
layer with enhanced sensitivity to electron beam irradiation and top layer for high precision resolution
forming a double-layer system. (b) Electron-beam lithography and development. The electron-beam
draws the desired Josephson-junction circuit design into the resist. Here, we design the junctions
in such a way such that a so-called Manhattan-type Al evaporation technique can be applied. The
exposed area will then be removed by the developer. (c) First Al evaporation. In the Josephson
junction evaporation technique, Al is deposited onto the sample surface at a shallow angle (Al film
deposited on top of the resists is not shown for clarity), ensuring that only the microstrip parallel to the
direction of evaporation is coated with Al, while the orthogonal microstrips remain unaffected. Using a
shallow evaporation angle allows for selective deposition, ensuring the desired pattern and configuration
of the Al layer on the sample. (d) Oxidation. In-situ oxidation of Al to form an insulating AlOy layer.
(e) Second Al evaporation. The sample is rotated and tilted to evaporate the second strip. The
Al/AlOy /Al Josephson junction is now formed. (f) Lift-off. All remaining resist is removed after the
lift-off process.

For this process, we utilize a positive electron-sensitive resist that can be selectively removed after
the development process. To ensure a uniform thickness of the resist layer (bottom resist: 700 nm, top
resist: 300nm), we employ a spin coater that applies centrifugal force to evenly distribute the resist
across the substrate surface. Following the coating step, the resist system is subjected to a baking
procedure to harden the resist layer, enhancing its stability and durability. This step is then repeated
for the top layer to complete the double-layer resist structure.

During this work, we changed our resist layer stack? in a chronological order (bottom resist, top
resist): (AR-P 617.08, AR-P 679.02), (AR-P 617.08, AR CSAR 6200.09), and (AR CSAR 6200.13,
AR-P 672.045). The reason behind these transitions will be elucidated subsequently.

Electron-beam lithography

In the realm of nanoscale structures, the resolution of optical lithography is limited by the wavelength of
the laser, making it challenging to achieve fine features. In contrast, electron beam lithography (EBL)
offers a much higher resolution, reaching down to a few nanometers. The resolution of EBL is primarily
limited by electron scattering in the resist and substrate [225]. To ensure reproducibility of structures
at the nanometer scale, it is crucial to optimize the writing dose of the electron beam. Monte Carlo

simulations of the electron-solid interaction are employed to simulate a point spread function, which

2 All resist products are supplied from Allresist GmbH.
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allows for the correction of proximity effects. This correction is achieved using the BEAMER, software
from GenlISys, which takes into account the characteristics of the double-layer resist system and silicon.
The resist used in our process contains long polymer chains that are susceptible to damage from
electron bombardment at a critical dose. These damaged polymer chains are subsequently removed
during the development step. For electron beam lithography, we utilize the NanoBeam nB5 system
from NanoBeam Limited, which is located at WMI. The typical parameter values of the beam current
and beam voltage are 6 nA and 80 kV, respectively. This system provides the necessary capabilities for

precise electron beam patterning.

Resist development

As mentioned before, we remove the exposed resist areas by a developer, which dissolves away all

broken-up polymer chains. We employ different development processes for each resist layer stack.

e (AR-P 617.08, AR-P 679.02): We develop the structures with AR 600-56 for 30s followed by
a 5min bath in 4°C cold IPA. Owing to the instability of the cold temperature environment,
attributed to factors like a small cold bath and fluctuating room temperature, we encountered
poor reproducibility. [215, 216, 218].

e (AR-P 617.08, AR CSAR 6200.09): We develop the structures with AR 600-546 for 60s, and
subsequently with AR 600-56 for 90s for undercut and finally rinse it with IPA. Due to strong

adhesion of AR-P 617.08 to the silicon substrate, complete resist removal is not ensured [217].

e (AR CSAR 6200.13, AR-P 672.045): We develop the structures with AR 600-56 for 180 s, rinse
it with TPA for 30s, subsequently with AR 600-546 for 90s for undercut and finally rinse it with
IPA for 30s.

Aluminum evaporation and oxidation

In our Al evaporation technique, we employ an ultra-high vacuum deposition system operating under
ultra-high vacuum conditions to ensure the purity of the Al films and prevent any contamination. The
process involves the deposition of Al with a purity of 99.999% in two steps, with an initial evaporation
onto a shutter to eliminate any potential crucible contamination and to stabilize the evaporation rate,
followed by deposition onto the substrate.

During the electron beam evaporation process, high-energy electrons, generated by a filament, are
accelerated and deflected using a magnetic field. The resulting electron beam heats the Al crucible,
causing the aluminum material to evaporate. The evaporated aluminum atoms then fly to the substrate,
where they condense and form a thin film.

In the context of our Al evaporation process, we initially employed a home-built evaporation system
as documented in [226]. However, as the research advanced, we transitioned to using an evaporation
system sourced from PLASSYS. Notably, the base pressure for our home-built system is at below
10~8 mbar, while the PLASSYS system is an even lower pressure of 10~ mbar.

A significant differentiation between the two setups is the location of oxidation chamber. In
our original system, oxidation occurred directly within the evaporation chamber. In contrast, the
PLASSYS system separates the evaporation chamber from the oxidation chamber, with a gate valve
after film deposition. Such an arrangement is crucial as it avoids any oxidation of the Al in the crucible.

Nonetheless, both systems facilitate in-situ oxidation processes, thereby enhancing the precision and
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Figure 3.3. Optical micrograph of the qubit chip Qubit-KH079. (a) Overview of the whole qubit chip
with four transmon qubits and two reference CPW resonators. (b) Zoomed-in 2D floating transmon
qubit, which is capacitively coupled with the readout CPW resonator. (c) Josephson junction (red
box) with its bandage (blue box). The bandage clearly covers the pad (Nb layer) and the lead of the
Josephson junction (Al layer), ensuring the galvanic contact between both metals. See also Fig. 2.3 (b)
for reference.

reproducibility of our experiments. Furthermore, the substrate holder in our system is designed to

rotate around two axes, enabling a Manhattan-type shadow evaporation technique [227].

Lift-off process

After the shadow evaporation step, it is necessary to remove any remaining resist and unwanted metal
on the resist from the sample. To achieve this, we employ a cleaning process involving several steps.
First, the sample is immersed in acetone and heated to 80°C for a duration of 10 min. This helps to
dissolve and remove most of the resist layers together with the Al on the resist. Next, the sample is
placed in TPA at room temperature. Careful stirring with a plastic pipette is performed for 2min to
ensure thorough cleaning of the sample surface. Following the IPA treatment, the sample is transferred
to a supersonic bath set at te lowest level for a duration of 2s. Finally, the sample is dried using a
stream of nitrogen gas. The gentle flow of nitrogen helps to remove any remaining traces of solvent,
leaving the sample in a clean and dry state. This cleaning procedure ensures the removal of unwanted

residues.

3.1.3 Ar ion milling and bandaging

In our fabrication process, we have chosen Nb ground planes due to their lower losses. However, there
is an inherent limitation as it is difficult to make Nb Josephson junctions fulfilling our parameter
requirements. As a result, we have optimized the fabrication process for Al Josephson junctions. This
brings about a deliberate design choice where we physically separate the Nb metal layer, used for the
coplanar waveguide, from the Al metal layers designated for the Josephson junction. This separation
ensures there is no direct galvanic contact between the two metals, mitigating potential effects from the

lossy oxide layer inherent in the coplanar waveguide material. If aluminum were to be directly deposited
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Figure 3.4. Schematic drawing of wet (left) and dry dilution refrigerator (right) embedding resonator
chip. In the wet dilution refrigerator, A4k stinmxc are attenuators, where the values can vary for each
resonator experiment due to the limited availability of input lines.

onto the prefabricated structures, the oxide layer on those structures might introduce additional loss
channels detrimental to our quantum system.

To address this issue, we employ a technique known as argon ion milling. This process involves
using a beam of argon ions to remove the oxide layer from the coplanar waveguide material. Once
the oxide layer is removed, we proceed to deposit another layer of aluminum that covers both the Nb
base layer and the Josephson junction lead. This method is commonly referred to as the bandaging
technique, as it involves "bandaging" or covering the structures with a new layer of aluminum.

By utilizing the bandaging technique, we are able to overcome the challenges posed by the oxide
layer and ensure a high-quality fabrication of our quantum system. The bandaging technique has
been widely adopted in the field and has been shown to be effective in reducing unwanted losses and

improving the performance of the fabricated devices [228].

A typical transmon qubit chip incorporating all fabrication procedures is depicted in Fig. 3.3. Here,
the transmission lines, CPW resonators, and the large qubit pads are fabricated with the Nb etching

process, while the Josephson junctions and the bandages are realized with the Al lift-off process.

3.2 Resonator characterization

3.2.1 Cryogenic setup

As discussed in Chap.2, the observation of various quantum phenomena necessitates cryogenic
temperatures. To achieve this, we utilize both our in-house built wet dilution refrigerator and a
dry dilution refrigerator from Bluefors.

The dilution refrigerator is a cryogenic system extensively employed in quantum physics
experiments to achieve extremely low temperatures. It consists of multiple thermal stages, including
50K, 4K, and 800 mK, leading to a final sample stage temperature ranging from 7 mK to 50 mK. The
refrigeration process is based on the mixing of two helium isotopes, helium-3 (*He) and helium-4 (*He),
and takes advantage of their unique properties.

When the 3He/*He mixture is cooled down to approximately 870mK, it undergoes a phase
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separation, resulting in the formation of two coexisting phases with different concentrations of *He.
At low themperature (10 mK) the two phases are a pure 3He phase and a “He rich phase with a
3He content of 6.5%. The pure 3He phase floats in the *He-rich phase, as the *He phase has a larger
volume due to increased zero-energy fluctuations and therfore it is lighter than the *He-rich phase. By
removing *He from the diluted phase, the minimum possible content of 6.5% of 3He has to be restored
by the diffusion of 3He across the phase boundary. Since the entropy in the diluted phase is larger,
this process is associated with a removal of heat AQ = TAS = T (Sqi1(T) — Scon(T")), which in turn

3. The cooling power is proportional to the amount

provides the cooling power for the refrigerator
of 3He atoms per time and can in principle made large by increasing the pumping speed. However,
at millikelvin temperatures, the vapor pressure of *He becomes extremely low, making it challenging
to extract 3He using conventional pumps. To address this, a distillation chamber (still) is employed,
where the pump acts on the liquid surface at a higher temperature. This arrangement allows for the
efficient removal of 3He from the diluted phase and facilitates the cooling process.

In our setup, we have two distinct dilution refrigerators: the wet dilution refrigerator and the
dry dilution refrigerator. The wet dilution refrigerator undergoes precooling using liquid nitrogen
and liquid helium, while the dry dilution refrigerator employs a pulse tube cryocooler for precooling.
Detailed information regarding the working principle of our wet dilution refrigerator can be found in

Ref. [214].

Wet dilution refrigerator

The cryogenic setup used for measuring the internal quality factor of our resonators in the CIRQUS lab
is depicted in Fig. 3.4. The resonator chip is carefully mounted on the mixing chamber (MXC) stage,
which operates at a base temperature of approximately 50 mK. To minimize thermal photon effects
on the chip, the input lines are equipped with attenuators (Asx + Astin + Amxc), typically providing
an attenuation between —40 to —56 dB. The cable loss is 15 dB. Additionally, a K&L low-pass filter is
incorporated to further reduce the influence of thermal photons.

To detect the small output signals, amplification is necessary. The output is amplified using a
cryogenic HEMT amplifier (+42 dB), and subsequently, an RF amplifier at room temperature (+22 dB)
is employed. This amplification setup enables the measurement of weak output signals. To prevent
the amplified reflected signals from the amplifiers from passing through the chip, 50} terminated

circulators are utilized.

Dry dilution refrigerator

During this work, a dry dilution refrigerator has arrived in the institute, an LD400 from Bluefors, and
we have been strongly engaged in setting it up. The cryogenic setup used for measuring the internal
quality factor of our resonators in the MCQST lab is depicted in Fig. 3.4.

The basic configuration is the same as that of the CIRQUS lab.

3.2.2 Single-tone spectroscopy

Microwave spectroscopy is a powerful technique used in the frequency domain to determine the

eigenfrequencies of a quantum device under investigation. These eigenfrequencies serve as a basis

3Note that the *He liquids are Fermi liquids and in the diluted phase the Fermi energy is much lower due to the lower
density of *He. As the temperature of both liquids are the same (10 mK) the relative smearing of the Fermi distribution
T/T% is larger in the diluted phase due to the smaller 7% leading to a larger entropy.
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Figure 3.5. (a) Optical micrograph of the chip Res-005. The U-shape end of the resonators was
initially designed with the intent to capacitively couple with an Xmon qubit in later stages. (b) Internal
losses ; = 1/Q); of the chip Res-005 as a function of photon number n for different temperatures at f, =
5.82 GHz. The measurement data is represented by symbols, while the dashed lines correspond to the
fit using Eq. (2.55). The dash-dotted lines indicate the base lines of power-independent losses, and the
black solid line represents the base line of power- and temperature-independent losses. (¢) Temperature
dependence of power-independent losses dg —i—(%%. The power- and temperature independent loss is found
to be dg = 0.89 x 107°. (d) Temperature dependence of the critical photon number n.. The extracted
exponent is a = 1.73.

for further research and investigations and are often essential in understanding the device’s behavior.

In single-tone spectroscopy, a continuous wave with a single carrier frequency, denoted as wy, is
applied to the device. The amplitude and phase response of the device are then measured as a function
of the driving frequency to identify its eigenfrequencies. This measurement is typically performed using
a vector network analyzer (VNA), which measures the complex scattering coefficients S;;(wq). The
VNA provides information about the steady-state response of the system. Fig. 3.4 illustrates the setup
of a VNA measurement. One common application of single-tone spectroscopy is the characterization
of resonators or cavities, where resonant frequencies and quality factors (both external and internal)

are determined using the methods described in Chap. 2.
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3.2.3 Experimental results
Baseline resonators

In order to assess the quality factor of devices fabricated with the process developed at the WMI, we
studied resonators fabricated with the Al lift-off technique. The chip design of the fabricated resonators
is depicted in Fig. 3.5 (a). These resonators serve as a reference for subsequent optimization processes.
The measurement of the quality factor is performed in a wet dilution refrigerator.

To distinguish between various sources of losses, such as TLS and quasiparticles, we investigate
the dependence of the quality factor on probe power and temperature, as discussed in Chap.2. The
contribution of TLSs can be determined by studying the power dependence, while the influence of
thermal quasiparticles can be quantified by measuring the temperature dependence. Fig.3.5 (b) shows
the internal losses 0; = 1/Q); as a function of the resonator photon number at different temperatures,

with the mean resonator photon number calculated using

ne={ala,) = 4 [(am) 2. (3.4)
Here, r, is the total dissipation rate of the resonator, x,. is the external coupling strength of the
resonator, and |(€Lin>]2 is the input photon flux, which is proportional to the microwave power?. As
anticipated, we observe that the TLS contribution increases as the photon number decreases. In the
low photon number regime, there is significant absorption of resonator photons by the unsaturated
TLS. Conversely, in the high power regime, the TLSs are getting increasingly saturated by already
having absorbed photons, making it unable to absorb additional photons. Consequently, the amount
of photons absorbed by the TLS becomes negligible compared to the number of photons present in
the resonator. As the quality factor is defined as the ratio of stored energy and power loss per cycle,
i.e. as the relative loss, it increases, although the absolute amount of loss stays the same. That is, ;
decreases but not the loss per cyle. For our reference sample, the TLS loss is measured to be on the
order of ~ 107°.

Additionally, we conduct a fitting analysis of the power-independent losses using Eq. (2.58), as
depicted in Fig. 3.5 (¢). Here, we utilize only the ratio of kinetic inductance to the total inductance of the
material IC as the free fitting parameter (see Eq. (2.58)). In Fig. 3.5 (d), we also observe that the critical
photon number n. increases with temperature, as higher temperatures lead to increased relaxation rates
of the TLSs and broader energy level distributions due to their interactions, as described by Eq. (2.56).
The extracted exponent, «, was found to be v = 1.73, which is close to the typical literature values
ranging from 2 to 3 [156, 162, 163]. This value deviates from the expected o = 1 of the spin-boson
model, which can be attributed to the fact that hw,/kgT ~ 3 — 6 for T = 50 — 100 mK, indicating
that we are not operating in a sufficiently low-temperature limit hw,/kgT > 1 [164]. Notably, we
discovered that thermal quasiparticle losses become negligible below 170 mK. Specifically, at the base
temperature of CIRQUS of 50 mK, the losses due to thermal quasiparticles are expected to be below
1072°. We note, however, the non-thermal quasiparticles, which can be generated for example by an
insufficient protection of samples against infrared radiation, have to be avoided to keep quasiparticle
losses small®.

In contrast to thermal losses, we observe that other types of losses, represented by &g, are of a

similar magnitude to the TLS losses, around 1075, This finding is consistent with the values reported

“See also Eq. (2.49) in Subsec. 2.4.3
5See also Subsec. 2.4.4 for more details.
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Figure 3.6. (a) Optical micrograph of the chip PRes-061 with a zoomed picture of one resonator. The
same design has been used for the chip Qubit-001. (b) Comparison of internal losses d; versus mean
resonator photon number n across different fabrication processes and materials. Individual measured
internal losses are indicated by dots for different resonances, with their mean values illustrated by solid
lines. All chips underwent surface treatment: Res-046-YN is an Al sample with HF-dipped lift-off
process, Qubit-001 is an Al sample with Piranha and BOE using etching process, and PRes-061 is a
Nb sample with Piranha and BOE using etching process.

in [156], where the sample was fabricated using the same recipe at WMI [214]. However, we notice
that J§p increases by one order of magnitude for the resonator at 6.21 GHz. This can be attributed to
the parasitic mode of our sample box, which will be discussed in more detail later. A summary of our

reference sample for different resonators is provided in Tab. 3.1.

fr (GHz) | & (107°) | 6% (107°) | 6o (107%) | o | B
5.82 ‘ 3.38 ‘ 2.49 ‘ 0.89 ‘ 1.73 ‘ 0.70

6.21 17.5 1.79 15.8

Table 3.1. Summary of the reference sample Res-005 for different resonators. The parameters f;., J;,
6315, 60, a and B are obtained by fitting Eqs. (2.54), (2.55), (2.56) and (2.58) to the measured power
and temperature sweeps. The high loss dy at f. = 6.21 GHz is due to a parasitic mode, as it will be
explained later. The sample Res-005 is taken at T' = 50 mK in the wet dilution refrigerator.

Resonators with surface treatment

Given that the dominant source of loss arises from SiOg layer covering the substrate surface, which
hosts a significant number of TLS, we have performed a surface treatment to mitigate SiOs related
losses. In this analysis, we consider three different samples: an Al sample fabricated using the HF-
dipped lift-off process®, an Al sample treated with Piranha and BOE using the wet etching, and an
Nb sample treated with Piranha and BOE using the dry etching process.

In Fig.3.6, we present a plot depicting the relationship between internal losses and the mean
photon number for the various samples. Notably, we observe a significant enhancement of the internal
quality factors compared to the previously reported values of the reference sample. These findings

strongly suggest that the prominent contribution to losses arises from the presence of the silicon

SHere, we deeply appreciate Mora Linda and Prof. Dr. Ralf Meyer from Walther-Schottky Institute for making the
HF-dip possible.

69



oxide layer. Upon closer examination of the internal losses among the different samples, a consistent
6LO,A1 > 6Etch,Al > 5Etch,Nb

trend emerges: 0, ; ; The increased losses observed for the lift-off sample,
in comparison to the etched samples, can likely be attributed to the residual resist that remains
after the development process. This residual resist may contribute to additional TLS losses at the
metal /substrate interface. This explains the comparatively large 6%LS, while similar power-independent
loss values 5(1)‘ OAl (55 teh Al yre measured when compared to the Al etched sample. It is worth noting
that the resistivity of the Si substrate has increased from 2k€2-cm to 10k - cm, resulting in improved
internal quality factors [229]. However, it is important to consider that these values may change
completely different at low temperatures and the impact of resistivity is relatively limited, as achieving
internal quality factors on the order of Q; ~ 107 is still possible even with a resistivity of 3 k(2 -cm [230].
Furthermore, it is crucial to investigate the influence of parasitic modes, as the lift-off sample appears
to be primarily limited by such modes. Detailed discussions regarding this issue will be provided in

more detail later in this thesis.

sample material | surface treat. | process | f. (GHz) | &§; (107%) | 69,4 (1076) | 8o (107°)
Res-046-YN | Al HF, 3min lift-off 5.08 2.47 1.76 0.71
5.72 5.81 4.60 1.21
5.99 11.59 9.89 1.70
Qubit-001 Al Piranha etch 5.16 2.09 1.27 0.82
+BOE, 30s 5.38 2.01 1.21 0.80
5.65 1.86 1.05 0.81
5.90 2.53 0.49 2.04
6.14 1.6 0.98 0.62
6.39 3.65 2.52 1.13
6.63 2.44 1.02 1.42
PRes-061 Nb Piranha etch 4.84 2.46 2.27 0.19
+BOE, 30s 5.21 1.11 0.95 0.16
5.41 1.11 0.91 0.20
5.46 0.72 0.54 0.18
5.69 0.66 0.45 0.21
5.92 1.07 0.76 0.31
6.14 1.38 1.24 0.14
6.37 1.24 0.98 0.26

Table 3.2. Summary of the samples with surface treatment for different resonators: Res-046-YN,
Qubit-001, and PRes-061. The parameters f;, &;, (5%LS, and g are obtained by fitting Egs. (2.54) and
(2.55) to power sweeps. The sample Res-046-YN is taken at 7' = 50 mK in the wet dilution refrigerator,
while the samples Qubit-001, and PRes-061 are measured at T' < 7mK in the dry dilution refrigerator.

Additionally, when comparing the Al and Nb samples, we observe a further improvement in the
internal quality factors for Nb resonator. Specifically, the power independent losses §y are reduced
by one order of magnitude. This can be attributed to the larger superconducting gap of Nb, with a
critical temperature of 9.3 K compared to Al with 1.2 K. As a result, fewer non-thermal quasiparticles
are generated in Nb, leading to improved quality factors. A summary of our samples is provided in
Tab. 3.2.

Furthermore, we can enhance the internal quality factors of Nb by employing a post-BOE process
to reduce the niobium oxides on the metal surface, potentially reaching values up to 5 x 105. This

enhancement has been investigated in more detail by another research group at WMI [217, 219].
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Figure 3.7. (a) Picture of four-port sample box with a resonator chip. (b) Lumped-element
representation of the theoretical model. The progression of an incoming propagating wave, Ginc1,
is illustrated (grey wave). This wave encounters and engages with two distinct modes: the resonator
mode, a,, and the parasitic mode, G,. After absorption, each mode reemits as distinct outgoing
traveling waves, Gout,c1 and dout,c2. As a consequence, an interference effect appears between the waves
originating from the resonator mode (orange wave) and parasitic mode (blue wave). (c) Schematic
representation of the same theoretical model with G, = (S,, L., #,) and G, = (Sp, Ly, H,). The
wiggle represents the interaction between the resonator and parasitic mode. (d) External (red) and
internal (blue) losses of the sample Res-086-YN as a function of resonator frequencies. The dots are
measurement data, and the dashed lines are the fit using the Egs. (3.10) and (3.11). (e) External (red)
and internal (blue) losses of the sample Res-046-YN as a function of resonator frequencies. The dots
are measurement data, and the dashed lines are the fit using the Egs. (3.10) and (3.11). Here, due to
insufficient data points, we assumed that the parasitic mode frequency w, and its bandwidth x, are
the same.

Influence of chip and box modes

Previously, we observed the increase of losses for certain resonance frequencies both in baseline
resonators and resonators with surface treatment. There, we pointed out the presence of chip and
box modes which can introduce additional loss channels in quantum devices. These modes correspond
to chip modes forming inside the substrate and cavity modes within the sample box, where the electric
fields can overlap with the electric field generated by the quantum system, allowing for interaction. Our
investigations reveal that these parasitic modes - a term we adopt due to our inability to distinguish
between chip and box modes in this study - may have significant impact on both internal and external
quality factors. To differentiate them, similar to designing cavity eigenmodes, the eigenfrequencies of
the box and chip modes can be engineered by carefully designing the sample boxes. In particular, the
size and the effective dielectric constant determine these eigenfrequencies. Indeed, we show that the
internal quality factors change dependent on the sample boxes we use.

Our analysis begins by exploring the influence of parasitic modes in the four-port sample box on
the system’s internal and external quality factors. The corresponding loss measurements are presented
in Fig. 3.7 (d). An initial observation reveals that it displays increased losses around 6.7 GHz coinciding
with the eigenfrequency of the parasitic mode. The interesting point is that the Res-086-YK design

experiences an increase in internal and external losses. To explain the underlying physics, we delve
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into the scenario illustrated in Fig.3.7 (b, c): the resonator and parasitic mode are directly interacting

with each other and are both linked to the transmission line.

The outgoing traveling wave of the resonator serves as the incoming wave for the parasitic mode
after accumulating a phase shift ¢, and vice versa. Representing this interplay via a block diagram in
Fig.3.7 (c), a coherent feedback mechanism becomes evident. As anticipated in Chap. 2, such feedback
pathways can be integrated within the SLH framework, leading to the determination of an effective
SLH G,p = (Srp, trp,ﬁrp). After a slight modification of Eq. (2.45), we find

| 10
S,, =e'® 3.5a
N "
\ kp/2a, + ei? Kr.c/ 20y
Lip = | \/fire 20, + €\/i,]2a, (3.5b)
\/ﬁr,i&r

~ it it i . Frckp . i .
Hyp/ b :Araiar + Apa;)ap + 9rp (a;[ap + a,.a;;) + % sin ¢ (aiap + ara;2> , (3.5¢)
with the phase ¢ = 27rwd\/a(f/c acquired by a photon along the propagation path. Here, d is
the physical distance between the resonator and parasitic mode. The external dissipation rate of
the resonator and the parasitic mode is given by k,. and &, respectively, while the internal one of

— wq is the detuning, dg/)p are annihilation (creation)

the resonator is defined as r;;. A,/ = wy)p
operators of the resonator and parasitic mode, respectively, and g, is the effective coupling strength
between the resonator and parasitic mode. Interestingly, our Hamiltonian, as expressed in Eq. (3.5¢),
reveals an effective coupling between the two modes. This phenomenon can be rooted in the established
principle of the input-output relation, which dictates that an outgoing traveling wave invariably carries
information of the originating quantum system. For clarity, we consider, without loss of generality,
the scenario where we are examining the outgoing traveling wave emanating from the parasitic mode,
ap. Given its trajectory, this wave eventually engages with the resonator mode, a,., due to their shared
connection to the same transmission line. Consequently, the outgoing wave from the parasitic mode
is perceived as the incoming wave for the resonator mode. As this wave retains information from the

parasitic mode, it effectively mediates an interaction between the resonator and the parasitic mode.

Given Gyp = (Spp, ﬁrp, 7:[7,;)) in Eq. (3.5), the quantum Langevin equation yields

N . KrctKri . KrKp g R
d | a, —iA, — B g+ %euﬁ a
s - . RrK ) . K A
dt ap _Zg’r’p _|_ %e“ﬁ _ZAp — Tp ap
Fir.e fre yi¢ Qinc1
Kp id Kp 0 in,c2 ’
2 € 2 ;
Qin,il
and the corresponding input-output relation
~ Krye Jig Kr.c ~
Gout,cl 2 € \V 2 ~ Qin,cl
~ K ; K r ~
Gout,c2 = s el /e o + Qin,c2 . (36)
2 2 ap

Gout,il Rri 0 QAin il
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The scattering coefficient for the transmission measurement can be then written in the steady state as

(dout c2> Zw("e(ff)
Sy — \oute2) _ - (3.7)
(@in,c1) ’LA —|—z /2—|—zrC /2

with the effective external and internal complex "dissipation rate"

eff) _Fre  19rpy/Frcfip€® + K cipe®? /4 + iAkpe* /2

=~ 3.8

fre’ =g iN, + Fp)2 (3:8)

Z(eﬁ) R 293;3 Zg'r’p\/ﬁr chp€ @+ Ky clpe 2W)/él + iAK 627’¢/2 (3.9)
7,0 7,0 iAB T Kp/2 ’LA T l{,p/2

For a consistency check, we can observe that we recover Eq.(2.52) for |A,| — oo. The real-valued

external and internal dissipation rate is given by

R —Re [+
e /iy (3 sin0) = A, cos(0)) — "5 (A, sin(26) + % cos(20))

> o (/sp/2) (3.10)
) =Re |z ief”]
T (2P
| roy/Frcky (3 sin(@) — Ay cos(9)) — =47 (A, sin(29) + F cos(2¢)) (3.11)

A%—i—(mp/Q

Here, we have set A, = 0 because the measurements are conducted at around resonator frequencies,

which are equivalent to the driving frequencies.

First, our observations highlight a Lorentzian distribution in both internal and external couplings.
Notably, changes in the external dissipation rate can arise from interactions mediated by the
transmission line, as highlighted in Eq.(3.10). Naturally, one might wonder about the underlying
mechanism allowing for these variations in the external coupling rate. The answer lies in the interference
of the traveling waves. In a scenario where the phase shift is 7/2 and A, = g¢,, = 0, we see
a pronounced scattering value, S2; = 1, as opposed to the more typical S9; = 1/2 observed in
transmission measurements. In conventional scenarios, half the information is typically lost due to
reflection, making this maximal value look like as the signal has undergone "amplification", even
in passive systems. However, it is pivotal to recognize that our unique configuration introduces a
secondary traveling wave, as illustrated in Fig. 3.7 (b). This wave is originating from the second mode,
which has absorbed the propagating wave coming from the first mode and then reemitted. Given its
path length, this wave accumulates a phase shift of 2¢. Specifically, at ¢ = /2, the primary and
secondary waves undergo destructive interference, ensuring no information loss. In tandem, the wave

we measure undergoes constructive interference, effectively doubling the observed signal.

In terms of the internal losses, this outcome underscores the existence of an alternate decay pathway
for the resonator photon, facilitated by the parasitic mode. Once the resonator photon is converted
into the parasitic photon, it rapidly dissipates into the surrounding environment, characterized by the
rate k,. The pronounced Lorentzian trend can be attributed to the detuning between the resonator and

the parasitic mode. When these frequencies are perfectly aligned, photon interaction peaks, optimizing
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6, (107°)

Figure 3.8. (a) Picture of an eight-port sample box without valley. (b) Picture of eight-port sample
box with valley. The size of the rectangular hole in the center is 12 mm x 9 mm x 2 mm. (c) Picture of
two-port sample box with valley. This sample box is simulated and fabricated by [174]. (d) Comparison
of internal losses §; versus photon number n between different sample boxes: eight-port sample box
without valley (blue), eight-port sample box with valley (orange), and two-port sample box with valley
(green). Individual measured internal losses are indicated by dots for different resonances, with their
mean values illustrated by solid lines. The losses of parasitic modes shown in "eight-port sample box
without valley" are not included in the mean value calculation.

conversion. Conversely, as the detuning widens, the conversion efficiency is suppressed considerably.

Using the Egs. (3.10) and (3.11), we can extract all parasitic mode and resonator parameters. In
particular, we obtain w,/27 = 6.73 GHz with k,/27 = 0.50 GHz for parasitic modes, while ,;/27 =
0.23 MHz for the resonator modes. The coupling strength between both modes is determined to be
grp/2m = 6.79 MHz. We can already find the large influence of the parasitic mode. For example, if we
take the resonator mode at 6.69 GHz, we can extract that the internal loss due to the direct interaction
is 0 int ~ 54 X 1075, which is even larger than the intrinsic loss of resonator with 0ir ~ 34 % 1076, The
loss originating from the mediated interaction is also comparable to other losses with 6; meq ~ 12 % 1076.
Furthermore, if we want to suppress the influence of parasitic modes less than 1079, we need to locate

our resonator frequencies in the range below 4.5 GHz.

Indeed, regarding the limitations of the lift-off sample discussed earlier, we can observe this problem
in Fig. 3.7 (¢). Res-046-YN was measured using the same four-port sample box, which was not optimized
for mitigating parasitic modes. We find that the external and internal losses are increasing with higher
resonator frequencies, which already suggest the influence of the parasitic mode. Assuming that the
extracted parasitic mode parameters are applicable to the lift-off sample as well, we obtain the intrinsic
loss of the resonator as d; , ~ 2 x 1075, which is consistent with the values obtained for Qubit-001 and
other aluminum resonator chips [218|. The coupling strength is extracted to be g,,/2m = 1.31 MHz,
which is comparable to the value obtained for Res-086-YN.

Despite adopting certain assumptions that may not fully align with actual conditions - such as
the same parasitic mode parameters, constant dissipation rates given by x,; and k., and consistent

coupling strength g,, across all resonators - the data was still fitting reasonably well. This further
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sample box | f. (GHz) | & (1075) | 694 (107%) | &y (1079)
eight-port 5.16 3.75 1.51 2.24
w/o valley 5.53 20.15 10.91 9.24
5.65 4.13 3.67 0.46
5.895 4.68 2.42 1.66
6.14 2.26 1.21 1.05
6.39 3.81 1.22 2.59
6.63 4.12 1.39 2.73
eight-port 5.16 2.60 1.40 1.20
w/ valley 5.38 2.17 1.29 0.88
5.65 3.85 2.82 1.03
5.90 2.02 1.01 1.01
6.14 3.10 1.91 1.19
6.39 3.00 1.33 1.67
6.63 2.76 1.47 1.29
two-port 5.16 2.09 1.27 0.82
w/ valley 5.38 2.01 1.21 0.80
5.65 1.86 1.05 0.81
5.90 2.53 0.49 2.04
6.14 1.6 0.98 0.62
6.39 3.65 2.52 1.13
6.63 2.44 1.02 1.42

Table 3.3. Summary of the sample Qubit-001 characterized in different sample boxes: eight-port
without valley, eight-port with valley, and two-port with valley. The parameters f., d;, 6%LS, and dy
are obtained by fitting Eqs. (2.54) and (2.55) to power sweeps.

highlights the importance of careful sample box engineering to reduce the influence of parasitic modes.

We now study how to mitigate the loss induced by the chip mode. Here, we study three different
sample boxes: eight-port sample box without valley, eight-port sample box with valley, which has a
hole size of 12 mm x 9 mm x 2 mm, and two-port sample box with valley, which has a semi-cylindrical
shape with a radius of 2 mm and a length of 14 mm.

The impact of box modes is shown in Fig. 3.8 (d). As discussed in Chap. 2, mitigation of chip modes
can be achieved through two approaches: minimizing the overlap of the electric fields and shifting the
eigenfrequencies to higher values. The former can be accomplished by drilling a hole into the eight-port
box, while the two-port sample box achieves both objectives. Specifically, reducing the dimensions of
the sample box results in a higher eigenfrequency.

We observe significant improvement of the quality factors of in the Piranha and BOE treated Al
sample when changing the sample box from an eight-port box without a hole to an eight-port box with

a hole, and finally to the two-port box. The internal quality factor was found to improve by 70% from

Etch,Al B _6 Etch,Al
i,eight—port w/o hole ~ 2.3 x10 to 5i,tw07port

of this sample can be found in Tab. 3.3.

= 1.6 x 1075. The summary of the relevant parameters

3.3 Qubit characterization

As our goal of this chapter is to benchmark the coherence time of the superconducting qubit, we finally
perform an investigation of a fixed-frequency transmon qubit chip, using the insights gained in Sec. 3.2.

The fabrication of this chip integrates the Nb etching process for constructing the larger structures,
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Figure 3.9. Schematic drawing of dry dilution refrigerator embedding qubit chip for the spectroscopy
measurement.

followed by the lift-off procedure for creating the Al/AlOy/Al Josephson junctions, as discussed in
detail in Sec.3.1. Our fabrication process commences with a silicon (100) substrate, which possesses
a resistivity of p = 10 k- cm. We begin by subjecting the substrate to a Piranha etch followed by a
30s HF dip. Subsequently, we deposit a 150 nm-thick layer of Nb on the substrate using a PLASSYS
system. Once the Nb layer is in place, we employ optical lithography in combination with reactive ion
etching to pattern the desired structures into the Nb film. The chip is then coated with a double-layer
electron beam resist to provide the mask needed for the formation of A1/AlO/Al Josephson junctions.
As the final step in the fabrication process, we lay 300 nm-thick Al bandages between the Al stripes
and the Nb ground plane. This arrangement ensures a galvanic contact between the two materials.

Fig. 3.3 shows the optical micrograph of our transmon qubit chip.

3.3.1 Qubit spectroscopy measurement

Qubit spectroscopy is a fundamental technique used to probe and characterize qubits. By studying the
response of qubits to specific input signals, we gain valuable insights into their properties and behavior.
Two commonly used spectroscopy methods in qubit measurement are single-tone spectroscopy and two-
tone spectroscopy. They allow us to probe the behavior of qubits and extract important information
about their characteristic frequencies, as well as their presence and coupling dynamics. In the
following sections, we will delve deeper into the principles and applications of single-tone and two-
tone spectroscopy techniques. In Fig. 3.9, the schematic drawing of our spectroscopy measurement is
shown. All power levels depicted in Fig. 3.10 are at the sample stage. Calibration was performed using

two-tone spectroscopy in conjunction with the dispersion relation provided by Egs. (2.72) and (3.4).
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Figure 3.10. Spectroscopy measurement of the qubit chip Qubit-KHO79. (a) Microwave transmission
amplitude plotted over a broad frequency range. The dashed red box highlights the transmission dip
due to the readout resonator at around 6.158 GHz, which is coupled to the qubit and is here used
as an example. (b) Single-tone spectroscopy measurement as a function of probe power around the
specific readout frequency of 6.158 GHz. The "punch out" effect can be observed above —113 dBm.
In addition, we notice that the readout frequency in the dressed state is greater than that in the bare
state. This demonstrates that the qubit frequency is lower than the readout frequency, as implied by
the relationship w, + x4r0.. (c) Two-tone spectroscopy measurement as a function of drive prower.
The qubit frequency at fo; = 3.843 GHz and the two-photon process at fo2/2 = 3.721 GHz can be seen.
Due to a finite qubit temperature, we can observe a transition between the first and second excited
state fi2 = 3.599 GHz. (d) Two-tone spectroscopy as a function of probe power. The qubit frequency
shifts as a function of readout photon due to ac-Stark shift.

Single-tone spectroscopy

Single-tone spectroscopy serves three main purposes in qubit measurement. Firstly, it enables us
to determine the readout frequency of the resonator similarly to Sec.3.2. Secondly, it confirms the
presence of the qubit within the qubit-coupled resonator system. Lastly, it allows us to determine
whether the qubit frequency is above or below the readout frequency. These objectives are achieved

simultaneously through a probe power sweep.

In the low power regime, where the resonator is weakly driven, the eigenfrequency of the resonator
corresponds to the dressed eigenstate of the resonator mode. However, in the high power regime,
a phenomenon known as "punch out" occurs [83] as demonstrated in Fig.3.10(b). This refers to
the observation of the eigenfrequency of the bare resonator mode as the transmon qubit is strongly
off-resonantly driven. In this regime, the transmon qubit occupies highly excited states above the
Josephson potential, behaving like a free phase particle [71, 72]. Consequently, the charge state

becomes highly localized, resulting in a vanishing electric dipole moment and effective decoupling
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of the transmon from the resonator. This phenomenon is often referred to as transmon ionization
[73] or other terms such as first order dissipative phase transition [80, 81, 86|, break-down of photon
blockade [77], or chaotic regime |74].

Furthermore, in the dispersive regime, the sign of the cross-Kerr interaction strength (or ac-Stark
shift) is determined by the detuning between the qubit and readout frequencies A,., as shown in
Eq. (2.70). By comparing the eigenfrequencies in the dressed state and the bare state, we can determine

whether the qubit frequency is above or below the readout frequency.

Two-tone spectroscopy

In two-tone spectroscopy, an advanced technique for characterizing quantum devices, two carrier
frequencies are employed to measure both the amplitude and phase response of the device under
test. This method utilizes a VNA to measure the scattering coefficients and requires a microwave
source, such as an SGS source, to generate the second carrier frequency.

In the case of qubit measurements, the VNA serves as the readout instrument providing the probe
tone, while the microwave source is responsible for driving the qubit. For instance, to determine the
qubit frequency or transmon multi-photon transitions, the driving frequency of the microwave source
is swept across the expected frequency range. Meanwhile, the readout power is set to a few readout
photon level at a fixed readout frequency. By varying the drive power, we obtain a spectroscopy
measurement that reveals characteristic features, as depicted in Fig.3.10 (c). Another application of
two-tone spectroscopy is photon number calibration, which makes use of the dispersive regime and the
associated equations. Once the qubit frequency has been determined, we can perform sweeps around
this eigenfrequency while adjusting the readout photons. As the photon number increases linearly, it

induces changes in the qubit frequency and the bandwidth of the Lorentzian shape” (see Fig.3.10 (d)).

3.3.2 Time-domain measurement setup

Pulse generation setup

By establishing precise synchronization and utilizing arbitrary waveform generators (AWG) and
microwave sources, we can generate tailored microwave pulses for qubit control and readout, enabling
accurate manipulation and measurement of the qubit state.

The pulse generation setup is a crucial component for controlling and reading out the qubit state in
our experiments. We employ microwave pulses, which are shaped using an AWG. Specifically, we use
the HDAWG from Zurich Instruments as our AWG, along with the R&S SMF100A and R&S SMB100A
microwave sources®. To combine the pulsed qubit drive and readout drive, we utilize a power combiner.
The combined signal is then sent to the cryostat, where the qubit control and measurement take place.

A schematic of the pulse generation setup can be found in Fig. 3.11.

"This holds true as long as we can ensure homogeneous broadening. Nevertheless, at a certain threshold of photon
number, a transition to inhomogeneous broadening occurs, a broadening that grows with /n, due to a Gaussian
distribution. The emergence of this Gaussian line can be traced back to strong measurements where the measurement
rate surpasses the external coupling rate of the readout resonator. Consequently, the qubit transition frequency becomes
contingent upon the instantaneous value of the photon number in the readout resonator. For large photon numbers,
this distribution tends towards Gaussian [231]. In certain instances, this critical photon number could be so low that
calibration of the photon number based on a linear relation becomes challenging. Hence, an alternative and dependable
method for photon number calibration is the use of Ramsey measurements, which will be later performed for single-photon
detection measurements.

8Note: The phase stability of these devices was found to be insufficient for certain measurements, such as Tb
measurements and phase readout. Consequently, we replaced these microwave sources with the R&S SGS100A for
single-photon detection measurements.
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Figure 3.11. Schematic drawing of dry dilution refrigerator embedding qubit chip for the time-domain
measurement.

To generate the waveforms that drive the qubit and readout pulses, we digitally synthesize them
and load them into the HDAWG using our measurement software, which is programmed in LabView.
Our measurement software dynamically adapts the number of waveform points to match the desired
cycle length, ensuring a temporal precision of approximately 3.3ns. Typically, a waveform consists of
2400 points for a cycle time of 1 us®.

Precise synchronization among all devices is crucial for performing accurate time-resolved
measurements. In our setup, synchronization serves two main purposes. First, it ensures that all
devices share the same frequency standard, which is essential for coherent control and measurement of
the qubit. Second, it ensures that the readout pulse arrives precisely at the start of data acquisition
by the digitizer card. To achieve this, the TTL synchronization output of the readout marker channel
triggers the FPGA for data acquisition. This trigger is sent to the FPGA immediately after the readout
pulse. To account for the propagation time of the pulse through the setup, we introduce a delay in the
generated pulse using the synthesized waveform from that channel. Typically, the time delay for the
trigger pulse in our system is approximately 250 ns.

To maintain a common frequency standard, we rely on an atomic clock based on rubidium-87 atoms.

9Note: The HDAWG has a sampling rate of 2.4 GSa, with a sequencer clock rate of 0.3 GHz, which is required for
the instructions from the 16 bit sequencer. As a result, waveform lengths must be multiples of 16 sample-clock cycles to
comply with the waveform granularity specification.
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This clock provides a precise 10 MHz frequency reference, which is connected to the synchronization
input of all pulse generating devices and microwave sources.

By establishing precise synchronization and utilizing the AWG and microwave sources, we can
generate tailored microwave pulses for qubit control and readout, enabling accurate manipulation and

measurement of the qubit state.

Down-conversion setup

The measurement of the classical readout signal in our experiment is performed in the I-Q plane, where
we measure both the in-phase (I) and quadrature (Q)) components of the voltage [23]. This allows us
to distinguish between the ground state and excited state of the qubit. Mathematically, the readout
signal can be described by

s(t) = Re {ARoewRo einot} , (3.12)

where Aro and Oro contain information about the qubit state. To visualize this signal, we project it
onto the I-Q plane. To measure the readout signal, we utilize an FPGA. However, since the FPGA
operates in a different frequency regime compared to the readout signal, we need to downconvert the
readout frequency to an intermediate frequency (IF), wip. This is where the I-Q mixer comes into play.

The I-Q mixer performs multiplication with the frequency of the local oscillator (LO), wy,o, resulting
in a mixed signal. This mixed signal contains both sum and difference frequencies wy,o = wro. In our
case, we are interested in the difference frequency. To extract this difference frequency, a low-pass filter
is employed to filter out the sum frequency, allowing only the difference frequency to pass through.
The choice of the LO frequency determines the type of demodulation used in the measurement. In
homodyne demodulation, the LO frequency is set equal to the readout frequency, wro = wro.
On the other hand, in heterodyne demodulation, the LO frequency is offset by an intermediate
frequency on top of the readout frequency, such that wip = |wro — wro|. In our measurement, we use
the heterodyne measurement with wip /27 = 60 MHz to avoid electronic 1/ f noise due to the ac-coupled
analog-to-digital conversion.

Our I-QQ mixing setup is electromagnetically shielded by a homemade copper box, in which all
IF components are installed such as I-Q mixer, IF amplifier, low-, band-, and high-pass filters. This
shielding ensures a significant reduction of the noise contribution at 10 MHz below the noise floor of

the amplifiers!©.

Averaging and Digital homodyning

Here, we elaborate on the digital component of our experimental setup, which is made up of two key
operations: averaging and digital homodyning.

The purpose of the initial step, averaging, is to mitigate the noise integrated from the carrier signal.
In our experimental context, the most significant source of noise is the linear phase-insensitive amplifier.
This device amplifies both quadratures equally, contributing a minimum of 1/2 noise photons, a result
derived from the Caves formula for an ideal case at T = 0K [232]. However, under real conditions,
the amplifier introduces additional thermal noise photons instead of vacuum noise, with their amount
corresponding to the noise temperature of the device. The effect of the thermal noise on the signal
quality can be interpreted via the Friis equation, which states that the first amplifier in the amplification

chain predominantly determines the signal-to-noise ratio [233]. Within the context of our experimental

for more details the readers are referred to [214].
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Figure 3.12. T} time measurement of the qubit. (a) An example of a 77 measurement. The measured
data (blue dots) are fitted by ng(t) = ng(0)exp (—t/T1) (orange line) which yields T3 = 146 ps.
The inset shows the pulse sequence used in the experiment. (b) Histogram of 7} times obtained in
subsequent measurements. The fluctuation of the 77 times is attributed to the thermal activation of
low-energy TLS, which manifest themselves over time intervals that range from milliseconds to several
hours, even days [149, 234-237].

apparatus, the cold HEMT amplifier serves as this initial amplifier which typically contributes 5 —
10 noise photons at 5 GHz. As the carrier signal contains only few photons, a single readout trace
is completely covered by noise. The averaging is conducted by the snap-tool software. When the
maximum number of iterations NN is reached, we calculate the mean value of each point in time by

dividing the accumulated value by N and the second order moment.

The ultimate objective of our data analysis is to determine the values of Aro and Orp. To this

end, we utilize the digitized and averaged IF signals given by
sie(t) = Re {ARoeieRO eiwIFt} = Ago cos (wirt + 0ro) (3.13)

These signals are then subjected to a homodyning procedure, which we implemented in LabView, to

eliminate the IF carrier frequency. The ideal operations we wish to accomplish are

N
WIF Nogo A
== n n 5 ) .14
o ;3117(75 ) cos (wipty) — 5 €08 (6ro) (3.14a)
WIF Y N A
. —00 .
Q —%;SIF(%)SIH (wiptn) =" 3 sin (fro) - (3.14b)

In reality, our LabView setup must deal with with DC offsets and a non-zero spectral component at
2wir. Consequently, it implements an optimization process to account for these modulations before

applying Eq. (3.14) 1.

"For a more thorough discussion on this, readers may refer to [214]. An important point to note, based on the
assertions in [214], is that even though they claim no need for calibration measurements, we do require a calibration
measurement for our qubit phase readout to establish a reliable phase reference point.
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3.3.3 Measurement results

The qubit performance is evaluated by measuring the 77 and 75 times. For determining the T} lifetime,
we initially prepare the qubit in an excited state using a 7 pulse and measure its relaxation. Each
measurement point is averaged over 10.000 times with a repetition time of 500 us between successive
projective measurements. This interval allows the qubit to return to its ground state. Given the phase
instabilities inherent to our apparatus, combined with the constraint of time, we were unable to carry
out T5 measurements in this particular investigation.

Here, we characterize a fixed-frequency transmon qubit with its transition frequency at w, =
3.843 GHz. In Fig. 3.12 the corresponding data sets for the qubit measurement are shown.

The extracted qubit lifetime is T7 = 118.7£16.3 us. After the photon number calibration and power-
dependent Rabi oscillations, we can extract the Purcell decay rate of v, p/2m = 0.33kHz and intrinsic
qubit lifetime of T ; = 157 us using Eqgs. (2.68), (2.72) and (2.74). The corresponding internal quality
factor is Q; = wqT1 /2™ = 603 351, which is in a good agreement with the resonator measurements in
Sec. 3.2. The coherence time is predominantly limited by the losses in the junction area due to strong
electric fields coupled to the TLSs and thus to the non-optimized resists stack. Improving the undercut

potentially leads to an improved coherence time. All extracted parameters can be found in Tab. 3.4.

wy /27 (GHz) ‘ wq/2m (GHz) ‘ wo2/2/27 (GHz) ‘ Xqq/2m (MHz) ‘ Xqr/2m (MHz) ‘ Gqr/2m (MHz)
6.158 |  3.843 | 3.721 | -244 | 225 | 21.4

Table 3.4. Measured readout resonator and qubit parameters of the sample KH-079.
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Chapter 4

ONSET OF TRANSMON IONIZATION IN MICROWAVE
SINGLE-PHOTON DETECTION

By strongly driving a transmon-resonator system, the transmon qubit may eventually escape from its
cosine-shaped potential. This process is called transmon ionization (TT) and known to be detrimental
to the qubit coherence and operation. In this work, we investigate the onset of TI in an irreversible,
parametrically-driven, frequency conversion process in a system consisting of a superconducting 3D-
cavity coupled to a fixed-frequency transmon qubit. Above a critical pump power we find a sudden
increase in the transmon population. Using Rényi entropy, Floquet modes, and Husimi Q functions,
we infer that this abrupt change can be attributed to a quantum-to-classical phase transition.
Furthermore, in the context of the single-photon detection, we measure a TI-uncorrected detection
efficiency of up to 86% and estimate a TI-corrected value of up to 78% by exploiting the irreversible
frequency conversion. Our numerical simulations suggest that increasing the detuning between the
pump and qubit frequencies and increasing the qubit anharmonicity can suppress the TI impact.
Our findings highlight the general importance of the TT process when operating coupled qubit-cavity
systems. Key results presented in this chapter have been published in [238].

In this chapter, we focus on the onset of TI in the irreversible frequency conversion process, which
is applied for the realization of the single-photon detection in the microwave regime. We start with the
experimental techniques in Sec. 4.1, where we explain the microwave single-photon detector device and
the cryogenic setup used in our experiments. In Sec.4.2, we describe the preparatory measurements
required for the characterization of the different components of the single-photon detection scheme.
Specifically, we characterize our aluminum 3D horseshoe cavity and transmon qubit, and calibrate
our steady-state photon number of the buffer resonator. The model and the detection principle of
our device is explained in Sec.4.3. In Sec.4.4, we study conversion of the incoming photons to the
transmon excitations and waste photons as a function of the pump power. Once the pump power
eventually approaches the critical threshold, it triggers the sudden increase in the transmon population
in response to the incoming buffer photons. We study the process by using the Rényi entropy, the
Floquet theory, and the Husimi Q function. Our results indicate that the abrupt change of the transmon
response can be attributed to a quantum-to-classical phase transition. Subsequently in Sec.4.5, we
provide a comprehensive analysis of the irreversible frequency conversion in our system, observing
the maximum detection efficiency of 86%. Then, we consider the influence of TT into account and
estimate the TI-corrected detection efficiency to be notably lower, around 78%. Concluding our study,
we systematically evaluate strategies to enhance the SPD detection efficiency by adjusting specific
system parameters. Specifically, we find that increasing the detuning between the pump and qubit
frequencies and increasing the qubit anharmonicity are the most beneficial steps for the detection
efficiency. Furthermore, the arrangement of the buffer and waste frequencies should be done based on
the sign of the qubit anharmonicity, in order to ensure that the pump drive and multi-photon qubit

transitions do not coincide in the frequency space.
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Figure 4.1. Picture of dry dilution refrigerator embedding Al horseshoe cavity with the transmon
qubit chip inside.

4.1 Experimental techniques

4.1.1 Microwave single-photon detector sample

As outlined in Sec. 2.5, our single-photon detection scheme is comprised of two main components: a
horseshoe cavity and a transmon qubit chip. The cavity, consisting of aluminum (Al) with a high
purity level of 99.99%, has been fabricated by the workshop at the WMI. To address the relatively low
thermal conductance of superconducting aluminum, we mount a gold-plated copper plate, 1.5 mm in
thickness, onto the cavity. This plate significantly enhances the thermal conductance of the system,
ensuring more efficient heat dissipation. For a comprehensive understanding of the horseshoe cavity’s
design, its simulation, and experimental studies, we refer readers to the master thesis of Julia Lamprich

[239], where these aspects have been intensively explored.

The transmon qubit, central to our detection mechanism, is fabricated on a silicon chip with spatial
dimension of 3.5 mm by 10 mm. The fabrication process of the transmon qubit, particularly the lift-off
technique employed, is detailed in Chap. 3. The antenna of the qubit has an area of 890 ym by 330 pm,
ensuring a sufficient dipole interaction strength with the cavity. Additionally, the Josephson junctions

are designed with a width of 240 nm.

A visual representation of the assembly, showcasing the integration of the horseshoe cavity with

the embedded transmon qubit chip, can be found in Fig. 4.1.
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Figure 4.2. Schematic drawing of dry dilution refrigerator embedding Al horseshoe cavity with the
transmon qubit chip inside.

4.1.2 Cryogenic setup

The cryogenic arrangement of the experimental setup used in our measurements is illustrated in
Fig. 4.2. This setup shares several core components with the qubit measurement configuration already
introduced in Sec. 3.3. Consequently, our discussion here will focus on the modifications and additions
unique to the present setup.

For the generation of arbitrary waveforms, we employ the HDAWG from Zurich Instruments.
Additionally, the setup incorporates three microwave sources (R&S SGS100A). These sources are
critical for generating the pump, buffer, and readout signals necessary for our experiments. To integrate
these three pulsed drives, we utilize two power combiners. Initially, the pump and buffer pulses are
merged, followed by their subsequent combination with the readout pulse. This combined signal is
then fed into the cryostat, facilitating both the frequency conversion process and the qubit readout.

It is noteworthy that a similar configuration is employed for spectroscopy measurements. In this
context, the microwave generator designated for readout, along with the measurement components
situated on the output line after the room-temperature amplifier, is substituted by a VNA.

The combined signals pass a series of attenuators mounted at various cooling stages within the

cryostat, followed by a low-pass filter to suppress high-frequency noise. Upon reaching the mixing
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chamber stage, the signal is delivered to the cavity-qubit system. The Al horseshoe cavity, housing the
transmon qubit chip, is shielded from external magnetic fields by a cryoperm shield. The single-port
design of the cavity is coupled with a circulator to separate the output signal from the incoming signal.
This configuration is pivotal in attenuating input signals originating from room-temperature stages
while at the same time amplifying the outgoing output signals.

The output path includes a low-pass filter, followed by passage through two isolators. Amplification
is achieved via a HEMT amplifier located at the 4K stage, and subsequently, through a room-

temperature amplifier.

4.2 Preparatory measurements

In the following section, we present the results of preparatory measurements of our quantum device,
designed to facilitate the implementation of irreversible frequency conversion. The device comprises a
3D cavity made from aluminum, along with a transmon chip. As part of our cavity characterization,
we determine the first couple of eigenmodes and extract their associated quality factors. Subsequently,
we perform a thorough analysis of our transmon qubit, delving into aspects such as its level structure,
coherence properties, and an assessment of the effective qubit temperature. To conclude, we calibrate

the photon number present in the steady-state waste and buffer.

4.2.1 Characterization of 3D cavity

For the cavity characterization, we apply the single-tone spectroscopy measurement introduced in
Chap. 3 to extract the resonant frequencies and the external and internal quality factors.

As depicted in Fig.4.3(c), a broad-band microwave sprectroscopy allows to determine the two
lowest two eigenmodes positioned at around 7.61 GHz and 7.95 GHz. This result agrees well with
the prediction of the CST simulation, yielding an eigenfrequency of 7.45 GHz for the first and of
7.915 GHz for the second one. Beyond this, we aim to determine the coupling rates between both
cavity eigenmodes and the transmon qubit. To achieve this, we conduct spectroscopy measurements
around the first and second eigenfrequencies, varying the power of the probe tone. By doing so, we are
able to observe the distinct "punch-out" effect, a characteristic of the coupled cavity-qubit system, as
shown in Fig.4.3 (a,b). Here, we extract the parameters of the bare cavity modes. These are obtained
from the high probe power regime at which the cavity decouples from the qubit due to the transmon
ionization effect |71-73]. We extract w,, /27 = 7.607 GHz with the coupled and intrinsic quality factors
of Qcw = 515 and Q;,, = 122 000, respectively, as well as wp/2m = 7.954 GHz with Q. = 2 525 and
Qip = 175 000, respectively. As the dissipation rate of the first cavity mode is much larger than that of
the second mode, we therefore attribute the first eigenmode to the waste mode and the second one to
the buffer mode. As an additional but crucial observation, it is important to mention the significance of
the "punch-out" effect in both the waste and buffer modes, particularly at elevated probe power levels.
This effect is not just a completeness of our spectroscopy measurement but has practical implications,
especially considering our reliance on single-photon detection mechanisms that hinge on the four-wave
mixing process. The successful implementation of single-photon detection in our system is deeply
intertwined with the four-wave mixing dynamics, where the pump, the qubit, the waste, and buffer
modes are key participants. Without a robust coupling between the qubit and both cavity modes, the
four-wave mixing process - essential for our experiments - is hindered. This coupling ensures that the

intricate interplay between these components leads to the desired outcomes. Hence, the verification of
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Figure 4.3. Spectroscopy measurement of the device Qubit-036B (a) Single-tone spectroscopy
measurement as a function of the probe power around the waste mode frequency of 7.6 GHz. The
"punch-out" effect can be found at around —122dBm. The red dots are the resonance frequency, the
red solid lines are the FWHM of the waste mode, i.e. (wy % Kyw/2)/27. The label "Magnitude (dB)"
here refers to the magnitude of the readout signal, where we set the reference at the input at the room
temperature stage. (b) Single-tone spectroscopy measurement as a function of the probe power around
the buffer mode frequency of 7.95 GHz. The "punch-out" effect can be found at around —125dBm.
The red dots are the resonance frequency, the red solid lines mark the FWHM of the buffer mode, i.e.
(wp £ Kp/2)/2m. The label "Magnitude (dB)" here refers to the magnitude of the buffer signal, where
we set the reference at the input at the room temperature stage. (¢) Microwave phase response plotted
between 7.35 GHz and 8.15 GHz. The orange (green) arrow indicates the resonance frequency of the
waste (buffer) mode. Here, the phase refers to the phase of the probe signal. (d) Two-tone spectroscopy
as a function of drive power. The qubit frequency at fy; = 5.660 GHz and the two-photon process at
fo2/2 = 5.536 GHz can be seen. Here, the phase refers to the phase of the readout signal.

this coupling is not just a procedural step, but a fundamental prerequisite for advancing to practical

applications in our research.

4.2.2 Characterization of the transmon qubit

Adopting the experimental procedures outlined in Chap. 3, we initially deduce the rough level scheme of
the transmon by employing two-tone spectroscopy, as depicted in Fig. 4.3 (d). However, the transition
frequencies between the qubit level ascertained through this method is subject to ac-Stark shift induced
by the readout tone, given the simultaneous application of two CW tones. In order to pinpoint
the frequency with greater precision, we turn to Rabi measurements and vary the driving frequency
wq. This approach leads to the generation of a characteristic Chevron pattern, as demonstrated in
Fig.4.4 (a). As per Eq. (2.69), the driving frequency that corresponds to the minimal Rabi frequency

serves as the precise qubit frequency, as shown in Fig.4.4 (b).
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Figure 4.4. Time-domain measurement of the qubit. (a) Chevron pattern of the qubit obtained by
varying the drive frequency wy. (b) Rabi frequency as a function of the drive frequency. The red

dots are the extracted values from (a), and are fitted by Qrani = /A% + Ag 4 (blue solid line). The

error bars are hidden behind the data points. (c) An example of a 77 measurement. The measured
data (blue dots) are fitted by n4(t) = n4(0) exp (—t/T7) (orange line) which yields 77 = 30 us (d) An
example of To measurement with a slightly detuned frequency of 0.4 MHz, such that Ramsey fringes
appear. The measured data (blue dots) are fitted by n4(t) = n4(0) cos (Agat + ¢) exp (—t/T2) /2 + B
(orange line) which yields Ty = 17 us.

The method to obtain the T times was explained in Chap. 3. In case of Ty time extraction, we
first prepare the qubit in |¢) = (|0) + |1)) /v/2 via a 7/2 pulse, wait for a certain amount of time, and
finally send another 7/2 pulse before reading out the qubit state. Each measurement point consists of
5.000 averages with a repetition time of 150 us between subsequent projective measurements to let the
qubit relax to its ground state. We extract 77 = 28 + 5 and Tb = 16 £ 3.

4.2.3 Photon-number calibration

In our experimental setup, the calibration of the steady-state photon number within the cavity mode is
achieved through Ramsey measurements. Specifically, we conduct measurements of the Ramsey fringe
frequency and the dephasing rate of the qubit as a function of the cavity drive amplitude [240]. These
measurements yield precise values for both the dispersive shift and the power associated with a single
photon in the cavity.

The key advantage of utilizing a Ramsey measurement for this calibration lies in its high sensitivity
to the steady-state photon number within the cavity. This sensitivity is particularly pronounced
when compared to the two-tone spectroscopy method, as discussed in Sec.3.3. In the context of
two-tone spectroscopy, the extraction of the dispersive shift may be compromised by inhomogeneous

broadening, especially when a certain threshold in photon number is exceeded [231]. This broadening
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Figure 4.5. Photon number calibration measurement for the buffer mode. The values of the buffer
input power shown in the plots are all at the cavity. (a) Ramsey measurements at different buffer
input power levels. (b) Dephasing rate as a function of the Ramsey frequency. The blue dots are
the data points extracted from the Ramsey measurements in (a) with the model function, ny(t) =
ng(0) cos (Agat + ¢) exp (—t/T2) /2 + B. Some of the Ramsey measurements could not be fitted with
the model function, and thus omitted for the linear fit. The extracted qubit-buffer dispersive shift is
X;b /2m = 2.88 + 0.07 MHz. The inset shows the pulse sequence used in the experiment. Qubit 7/2
pulse is represented by blue, readout pulse by orange, and buffer pulse by green. (c) Ramsey frequency
as a function of the buffer input power. All error bars are smaller than the symbol size.

effect obscures the linear relationship between frequency shift and bandwidth broadening, posing a
challenge for accurate photon number calibration. Typically, two-tone spectroscopy demands a steady-
state photon number in the order of 0.1 to 1 for reasonable resolution of frequency shifts and bandwidth
alterations. However, these photon numbers might exceed the photon number threshold, which can lead
to the aforementioned inhomogeneous broadening issues. Conversely, the method based on Ramsey
measurements operates effectively within a lower photon number regime, typically between 0.01 and
0.1 photons. This lower range not only circumvents the complications associated with inhomogeneous
broadening but also provides a more reliable and precise means for calibrating the photon number in
the cavity. The Hamiltonian introduced in Eq. (2.72) can be rewritten in the rotating frame Ho /h =

wqdha, + wqdla, such that

Uy i/ T = Draitlar + (Dga + Xjpalay ) ahag (4.1)

with Apg = w, —wg and Ayg = wq—i—xf]r /2—wq. We remind ourselves that we observe a pure exponential
decay with the time constant T5, if the qubit term is zero, otherwise we observe oscillations denoted as
Ramsey fringes [23]. This oscillation can be again confirmed in Fig. 4.4 (d). Based on this knowledge,
we can deduce that the Ramsey fringes increase with X:p,nr with n, = (didﬁ being the average
steady-state resonator photon number. Moreover, the oscillations decay faster with the increase of the
photon number with the relation I's(n,) = 2X/2an/m +T'90 [240]. Fig.4.5 (a) shows both phenomena.
Consequently, we obtain the relation between the dephasing rate and Ramsey frequency
2
X g Xgr X

qrAqd
I's (wr) = + T2 +T90="—wp — —— + T2y, (4.2)

r K K Ky

_ Xar (Wr — Bga)

where the Ramsey frequency is expressed as wr = Aqd+xgrnr. Therefore, we can extract the dispersive
shift from the slope of the linear fit, as demonstrated in Fig. 4.5 (b) for the buffer mode.

Furthermore, the single-photon power Py}, can be extracted by relating

/
XgrTr = aPrr
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with Prr being the power of the room-temperature device. Hence, the single-photon power is obtained
by Piph = X'/a for n, = 1, as shown in Fig. 4.5 (c) for the buffer mode. We can also extract the total
attenuation in the input line at this frequency. We can apply the Eq. (3.4) and relate

P

~ 2 RT ; ~A

= i =—10 4.3
/imnr \(an)] huww, ( )

with the attenuation A. At the buffer mode, we obtain the total attenuation of A = —81.9dB.

4.3 Demonstration of irreversible frequency conversion process

In our experiments, we use a horseshoe-shaped aluminum 3D cavity, which contains a transmon qubit
chip (as schematically shown in Fig.4.6(b)). We utilize two of the cavity modes: the waste mode at
wy /21 = 7.609 GHz with a decay rate of k,,/2m = 16.7 MHz and the buffer mode at wy /27 = 7.955 GHz
with a decay rate of k,/2m = 3.7MHz. The qubit frequency is wy/2m = 5.664 GHz, with T} = 28 us
and To = 16 us, limited by the Purcell effect. The qubit is coupled to the waste and buffer modes
with coupling strengths of g,,/27 = 30 MHz and ¢;/2m = 18 MHz, respectively. In a driven system,
the ac-Stark effect induces shifts in all three eigenfrequencies as a function of the pump power. These

shifted frequencies are denoted by w;- for the j-th mode, where j = {q,b,w}. Its Hamiltonian in the

rotating frame of Ho/h = wt’ldqu + Wl iyl + wé&idb is formulated as
Hy/h~
Nzl (k) k
X N - ata at s Ata Ata
Z il (al;) a/; + xqwa(gaqajuaw + xqbagaqaZab
k=2
+ g1 (§ajaane ot + Gaayale Bt
+ 2ieg cos ((w), — wp) t) (d:rl - &q> + iy (d;r — db) , (4.4)

where ag, G, and a; are the annihilation operators of the qubit, waste, and buffer modes, respectively,
and V¢ is the dimension of the transmon Hilbert space. The detuning involving all four frequencies
is defined as Agypp = wé + wy, — wy, — wp and the driving strength of the transmon and buffer mode
as €4, respectively. The term %) corrects for the k-th eigenfrequency of the transmon, with y
being its anharmonicity. In addition, x4, and x4 are the cross-Kerr interaction strengths of the waste
and buffer modes, respectively. Lastly, g4 is the strength of the four-wave mixing interaction, and &,
is the pump amplitude at the pump frequency, w,. Below the regime, where all relevant excitation
and dissipation rates are much less than the anharmonicity x(?), the bosonic annihilation operator
aq can be replaced by the Pauli operator 6. The irreversible frequency conversion process is based
on the dissipation-engineered four-wave mixing process of a nonlinear Josephson junction element
[41]. When an incoming photon arrives at the buffer mode frequency, the buffer photon is converted
to the excited state of the qubit and waste photon by a strong pump pulse, corresponding to the
parametrically activated conversion process (db&T&L). However, under the conditions, k., > |94,
the waste resonator state rapidly decays to the vacuum state, making the process irreversible and
prohibiting the inverse process (dz&dw). As a result, information of the incoming photon is stored in
the qubit state, as shown in Fig. 4.6 (a).

By performing a triple-tone spectroscopy composed of the pump and buffer pulses with identical

duration of ¢, = 20 us, followed by a readout pulse at the waste mode frequency with a duration of
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Figure 4.6. (a) Principle of the microwave single-photon detection. A coherent incoming photon
(green wave) is absorbed by a buffer mode, a;, and is converted to a pair of qubit-waste excitations
described with operators & (a,) and a,,, respectively, with the interaction strength gi&,. Due to

the engineered fast dissipation of the waste mode, k, > |g4&,|, the inverse process (dl&dw) is
effectively suppressed. (b) Schematic of the experimental setup. The transmon is mounted in the
3D superconducting cavity coupled to the cavity waste/buffer modes, represented by orange/green
shaded areas depicting corresponding electric field distributions, respectively. The buffer (green),
readout (orange), and strong pump pulses (purple) are shaped using an the arbitrary wave generator
(AWG) for the time-domain experiments. The buffer, w;, readout tone, wy,, and pump, w,, carrier
frequencies are set by external microwave generators.

t, = 2.5 us (see Fig.4.6), we observe the process of the buffer photons to the qubit excited state. As
shown in Fig.4.7 (a), if the buffer pulse is switched on, we find the phase response of the transmon in
the pump frequency range of wy, /27 = 5.15 — 5.18 GHz. This response disappears in the absence of the
buffer pulse (see Fig.4.7 (b)).

4.4 Onset of transmon ionization

In this section, we present a systematic study of the buffer photon conversion to the transmon-waste
excitations as a function of the pump power. Our measurements reveal a sudden increase in the
transmon population above a certain critical pump power (CPP) of P, = —67dBm, as illustrated in
Fig.4.7 (c,d). To maximize the qubit population for each pump power, we tune our pump frequencies
accordingly.

For the pump powers below the CPP, we observe a monotonic increase in the transmon population
as the steady-state buffer photon number increases. This result is in agreement with theoretical
predictions, which will be discussed in the next section. Conversely, for pump powers above the CPP, we
again observe the monotonic increase in transmon population, but with a sudden jump (discontinuity)
in the transmon response to the buffer power (see Fig.4.7 (¢)). In an independent measurement using a
two-tone spectroscopy approach, we also find a disruption of the buffer and waste resonance frequencies
at a similar pump power, where the pump power is varied at the fixed pump frequency (see Fig. 4.7 (e)).
This observation is consistent with previous studies [71, 83] and numerical simulations [72, 73, 190],
and suggests that here the transmon is entering the ionization process, where it eventually "escapes"
the confines of the Josephson potential.

We explore the system dynamics numerically by utilizing the Hamiltonian presented in Eq. (4.4).

By relying on experimentally determined parameters, we solve the Lindblad-Master equation given
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Figure 4.7. (a) Triple-tone pulsed spectroscopy of the coupled transmon-resonator system as
explained in the main text. An inclined feature (cyan dots) indicates the four-wave mixing process.
(b) Reference two-tone pulsed spectroscopy of the coupled transmon-resonator system without the
buffer signal. (c) Phase shift of the transmon response Ay normalized to the phase shift between
the ground and first excited states 4. as a function of the steady state photon number n;. Different
colors correspond to specific pump power values as indicated by the color code. (d) Transmon phase
response for three selected buffer photon numbers n; = 0.00,0.16,0.63 (red, orange, blue) as a function
of the pump power. The vertical black dashed line indicates the CPP, at which the abrupt change
of the qubit population can be observed. Solid lines are the simulation results using Eq. (4.4) with
np = 0.00,0.16,0.63 (red, orange, blue). (e) The buffer and waste resonance frequencies as a function of
the pump power at wy,/2m = 5.1595 GHz. A distinct jump of the resonance frequencies can be observed
in both resonators at the CPP of —67dBm.

in Eq.(2.97) and subsequently validate the proposed Hamiltonian by juxtaposing our results with
measurements shown in Fig.4.7(d). During the simulation, the Hilbert space dimensions of the
transmon, waste, and buffer modes are chosen to be 9, 3, and 3, respectively. The eigenenergy
calculation of the transmon with the experimental parameters show that the first eight transmon states
are confined states, while the last one lies already above the Josephson junction potential corresponding

to the first ionized state.

To interpret the dynamics of our system, we utilize the Rényi entropy, Floquet theory, and Husimi
Q function, as shown in Figs. 4.8 and 4.9. We begin by considering the Rényi entropy. This entropy
quantitiy can offer valuable insights into the phase transition of our tripartite system around the critical
point |79, 192, 193, 241]. Mathematically, the Rényi entropy is defined as

Sy = —logy Tr (47) , (4.5)

where the reduced density matrix of the transmon, py, is achieved by tracing out both the waste and
buffer modes, i.e., pr = Tryp (p). This entropy serves as a key metric for quantifying the purity, and
thereby, the "classicality" of the associated density matrix. Intuitively, a system with higher entropy
is more mixed or less pure, and consequently, is more classical in nature. This entropy allows us to
observe the quantum-to-classical phase transition. As illustrated in Fig.4.8 (a), a distinct jump in
entropy is evident at the CPP, a feature that is absent without the buffer drive. This marked change
provides clear evidence for the transition of the system from a predominantly quantum state to a more

classical one, thus, supporting the observed quantum-to-classical phase transition |71-74, 80].

Furthermore, we apply the Floquet theory, which is particularly suited for examining strongly-

92



(a) (b) (c)
2.5 , : , : ,

—— w/o buffer ! —n;=0 i
2.0l w/ buffer | 0.20} ng =1 ] /\;
E — T qu = 1 ZQ
1.5} E /\I"O.].S'—nq:g ! 1 iu'
[ —_—n, = S
o | 010l 1t : -
.0t : —ng =
i q M :—2
i » | =
0.5} ; 0.05 ;}\/—;t g < =
, J 0.00f —— . R — A
0956 —100 -80 -60 -85 —80 —75 —70 —65 —85 —80 —75 —70 -65
pump power (dBm) pump power (dBm) pump power (dBm)

Figure 4.8. Rényi entropy, Floquet simulation, and Husimi Q distribution using the Hamiltonian
in Eq. (4.4) with the parameters extracted from the measurements. We choose €, = 0 for the case
"without buffer drive". The vertical black dashed line marks the CPP at P, = —67dBm. (a) Rényi
entropy, Sz, obtained from the simulated reduced transmon density matrix without (blue) and with
(orange) the buffer drive as a function of the pump power. At the CPP, P. = —67dBm, the Rényi
entropy remains rather smooth in the absence of buffer photons, while its sudden increase is observed
for finite buffer signal powers. (b) The overlap between the transmon state |n400) and the Floquet
mode [410) . as a function of pump power. At the CPP, we find a drastic increase of this overlap for
transmon states characterized by different n,. (c) Probability of finding specific Floquet modes in the
simulated density matrix as a function of the pump power. A sudden increase of the probabilities can
be observed. Insets show Husimi Q distributions of the Floquet states |101) 5, |222) and [410) . at
—66.2dBm (vertical dash-dotted line).

driven systems, making it suitable for our quantum-to-classical phase transition studies |74, 82]. We
analyze the overlap between the transmon qubit and Floquet states as a function of the pump power.
The Floquet modes are designated as |ngnyn)p, aligning with [ngnyn,) at minimal pump levels,
which are the eigenstates of Ho. As illustrated in Fig. 4.8 (b), a distinct transition in the overlap of
the Floquet state, [410), is evident at the CPP, P, = —67dBm. Comparable trends are noted for
Floquet modes [101), and |222), (not shown). We further investigate the dynamical properties of
probabilities corresponding to these Floquet modes in the resulting density matrix, deduced from the
Lindblad-Master simulation. In line with the previous findings, a sharp increase in these probabilities is
observed at the CPP, as shown in Fig. 4.8 (c). Henceforth, after the CPP, these Floquet states, [101) 5,
1222) ;, and |410) ;, emerge as predominant features of the system for the increased pump powers.
The insets of the figure in Fig. 4.8 (¢) present the Husimi @ distribution of these Floquet states at
—66.2dBm, slightly above the CPP. They reveal extensive delocalization, where [101), and |222),

states are further characterized by the double-peak distributions.

Lastly, we aim to affirm that this bimodal nature observed in the Husimi Q function of the Floquet
modes distinctly manifests in the phase space of the transmon after the CPP. In Fig. 4.9, we show the
Husimi Q representation of the transmon in scenarios with and without the buffer signal. We employ the
double peak of the Husimi Q distribution in the phase space as an indicator of coexisting states. This
characteristic bimodal structure of the QQ function is a recognized feature of dissipative quantum phase
transitions observed in quantum Duffing oscillator |78, 79, 81, 190, 242]. Thus, the identification of such
a structure within our system suggests the occurrence of the first-order dissipative phase transition in
the transmon-resonator system. As shown in the top panel of Fig. 4.9, the Gaussian-like distribution
of the Husimi Q function remains largely unchanged until around P, = —61 dBm, if the buffer drive is

switched off. In other words, the delocalization does not appear even after P. = —67 dBm. Conversely,
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Figure 4.9. Simulation of the transmon Husimi Q function using the Hamiltonian in Eq. (4.4) in the
absence (top) and presence (bottom) of the buffer signal for various pump powers. In the absence
of the buffer signal, minimal variation is observed around the CPP. Conversely, in the presence of
the buffer signal, the Husimi Q function spreads across the phase space, progressively converging to a
double-peak distribution for higher pump powers. The red dashed box highlights the transmon Husimi
Q function at the CPP. We choose €, = 0 for the case "without buffer drive".

with the buffer drive switched on, the system undergoes a delocalization in the phase space around the
CPP, progressively converging to a double-peak formation at stronger pump powers, as illustrated in
the bottom panel of Fig. 4.9 at —57 dBm. This observation, along with prior simulation results, reveals
that the delocalization in phase space is influenced by the emergence of double-peak distributions.
These distributions are characterized by the Floquet modes, [101) z, |222) >, and |410) . Importantly,
the manifestation of this bimodal structure is not a gradual transition but occurs abruptly at the CPP.
This phenomenon corresponds to the observed change in the slope of transmon population versus pump

power in the transmon system, as depicted in Fig. 4.7 (d).

4.5 Single-photon detection performance

We further investigate our device as a single-photon detector. An important figure of merit of such
device is its detection efficiency. We extract corresponding efficiencies for various pump frequencies
and powers up to the CPP at various calibrated buffer signal powers (see Fig.4.10). Performance of

the conversion process is characterized by a separate conversion efficiency defined as [41]

RnlKp
e = 4————, (4.6)
("Gnl + Iib)
with k) = 4 |g4§][,|2 /kw. Its relationship with the qubit population n, = <(}T6’> is
ng=n" (1 — exp (770 |bin]2 tb>> , (4.7)

where ]bin\Q is buffer photon flux and t; is the buffer pulse length. Here, n* < 1 is the saturated qubit

population, whence the detection efficiency is defined as

Ndet = 1" Ne- (4.8)
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Figure 4.10. (a) Measurement of the detection efficiency as a function of the pump frequency and
power. (b) Qubit population as a function of the steady state buffer photon number n;. The red
dots are the measured data points, while the blue line is fitted by numerically solving the quantum
Lindblad-Master equation with ¢, = 0.55 us (see Eq. (4.4)). (c) Lorentzian fit of n4e; at P, = —67 dBm
and f, = 5.156 GHz. (d) Single-photon detection efficiency nqet as a function of the pump power. The
blue dots are the optimal detection efficiency extracted from the Lorentzian fit described in (c). The
solid line is the fit using Eq. (4.6) and Eq. (4.8). The dashed line shows the case for n* = 1. (e) The
simulation of the qubit population of the state |ny = 3) as a function of n; for various pump powers.

The population is calculated as (3| d&dqﬁt 13) =3 x (3| p|3) = 3 x Py(ng = 3), where the probability
being in the state [ng = 3) is denoted as Py(ngy = 3) = (3| p¢ |3).

In actual experiments, reduced detection efficiencies, nget < 1, are attributed to factors such as a
finite energy relaxation rate and finite thermal waste photon numbers, which stem from heating
due to the elevated pump powers and microwave noise from the input lines [103, 152, 153|. The
detection efficiencies n4e; are extracted using the Lindblad-Master simulations of the Hamiltonian
given in Eq.(4.4): We simulate the qubit population n, for various g4&p, |bin|2, and thermal bath
temperatures at a fixed buffer pulse length t;,. We finally choose 1qet, such that the simulated ng(ny)
fits all experimentally measured curves (see Fig.4.10(b)). For these simulations, the qubit driving
term is neglected, i.e., ¢, = 0. Additionally, the detuning parameter Ay, is set to zero, and the
transmon Hilbert space dimension is set to Ny = 3, i.e., we take the second excited state into account.
These fits are conducted for every pump power and frequency, as shown in Fig.4.10 (a). Fig.4.10 (c)
shows a Lorentzian fit to obtain the optimal detection efficiencies at each pump power. Finally, we
utilize the pump power dependence of 7., such that n* and 7. are determined by fitting the optimal
detection efficiencies as a function of the pump power using Eq. (4.6) and Eq. (4.8), as demonstrated in
Fig.4.10 (d). In our studies, the maximum conversion and detection efficiencies are n. = (96 +8)% and
Naet = (86+£6)%, respectively. In other words, we have a detection infidelity of 1 —nget = (14£6)%. As
derived in Subsec. 2.5.4, by taking into account the qubit energy relaxation rate, the saturated qubit
population can be determined as

n; _ "l |b;n|2 . (4.9)

Ne [bin]” + 7
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Figure 4.11. Detection efficiency, qubit population contribution of the state |n, = 3), and sensitivity
as a function of the pump power for different system parameters. TI-uncorrected efficiencies 7ger and
sensitivities S are represented by solid lines, while TI-corrected efficiencies 7, and sensitivities S’
are represented by dashed lines. The qubit population of |n, = 3) is calculated as (3| &g&qﬁt 13) =
3 x Py(ng = 3), where the probability being in the state |ny = 3) is denoted as Py(ngy = 3). (a) The
impact of various dissipation rates of the waste mode /27 = 4.6,8.6,16.6,30 MHz (blue, orange,
green, red line). The green dots are the experimentally extracted values for k,, /27 = 16.6 MHz. (b) The
impact of various four-wave interaction strength g4/27 = 0.9,1.8,3.6,7.2,14.4 MHz (purple, red, green,
orange, blue line). The green dots represent the experimentally extracted values for g4/2m = 3.6 MHz.
(¢) The impact of various buffer frequency wp/27m = 9,10,11 GHz (green, orange, blue line), and (d)
anharmonicity y(? /27 = —490, 234,672,988 MHz (blue, orange, green, red line). For the simulation
with the positive anharmonicity, we consider typical flux qubit values as a reference. (a) and (b) are
simulated at Teg = 98 mK, while (¢) and (d) are obtained in the zero temperature limit, 7= 0 K.

In our case, for a buffer photon flux of |bin\2 = 1.22 x 10%s™! corresponding to the steady state photon
number of n, = 0.25 we obtain ny; = 0.97. Notably, although the buffer photon flux significantly
surpasses the decoherence rate observed in our measurements, we can reach the detection infidelity of
few percents. Inserting this value into Eq. (4.8), we find the detection infidelity of 7%.

In the case of a non-zero waste photon number, the combined quantum system can partially reverse
the four-wave mixing process. Given this scenario, the saturated qubit population is quantified as

*
w

- 1-— 61’Lth7w

n (4.10)

1l —dng
under the condition n¢,,, < 1 (see Subsec. 2.5.4 for more details). We use a dark count probability of
the qubit (5.4+8.3)%, which we find upon measurements over a short time periods, as compared to 77,
to extract the effective temperature of Tog = 98 mK. Using the formula np, o, = (exp(hwy/kpTes) —
1)~!, we obtain n} = 0.94. This result leads to the detection infidelity of 10%. Adding up both
infidelities, we obtain a total infidelity of 17%, which aligns well with the measured detection infidelity
of 14%.
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The discussion so far has omitted effects of the TI process. To address this, we consider the
impact of the higher qubit level excitation, |n, > 3), which may additionally lead to an overestimation
of the detection efficiency. For that purpose, we extract the occupation probability of |n, > 3) as a
function of n; at the various pump powers, and find that the occupation probabilities of the states
|ng > 4) are negligibly small. In Fig.4.10 (e), the buffer photon number and pump power dependence
of the state |[ng = 3) can be clearly observed. Crucially, the dependence on the buffer photon number
leads to an overestimation of the detection efficiency. This effect arises because the occupation of this
state additionally contributes to the qubit population. In order to estimate the TI influence on the
detection efficiency, we remove the contribution of higher excited states, i.e. >, -5 (ngl d:&dqﬁt Ing),
and extract its efficiency with the same method used in the experiments. Upon this adjustment, we
observe a reduction in the detection efficiency by 10% with the optimal parameters. We assume that
the correction applied to the simulated data is also applicable to the experimental results. Under
this assumption, the original detection efficiency of nge; = 86% reduces to the TI-corrected detection

efficiency of 1/, = 78%.

Next, we conduct an extensive analysis to enhance the detection efficiency and sensitivity of our
SPD. Furthermore, we also discuss how to suppress the influence of the TI process. Referring to
Fig.4.11, we present the TI-uncorrected and TI-corrected detection efficiencies and sensitivities across

various parameters. The sensitivities are defined as [243]

Twop/Tdc Twop/Tdc
S :bird’ g’ :blird’ (4.11)
Tdet et

with the dark count rate rq.. We denote S as the TI-uncorrected sensitivity, and S’ as the TI-corrected
one. We observe an early rise of the detection efficiency nqet (7)) for the higher dissipation rate of
the waste mode k,,, as demonstrated in Fig.4.11 (a). However, the increase of k, also leads to an
enhancement of the Purcell decay rate of the qubit. Thus, ¢, increases for the same pump power
accelerating the onset of the T1I, which sets the upper bound of the conversion process. Consequently,
despite the early rise in detection efficiency, nget (1)) fails to achieve higher values for larger .
The early increase of the probability P,(n, = 3) supports the argument of this early onset of the
TI. Therefore, the optimal detection efficiency, nqet (7)), along with the sensitivity S (S’), is more
favorably achieved at lower k. As shown in Fig.4.11 (b), an enhancement in the coupling strength
g4 improves both nget (7)) and S (S”). Since the CPP does not change under g4 variation, we can
reach higher nqe; (1)) before reaching the CPP. Additionally, when we tune the buffer frequency wy,
to higher frequencies, Fig.4.11 (c) predicts that Py(n, = 3) decreases. This is attributed to a large
detuning between pump and qubit frequencies, which reduces the impact of TI. In other words, 7get
converges to 1. Finally, we investigate the influence of the TI for different anharmonicities Y. We
observe that large ’ X(Q)} suppresses the TT process, as expected from the previous studies [244-246].
Accordingly, n4e; asymptotically approaches 7/,,. Notably, the configuration of the buffer and waste
frequencies should be chosen considering a particular value of y(2). In general, the pump frequency
can match a frequency of a certain multi-photon process at a certain pump power due to the power-
dependent frequency shift of the qubit frequency. In the regime of negative anharmonicity, this situation
can occur if w,, < wy, such that wy, wor/k < w;, where wqg/k is the multi-photon transition frequency.
If the pump frequency is close to such a transition frequency, the dark count rate increases, which
eventually degrades the single-photon detector performance. For example, for y(?) /2m = —490 MHz,
the SPD can reach nget =~ 0.5, until the pump collides with the two-photon process in the spectral
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domain. In simulations considering positive anharmonicity values, we use a flux qubit parameters
[246], and predict that it is possible to reach high detection efficiencies up to 95%. Importantly, for
the flux qubit, multi-photon processes become relevant at frequencies exceeding the qubit frequency,
and given that w, < w(’J for wy, < wp, such processes are effectively far-detuned, resulting in reduction
of dark counts (Fig.4.11 (d)).

Lastly, we compare the sensitivity of our detector for the cases with T = 98 mK (Fig.4.11 (a,b))
and T'= 0K (Fig.4.11 (c,d)). Although the sensitivity for an ideal environment (7" = 0K) generally
improves, it does not reach the state of the art value of S = 10722 W/+/Hz [243]. This is attributed
to the filtering effect of our cavity, which requires a stronger pump power to reach the same detection
efficiency, and hence, results into a higher dark count probability due to the pump heating. In our
case, the dark count rate gives 26 + 4kHz at the pump power of P, = —67 dBm, at which we measure
the maximum 7ge; (77.;)- Despite of the cavity filtering effect, the dark count rate reported here is

comparable to the values reported in the previous studies [56-58].
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Chapter 5

TOWARDS MULTI-PHOTON FOCK-STATE GENERATOR
BASED ON IRREVERSIBLE COUPLING

In the novel single-photon detection scheme developed by the Flurin group [41], the concept of
irreversible qubit-photon coupling plays a pivotal role. This technique, originally conceptualized for
single-photon detection, can be appropriately modified to facilitate multi-photon Fock-state generation,
as explored in recent studies [93, 247|. Central to this adaptation is the exploitation of three distinct
cavity modes: namely, the buffer, waste, and memory modes. Our own horseshoe cavity, characterized
by several eigenmodes, is well suitable for this application. Specifically, the first three modes of this
cavity are optimally designated as waste, memory, and buffer modes, respectively, as depicted in
Fig.5.1.

An important observation in the horseshoe cavity setup is the fact that there are different coupling
rates of these modes to the antenna coupling the feed line to the cavity. The waste and buffer modes
exhibit strong coupling, whereas the memory mode is characterized by a markedly weaker interaction.
For an antenna length of 2.3 mm, in the absence of qubit chips, the external quality factors for these
modes are quantified as 7.61 x 106, 4.22x 10, and 6.12x 10%, respectively. This configuration results in
comparable coupling strengths for the waste and buffer modes. The feasibility of employing the same
horseshoe cavity design as a quantum memory has been previously demonstrated in [97, 106, 239],
where the introduction of a dummy chip, alongside the transmon chip, ensures the symmetry of the
electric field distributions. Thus, the memory mode still couples very weakly to the environment.

Building on the insights from this quantum memory research, we extend our investigation to the
potential application of this system in Fock-state generation. This process is facilitated by two distinct
pumping mechanisms: (1) a pump to induce parametric interactions between the buffer, qubit, and
waste, and (2) a subsequent parametric interactions between the qubit, waste, and memory. The latter
pump is activated following the transfer from the buffer to the qubit, thereby transferring the excited
qubit state to the memory state.

This chapter commences with an exposition of the fundamental working principles of the Fock-state
generator. Following this introduction, we will delve into the detailed theoretical underpinnings that
support this application, providing a comprehensive framework for understanding the intricacies of this

advanced quantum system.

(a) 7.34 GHz (b) 7.66 GHz (c) 8.45 GHz

Figure 5.1. The first three eigenmodes of the horseshoe cavity obtained by the CST simulation. (a)
waste mode, (b) memory mode, and (c) buffer mode. The waste mode and the buffer mode is strongly
coupled to the antenna, whereas the memory mode is very weakly coupled to the antenna.
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5.1 Working principle of multi-photon Fock-state generation

The key mechanism of Fock-state generation in our system is based on a sequential, two-pump process.
Initially, a photon captured by the buffer mode is transferred to the qubit and waste mode via the
first pump. The waste photon rapidly dissipates into the environment. Subsequently, the first pump
is deactivated, and the second pump is switched on. This second phase involves the relocation of the
qubit excited state to the memory mode, with the waste mode once again playing the role of dissipating

photons into the environment!.

Thus, the whole process can be described by two effective Hamiltonians: The first buffer-to-qubit
process is formulated as?
Hett pgu /T = Goquisdal, + h.c., (5.1)

while the second qubit-to-memory process is given by
Hett qum /b = ggumdal,al, + h.c., (5.2)
where the pump is driving at the frequency
Wp qum = Wi + wi, — wq.

After the adiabatic elimination of the waste, the nonlinear single loss operators for both processes are

calculated as

Ly =/ /‘@qub&Ta j/qm = ﬁqm&d:rna (5.3)
with the engineered dissipation rate sy, = 4| gbqw|2 /Ky and
2
_ |ngm|
Y e e S— AV V)
( ) + Abwq

for an arbitrary detuning Ap,, (see Sec. 5.3 below for more details.). Hence, both conversion processes

are irreversible. Subsequently, the overall process can be summarized as below

> gbqwaba aw

115040050 0514 1501)

2 1051400 00)
JoumOiafn 10504 Lup L)
—> ’0b0q0w1m> .

! An alternative scenario where both pumps are continuously active until the readout process has also been examined.
However, this configuration has led to a persistent transfer of photons to an increasingly larger memory photon state due
to the parametric qubit-memory interaction, thereby not taking into account the system’s functionality as a Fock-state
generator (refer to Sec.5.4 for brief analysis).

*We refer to Sec.2.5 and Ref. [41] for more details.
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Figure 5.2. Calculated population of the qubit (blue solid line), buffer (orange solid line), and waste
mode (green solid line), as well as the probability for the presence of a memory photon in state |1)
and |2) (red, purple solid line) with two consecutive pulses. The buffer-qubit interaction is switched
on for 0 <t <ty = 1ps and 2t,; <t < 3tp, = 1 ps, while the qubit-memory interaction is switched
on for tp, <t < 2ty and 3ty < t < 4ty,. The final qubit population at 1us and 3 us is ny = 0.987,
while the probability of memory mode occupying |m = 1) at 2us is P(m = 1) = 0.987 and at 4 us
P(m = 2) = 0.975 for |m = 2). For the simulation, we used a qubit frequency of w, /27 = 5.29 GHz and
qubit anharmonicity of a/27w = 200 MHz, an eigenfrequency of the buffer mode of wy/2m = 8.25 GHz
with the coupling rate of qubit mode of g,/2m = 54 MHz and the external decay rate xp/2m = 12 MHz,
an eigenfrequency of the waste mode of w,, /27 = 7.45 GHz with the coupling strength g,,/2m = 44 MHz
and the external decay rate k,/2m = 12 MHz, and a memory mode frequency of wy, /27 = 7.87 GHz
with the coupling strength g, /27 = 64 MHz.

For the second incoming photon, we obtain

> quwab‘7 aw

1150400 Lo 105141 1,m)

—>|0b10 Im)

ngmo'awam |0b0 1 92 >
L 1050400 2mm) -

The principle of irreversibility in the Fock-state generation process, a key aspect of our system, is
demonstrated through simulations employing Eq. (5.5). These simulations are shown in Fig. 5.2, where
the populations of the qubit, buffer, waste, and the occupation probability of the Fock states of
the memory mode are plotted. In this scenario, a pulsed drive mechanism is utilized to initiate the

population dynamics.

In our simulation, the temporal dynamics of the interactions between the buffer, qubit, and
memory modes are meticulously orchestrated. The buffer-qubit transfer is activated during two distinct
intervals: from 0 to ¢y, = 1 ps and subsequently from 2¢;, to 3ty = 3 us. Conversely, the qubit-memory
transfer is operational in the intervening periods, specifically from 5, to 2t,, = 2 us and from 3t, to
4tp, = 4 ps. This staggered approach allows for a controlled sequence of population transfer between
the modes. Crucially, at the end of the first and second buffer-qubit transfer periods (at 1us and
3 ps, respectively), the qubit population achieves a high value of n, = 0.987. This high population
indicates efficient population transfer from the buffer to the qubit. Subsequently, following each qubit-

memory transfer period, the memory mode occupancy demonstrates significant probabilities for specific
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Fock states. At 2pus, the probability of the memory mode being in the single-photon state |m = 1)
is P(m = 1) = 0.987. Furthermore, at 4,us, the probability of observing the memory mode in the
two-photon state |m = 2) is P(m = 2) = 0.975. The primary reason for not achieving a fidelity close
to unity is the presence of a nonzero number of waste photons at the beginning of the pulse sequence,

which leads to a finite reverse interaction.

We can extend this discussion to estimate the highest achievable Fock state. The typical timescale
to write a Fock state into the memory is tp = 1/kpq + 1/Kgm =~ 2701ns. To achieve a transfer fidelity
over 99%, the total writing time should be ¢ = 5tp = 1.5 us, as the fidelity evolves approximately
according to 1 — exp(—t/tr) 3. Additionally, we must consider the fidelity loss due to the initial waste
photon population. Based on simulations demonstrated in Fig. 5.2, the estimated total fidelity loss per
Fock state generation is 1.3%. Under these conditions, we can achieve an eighth Fock state with a
fidelity of around 0.987% ~ 0.90 over a total duration of t;,; = 8t ~ 12 us. The effect of internal qubit
and memory loss rates is negligible if we assume a reasonable loss rate of 1/k, = 1/kp, = 500 us for

the qubit and memory, respectively, as reported in [105].

These probabilities underscore the potentially high performance of the sequential interaction
strategy in generating distinct Fock states within the memory mode. The achievable high values
of P(m = 1) and P(m = 2) at these specific times require the precise and controlled nature of the
photon state transfer from the qubit to the memory mode. If this can be realized, there is an interesting

potential of our system for reliable multi-photon Fock-state generation.

Additionally, we address the critical issue of releasing the generated Fock states, a notable challenge
in our current methodology. The primary limitation arises from the inherent characteristics of the qubit
used in our system. While the process of generating Fock states is efficient, the release mechanism is
constrained by the capacity of the qubit to convert only one photon at a time. This limitation precludes
the direct reversal of the state generation process for multi-photon Fock states. Consequently, while
sequential single-photon Fock states can be released, the simultaneous release of a multi-photon Fock
state remains unfeasible under this setup. To overcome this bottleneck, we propose pivoting from the
3D cavity design to a 2D chip-based approach. Central to this alternative strategy is the modification of
the waste mode into a frequency-tunable waste resonator. This resonator frequency can be dynamically
aligned with that of the memory mode. Given the high dissipation rate of the waste mode, such an
alignment would effectively enhance the coupling of the memory mode to the environment. This
enhanced coupling is pivotal for facilitating the release of multi-photon Fock states. The technical
realization of this frequency tuning can be achieved using a direct-current superconducting quantum
interference device (SQUID), terminating a A/4 CPW resonator. Drawing parallels with the Josephson
parametric amplifier [248], the application of a magnetic flux through the SQUID alters the inductance
of the resonator. This alteration enables us to modulate the effective resonance frequency of the waste

resonator, thereby creating a tunable system capable of controlled release of multi-photon Fock states.

Lastly, we want to shortly discuss the limitation of a 2D resonator towards a 3D cavity from the
quality factor standpoint. As mentioned in Sec.2.2, due to the weak vacuum field of the 3D cavity, its
internal quality factors can reach up to reaching up to Q; ~ 10°[99, 108], while that of 2D resonators
can reach up to @Q; ~ 107[213].

3We refer to Sec.2.5 and Ref. [41] for the discussion of the temporal evolution of the conversion process.
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5.2 System Hamiltonian Derivation

The key idea of the derivation follows the description in the paper [41]. The quantum system consists
of a qubit, buffer, waste, and memory mode, and two pump drives for parametric interactions, which

Hamiltonian is read as

. B 2
H/h = Z wk&};dk — FJ <cos<p+ SD)

k=b,w,q,m

+ 2€4uwm €0s (Wp,qumt) ( Gq + &2) (5.4)
with the phase across the junction

o= ©k <dk + &D :
k:b7w7qzm

where the indices ¢, b, w, m refers to the qubit, buffer, waste, and memory modes, respectively, @
is the zero-point fluctuations of the phase across mode k, and E; the Josephson energy. The pump
amplitudes are denoted as €,y and €gum for the irreversible transfer from buffer to qubit and from

qubit to memory, respectively.

We first transform our Hamiltonian into the displaced frame to account for the strong pump with
the mean field amplitudes &, puwg & —€bwq/ (Wg — Wp.bgw) aNd Ep qum = —€qum/ (Wg — Wp.quwm) [39, 41].

Furthermore, after transforming into the interaction picture
Ho/h= > (wp— ) ajan
k:bvquvm

with the arbitrary detuning 0r = 0k pquw + Ok,quwm, Which will be used by the pump tones to cancel
ac-Stark shifts due to the Kerr effect. As a result, we obtain

7:[//71: Z Spala —& cos '—|—90—/2
kU Ak A ¥ 2
k:b7w7Q7m
with
¢ = Z Pk (&ke_i(“’“_é’“) + dzei(w’“_‘;k)>

k=b,w,m
+ © (5 e*iwp,bqwt + g* eiwp,bqwt)
q \Sp,bwg p,bwq

—i t i t
+ ¢q (gnqwme opawm? 4 g;,qwmelwp amm )

and the pump frequencies

Wp,bquw = (Wq - 5q,bqw) + (Ww - 5w,bqw) - (wb - 6b,bqw)

Wp,qum = (Wm — Om,quwm) + (Ww — dw,gum) — (Wq — Og,qum)
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Due to
A4

ﬂ :£p7bwqe—iwp7bqwt@ngei(wq75q’bqw)tsowdj'uei(ww75wybqw)twbdbefi(waﬁb’bqw)t

+ €p7qwmeflwp,qwmts0w&:fu el(ww *5w,qwm)t(pmdine*1(wm *5m,qwm)t¢q&q6*1(wq —0g,qwm)t

N At A 2 2
+ Z @%@i’alakaz'ak’ + Z wiwﬁalak (|£p7bwq| + [€p.qum| )
kk! k£q

1

2 2\ At4 ~tata o

+ 802 (|§p,bwq‘ + &p,quml ) azaq + B Z QD%QL“Z“W’?
k

+ h.c. 4 fast rotating terms

expanding the cosine term to the forth order leads to

H' ~Hstark + Hicerr + Hawnt
7:[Stark/h = Z <5k — Xqk (|§P7bUMI‘2 + ‘fp,qwm|2>> &Ldk

k=bw,m
2 2\ \ At~
+ (5q — 2Xqq (|€p,bwq| + |€p,quml )) agaq
9y Xkk At ata & At A At oA
Hkerr /P = — Z 7a£a£akak - Z ka/azakai,ak/
k=q,b,w,m kK’

7:[4WM/h :gbwqdde&g + g;;wqdl];dw&q + ngmdgdw&m + gzwm&q&L&In

with the detunings

Oq,bqu =2Xqq ygp,bwq|2 J Og,qum =2Xqq ‘gp,qwm|2 ]
5b,bqw =Xqgb |§/p,bwq‘2 ) 5b,qwm =Xqgb |§p7qwm‘2 )
Om.bgw =Xgm |§p,bwq’2 ) Om.qum =Xgm |§p,qwm’2 ,
Ow bquw =Xqu ‘gp,bwqp + Apug, Ow,qum =Xqu |§p,qwm’2 )

the Kerr interaction strengths
=E;01/2/h ' =E;0i 07 /b
Xkk TPk ) Xkk JPEPE /1
and the effective parametric interaction strengths

Jbvwqg = — EJgp,bwq‘Pg‘PwSOb/h» Jqum = — EJgp,qmepgSOwSOm/h-

5.3 Derivation of Nonlinear Decay

In this section, we derive the nonlinear decay by tracing out the waste modes with adiabatic elimination.

After canceling out the ac-Stark terms and restrict the Hilbert space of the qubit mode to a two level
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system (G, — &), we arrive at
H// :%w + qum
Hoo/h =Gwg@d}y6" + Ghug@hawd + gqum6 dwim + ghmoal,al

9 Xkk At At~ AT A AT A
Haoom/h = — Z 7@2@2%%— Z ka/a};akaz,ak/,
k=bm k#k'=q,b,m

+ (Do = X816~ xwifin) i — X274l a0

which dynamics is described by the Lindblad master equation in Eq. (2.105)

dA_ . 1/EPN
= Z[% P

[

+ kwDlaw]p + wyDlay)p + 14D[61p + 14D 61p
= — i [Husp| + FuDlaw)p + Lopm 17 (5.5)

and

Lapm 0] = = 1 [Hgpm 6| + Dl + 7, DIo)p + 74DI66]p.

For the adiabatic elimination, we assume that

Xkk'

~§ K1,

Ibwq,qum
K ’

R

such that the waste mode is dominantly in the vacuum state due to the fast decay rate x,,. In particular,

for the density matrix p, the reduced density matrices acting on the qubit, buffer, and memory Hilbert
space have the following relations:

(0] 210) =poo, (0] p[1) =6po1, (1 p[1) =8%pu1, (0] p12) =6%poz
with |k),|k’) being the Fock states basis of the waste mode.
(0]..-10) , (0] ... |1), (1] ... |1), respectively, we obtain

d

o =1 (0] [gbwqabaL&T - Ghugih@w6 + Gqum0 i + GGl il ;’)] 10)

By projecting Eq.(5.5) with

—1 <O’ |:<Abwq - qua'Tﬁ - wad;g&b - meéin&m> &L)dw, ﬁ ‘0>
+ (0] KwDlaw]p [0) + Equ [Poo]
= — 18 [Ghg}510 — GsaP01805" + G P10 — Ggum Por |

+ 8% Kwp11 + Lagbm [poo] + O (6°)
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d

5dt001 = —i6? [ngq&Z6ﬁ11 — GbwqPo2in6’

+ g;wma—dlnﬁll - ngmﬁ025'Tdm]
+ P00 [giwq&lt& + om0 am]
+ idﬁ(}l [Abwq - qu&T& — wa&Z&b Xmw@ In ]

Raw

— 5*/)01 + 6 Lgpm [po1] + O (6°)

5~g//~€w A
00 [gbwqala + ngmUTam}

+ 6 P01 [Abwq - qua'Ta' - wa&;gdb Xmw@ ;fn ]
"iw A A~
— 57P01 + 6L gpm [po1] + O (6°) (5.7)

5 @011 =— 6’ [gé‘wqazapm — GhwgP12G60" + G Gal, pa1 — ngmPIQUTam]

— i [gbwq&b&Tﬁm - ngwqﬁlo&;ﬁ + Gquwm® dmpor — g;wmﬁloé’din}

+ i52 [Abwq - qu&]‘a. - wad;gdb - me&]:ndmy ﬁll]

+ 6% | po2 —p11 | + 02 Lgpm [p11] + O (6°)
——
12)¢Hw
=—10 [gbwqdba-TpAOl - ngwqﬁlo&z(} + ngm&Tdmﬁ01 - g;wmﬁloa’din}
+ i6* |:Abwq quJJr waalab me&:[n&m7 PAII]
— 52/€wﬁ11 -+ (52/.:qu [ﬁu] + 0O (53) (5.8)
Focusing the relevant dynamics, we find that Eqs. (5.7) and (5.8) include a damping term of order §°,

while all terms in Eq. (5.6) are of order 52. Hence, this allows us to treat po1 and p11 as a steady-state

(adiabatic approximation), which results to

N K . -1
Po1 =1P00 [gbwqazo- + Gouwm0 Tam] [7“] -1 (Abwq quUT waa;gab meajnam)]
A Zgbwq AT A ig;wm At A
~P00 % a,0 + pooia A, 5.9
TW (Abwq qu) b @ - Abwq " ( )

Z& and | Xpwl s [Xmw| < |Xqw|, which is justified because the zero-point

where we used dZ&&Tc} =a
fluctuations of the resonator modes are very small compared to the qubit mode. As for the steady-

state solution for p11, we get

N 1 ‘gbwq|2A At A AT A
p11 = 3 apo - P00
(%U) + (Abwq - qu)2
1
+ ggum” &ad, pood i (5.10)
(Lw) + A2 o
2 bwq
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Inserting the steady-state solutions into Eq. (5.6), we obtain

d . —ilgpwgl” g i |Gbwg|” NIPY NP
;P00 = — - apap0 o Poo — - 000y, ap0 0
dt 5+ i (Apwg — Xqw) ’ 5 — i (Apwg — Xqu) b
ilgqum|™ 4.y fngm\ stan of
—————6'Ganal poo — 7,0000 oama),
%“ + ZAbwq mem 52“’ ZAbwq m
|gbwq|2 oAt afa
N2 2aba pooabO'
(Tw) + (Apwg — Xqu)
’ngm‘z T oA t
N2 2 0a,, P00 a4
(R2 ) + Abwq
+ ‘Cqu [POO]
—is |gbwq‘ A Ata aat A
=t o ) 2 2 ( bwq Xqw) apap0a’, Poo
(T) + (Apuwg — Xqu)
_’_5 ‘ngm| A TAA AT
? o\ 2 A2 bwqT O Am Gy, POO
(7) + bwq
+ KpgD [dbﬁq poo + KgmD |G [ M poo + Labm [oo] (5.11)
with the nonlinear decay rates
2 2
Kbg = |G| 5 Fw Kgm =—— 5 ——— |9guwm| K- (5.12)
(Tw) (Abwq qu) ( w) + Abwt;{

5.4 Memory Transfer Dynamics

The dynamics governing transfer quantum information from the buffer mode to memory mode is derived
in the following. We add the driving term i,/Kpbi, (db — dz) into the master equation (Eq.(5.11)),
where by, is the amplitude of the coherent drive. For simplicity, we further omit the first two terms in
Eq. (5.11) and assume ﬁqu,vq, V¢ <K Ky in the zeroth order approximation. This gives us

d A . R o R o
P00 =kKpgD [abUT] poo + KgmD [Uain} poo + kD [ap) poo + € [ab — azv Poo} (5.13)

with € = /Kpbin. Since the time evolution of the memory mode is dependent on the qubit state, we

first consider py :== (g| poo |g) and p. :== (€| poo |€), such that
d . WY 1 1A £ s s At s
apg =Kqm Gy Pelm — 2 fibg (pgabab + ababpg> + kD [ap] pg + € [ab — ay, pg} , (5.14)
d 1 soa-al a-al s PP - . N
&pe =— §qu (,oeamam + Gma), Pe ) + Kpglppgly + koD [ap] pe + € [ab — ay, pe} . (5.15)
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To be able to study how the memory mode acquires the quantum information, we further distinguish

the quantum state p,/. between the memory states by defining pg /e, := (M| pg/e |m)

d . A 1 A At 1. 1t
&pg,m =RgmOmpPem—1 — §Hbq Pg,mapay + §ababpg,m
+ 14D @] pyan + € | — @), Pgan (5.16)
d., A Aoa AT
Epe,m - - qu(m + 1)pe,m + ’ibqabpg,mab
D (@] pegm + € | = @l pem | (5.17)

Hence, pg,m, Pe,m are now the density matrices acting solely on the buffer Hilbert space. In the same
spirit as in Sec. 2.5 and Ref. [41], we use the ansatz pg /. n,, o< |8) (3], which give us after tracing out the

density matrix completely

d

apg,m =RgmMPem—1 — Kbq |ﬁ|2pg,m, (518)
d
e =~ Ko (m + D + 5 1y (5.19)

We remind ourselves that kg gm are controlled by the pump. For example, if the pump responsible for
the buffer-qubit transfer (qubit-memory transfer) is switched off, we have kg = 0 (kgm = 0). For the
conversion processes explained in Sec. 5.1, the case study of each process is required for the differential

equations shown above, which are

d —FKg | B!z Pgm, buffer-qubit transfer

at’om = . (5.20)
KgmMpPem—1,  qubit-memory transfer

d Kbg | B |2 DPg,m,; buffer-qubit transfer,

qtPem = (5.21)

—Kgm (M + 1)pe.m, qubit-memory transfer.

We assume that pyo(t = 0) = 1 and that the buffer-qubit transfer process is followed by the qubit-

memory transfer. Then, the solution of the differential equation reads

e—realBlt 4 < tpg, buffer-qubit transfer,

pgo(t) = 2 _ (5.22)
e~ ralBl g ¢ > tpg, qubit-memory transfer,
1 — e *valB ‘21", t < tpq, buffer-qubit transfer,

peo) =8 | (5.2
(1 — e~ fbal bq) e famt -t > tp,, qubit-memory transfer,
0, t < tpq, buffer-qubit transfer,

pga(t) = (5.24)

(1 - e_”‘bqw‘%bq) (1 — e‘“qm(t_tbq)) , t > tyg, qubit-memory transfer,

where tp, is the cut-off time of the buffer-qubit transfer process and the beginning of the qubit-memory

process.

The theoretical framework outlined above finds a compelling alignment with the previously
presented simulation results (see Fig.5.2). These theoretical insights delve into the intricate dynamics
of state probabilities within our system under specific interaction conditions. In the initial phase of

the pulse-driven interaction, for durations ¢t < t;,, we observe significant developments in the state
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Figure 5.3. Calculated population of qubit (blue solid line), buffer (orange solid line), and waste mode
(green solid line), as well as the probability of memory photon in states |m = 1,2, 3) (red, purple, brown
solid lines).

probabilities. The probability of the system residing in the qubit ground state and in a zero-photon
memory Fock state, py o, demonstrates an exponential decrease with increasing pulse length. This
trend indicates the effective excitation of the qubit away from its ground state due to the buffer-qubit
transfer. Indeed, the probability of encountering the system in the excited state of the qubit with no
photons in the memory mode, p. o, exhibits an increasing trend, converging towards 1 — e~ FvalB*toq
Notably, throughout this phase, the probability p, 1, corresponding to the qubit being in the ground
state with a single-photon in the memory mode, remains consistently at zero. This observation is in line
with the theoretical expectation that the memory mode does not yet acquire any photons during this
initial interaction period. As the interaction transitions to the qubit-memory phase (for ¢t > t3,), the
theoretical model predicts a notable shift in these probabilities. The p. ¢ value, which was previously
increasing, now begins to decrease exponentially, reflecting the transfer of excitation from the qubit to

the memory mode. Concurrently, py 1 starts to increase, ultimately saturating at 1 — e~ ralBl%toq

Memory transfer dynamics with continuous operation of both pumps

In scenarios where both parametric interactions are perpetually active, the dynamics of memory
transfer exhibit distinctive characteristics. The theoretical formulations for the time-dependent

probabilities of various states are as follows

pao(t) =e r0alt, (5.25)
2
pe,ﬂ(t) — K:bq |ﬁ’ |B’2 <e*/€bq|5|2t o 6*”qmt> 7 (526)
Kgm — Kbq
2 2
pg,l(t) — KQm’ibq |ﬁ| t2 e*,‘iquﬁ‘Qt + ’iqmﬁbq ‘/B| 5 (e*"‘iqmt _ efﬁquﬁ‘Qt) ) (527)
K’Qm_ﬁbq|5’ </qu _ﬁbq|ﬂ|2)

An important observation from these expressions is the behavior of the occupation probability pg 1,
and by extension py ., for higher Fock states. Contrary to approaching a saturation near unity, these
probabilities demonstrate an exponential decay towards zero. This decay emphasizes the fact that the

generation of a controlled multi-photon Fock state is unfeasible under the conditions of simultaneous
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and continuous application of both pumps.

This theoretical prediction is visually corroborated in Fig. 5.3, which illustrates the occupation
probabilities for each memory Fock state. The plot reveals a concurrent rise in the probabilities of
multiple Fock states. Consequently, this pump configuration does not favor the selective generation of
a specific multi-photon Fock state. Rather, it leads to a non-discriminatory increase in the probabilities
of various states, thus hindering the precise control necessary for effective Fock state generation in this

quantum system.
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Chapter 6

CONCLUSION AND OUTLOOK

In this thesis, we have addressed two aspects with significant relevance for the improvement of the
performance of superconducting quantum technology. First, we have performed a systematic study
aiming at the reduction of internal losses in our samples, achieving an improvement by two orders of
magnitude through the implementation of novel fabrication techniques. Second, we have conducted
a thorough experimental and numerical analysis of the onset of transmon ionization (TI) and the
performance of single-photon detectors (SPDs) in a transmon qubit system integrated with a multi-

mode 3D cavity.

Regarding the improvement of superconducting quantum circuits, our study has underscored the
crucial role of surface treatment and material selection, particularly focusing on the superconductors
niobium (Nb) and aluminum (Al), in conjunction with the design of sample boxes. The internal
quality factor of coplanar resonators, fabricated using an Al-based lift-off technique developed at the
WMI, has been measured. We have observed that in the single-photon limit the internal loss rate of
our reference sample was §; = 3.38 x 1077, comprising both power-dependent two-level-system (TLS)
losses (697 = 2.49 x 1075) and power-independent losses (§y = 0.89 x 107°).

A pivotal reduction of loss channels was realized through the implementation of buffered-oxide
etching (BOE) for surface treatment, which substantially mitigates surface oxides and contaminants
that lead to TLSs. This treatment significantly reduced the internal losse rate of the Al resonators
by approximately an order of magnitude, with d; ~ 1076 being achieved for both lift-off and etching
processes. A further enhancement has been observed upon replacing Al by Nb as the superconducting
material, leading to an around 50% reduction in internal loss and our best measured internal loss value
0 0; = 0.66 x 1079 in the single-photon limit.

The influence of the sample box environment on both the internal and external loss rate has also
been investigated. Particularly, the presence of parasitic chip and box modes can introduce additional
loss channels in quantum devices under test. Employing the SLH framework, we analyzed the impact
of these parasitic modes. We found that the interference effects between the resonator and parasitic
modes alter the external loss of the resonator. Additionally, direct interactions between the resonator
and parasitic modes create additional decay channels, affecting the internal losses. Experiments with
three different sample boxes revealed that changing from an eight-port box without a hole to a two-port

box with a hole improved the internal loss rate by 70%.

A second main focus of this thesis was the experimental and numerical study of the transmon-
ionization (TI) onset and the single-photon detector (SPD) performance of a transmon qubit coupled
to a multi-mode 3D cavity. We have investigated a dependence of the transmon population on the
buffer photon number n; and pump powers, and observed that the transmon is highly-sensitive to
ny at the region close to critical pump powers (CPP). Through a comprehensive analysis employing
the Rényi entropy, Floquet theory, and Husimi Q function, we found clear evidence for the presence

of a quantum-to-classical phase transition around the CPP. Our numerical simulations are in very
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good agreement with the experimental observations, demonstrating the appropriateness of the chosen
methodologies for simulating the experimental system.

We have also investigated the device as a single-photon detector, and extracted its detection
efficiencies for various pump frequencies and powers up to the CPP. Our measurements show that
a maximum TI-uncorrected detection efficiency reaches 86%, while we estimate the TI-corrected
detection efficiency to only 78%. The conversion efficiency 7. between the buffer and the qubit-waste
mode was found to be limited by the TI, while the reduction of the saturated qubit population n* can be
attributed to a thermal waste photon number and the qubit energy relaxation rate. Finally, increasing
the frequency detuning between the pump and qubit frequencies and the qubit anharmonicity was
found to strongly suppress the influence of the TI process and leads to a distinct improvement of the
TI-corrected detection efficiency and sensitivity. The spectral positioning of the buffer and waste mode
frequencies ought to be determined based on the sign of the qubit anharmonicity to ensure that the
pump and multi-photon processes do not overlap.

In conclusion, our systematic investigations offer potential advantages inherent to the onset of
TT, suggesting its prospective extension to high-efficiency microwave SPDs compatible with 3D cavity
architectures. Moreover, this study demonstrates the necessity for a careful analysis of the efficiency
extraction, particularly given the impact of the TI process. These insights bear significant implications
for the development of parametric device applications, which are essential in advancing quantum

information processing and communication based on superconducting circuits.

In the final segment of this thesis, we have explored the prospective application of our advanced
SPD system as a multi-photon Fock-state generator, utilizing the concept of irreversible coupling.
By incorporating an additional memory mode into the existing SPD configuration, our system is
suitable for at converting an excited state of the qubit into a memory photon. This conversion is
facilitated through a sequential application of two distinct pump processes. Our simulation results
have particularly demonstrated the capabilities of our system for the generation of multi-photon Fock
states. Using parameters of present day superconducting circuit technology, our simulation results yield
a high probability for successfully transferring the qubit excited state into the memory photon states.
Notably, high probabilities of finding the memory mode in Fock states 1 and 2 of P(m = 1) = 0.987
and P(m = 2) = 0.975, respectively, have been found. These probabilities underscore the potential of
our system in reliably generating multi-photon Fock states, marking a significant step forward in the

field of quantum state manipulation and generation.
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Appendix A

DERIVATION OF THREE-LEVEL TRANSMON EIGENENERGIES

Let us derive the transmon energies for a three-level system, which we mostly follow the approach
provided by [113]. We expand the Josephson term to the fourth order and calculate the eigenenergies
of this system after rewriting (7, ) into the annihilation/creation operators. What does this mean
from the two-level system point of view compared to the harmonic oscillator result?

The essential point of the transmon qubit from the two-level quantum system point of view is the

non-linearity of the potential of the Josephson junction, namely,
V = —Ejcos Q.

Evidently, then the level spacing is not equal as for an harmonic potential of a quantum harmonic
oscillator.
In order to discuss the impact of the nonlinearity, we perform a power series expansion of the cosine

potential up to fourth order. We find !

A =4Ech? — Ejcos %)

. 1, 1, ;
=4Eci? — By (1 - a(pz + Igo‘* +0 (¢6)>

R 1 R 1 . «
:4Ecn2 + EEJQOQ — @EJQD4 -FE;+0 (g06)

considering only small values of ¢, this is a good approximation. Note that the power expansion
contains only even terms in ¢ and therefore there will be no three-wave mixing. An asymmetry can
be easily introduced by applying a finite current or a flux bias.

First, let us focus on the Hamiltonian up to the second order for obtaining the eigenenergy of the
simple quantum harmonic oscillator Ey. We can obtain the above eigenequation (neglecting the offset
energy and correcting terms) by using the algebraic derivation of the quantum harmonic oscillator,

however, this form reminds us of the equation of the ellipse given by

22 . Y2 1
a2 b? ’
for our case in particular,
H n? p?

2EGE,  Es2 | 4Eo
But the elliptic method can be more simplified, if we can transform it to a circle. So, for that purpose

let us rescale them by introducing the energy Ey and define

o B2 ,_ [t
5, P 2=\"E,

Here, we omit the offset charge ng w.lo.g.

113



with the commutation relation

9E;Ec
Ej

[, ) = =5 [af — gl +a,| = b dl =i

N | .

such that these operators are equally scaled in that sense that the ellipse equation only depends on FEjy

no_P P
2EcE; Ey Ey

Here, Ejy is the energy spacing of the quantum harmonic oscillator. That is, H|m) = E,, |m) =
Ey(m + 1/2)|m). This can be used to obtain

. EJ/2< E? >1/4,a1,—aq <EJ >1/4,a;—aq
n = 1 - 1 )
Ey \2E;Ec V2 8E¢ V2
. [1Eg < Ior )1/4 ah+a, <8EC>1/4 al + g
Y\ B, \2E,E¢ V2 E; V2
such that
7:[ ﬁ2 @2

2EGE, E,2 | 1Bo
2
1 B\ —ag\T 1
- E;/2 \\8E¢ V2 4Ec

2 2
B 1 ;0 — Gq n 1 a q
_\/2EJEC \/i V2E;Ec \/5 .

S —+
_I_
Q>

From this calculation we can deduce Ey = v/2E;FE¢ and E,,, = 2Ey(m+1/2) for the mth energy state.

Wplasma = 2F0 /I is called as plasma frequency.

Now, let us consider the next leading order of the Hamiltonian, namely the ¢?%, leading to the

deviation from equaly spaced energy levels

0Em = — - (m| @7 [m)
E; (8Ec o
Ty (EJ) (ml (@} + ) m)
Eo N2 N2
=== (m| (a:;) az + <a:;aq> + aflaqaqag |m)
Ec L N2 o fa)\2
-5 (m|aqaagag + (aqal;) + ag <a$> )
Ec , i R N2 st s
== (m)| ajl (aqa:r] - 1) g + ( gaq —+ a:r]aqaqa:; |m)
Eo o laata it 2 o (ata it
-5 (m|aqaajag + (aqaq + 1) + a4 (aqaq + 1) ay|m)
__Ec
3

X (m2—m+m2—|—2m(m—|—1)—|—(m—|—1)2+(m—|—1)2—|—m+1)

=—Ec (2m*+2m+1).
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Henceforth, we see that the nonlinearity of the Josephson junction potential induces a non-equal energy
spacing such that the energy level difference between the ground state and the first excited state is not
equal to that between other energy differences. That is, we can specifically assign the ground state and
the first excited state as logical states |0) and |1), respectively, with a (approximate) qubit frequency
of wy = wo1 = (V8EcE) — E¢)/h. The frequency of 1-2 transition is w1z ~ wy, — Ec/h.
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Appendix B

DERIVATION OF COUPLED SYSTEMS

B.1 Derivation of qubit-resonator system in cQED

Here, we derive the Hamiltonian of a qubit-resonator system, where we mostly follow the approach
provided by [113, 249]. We first consider two LC resonators capacitively coupled with each other and

show
o 1(C2tC)QF+(Cr+C)Q3+20.01Qr | 9% | 8
2 C1Cy + Cc(Cl + 02) 214 214 '

For that purpose, we consider first the Lagrangian with the node fluxes ®;, ®; as a system variable
and then transform it to the Hamiltonian by obtaining the node charges ; via an Euler-Lagrange
transformation. If we define d®;/dt¢ as the general momentum and ®; the position of the ith quantum

system, then the Lagrangian without interaction is written as

Cp (dB\?  Cy (d®y\? @2 B3
Lo=— (=) +=2(=2) -4 -2
2\ dt 2\ dt 2L, 2L,

What we are left with, is now the interaction part. The key point of the interaction is that the voltage

difference between two quantum systems contributes to the energy such that

Ce (df1_ d2y)°
2\ dt dt ) -

Henceforth, the total Lagrangian is formulated as

po O (do)* Co (A" Co(d®y ;)" of  @f
2\ dt 2\ dt 2\ dt dt 2L; 2Ls

We can then use the Euler-Lagrange formulation and obtain the Hamiltonian. However, let us use a

more elegant way. We first recognize that the kinetic term is in bilinear form, that is it has terms like

dd,\? [d®,\? dP; dPsy
dat ) '\ dt )t dt

This insight can be used to construct a capacitance matrix, that is,

L-lfam ]| QG G G| et ef
2 dt dt _Cc 02 + Cc % 2L1 2L2 '
C

This formulation is very helpful because we have the relation between the charge and voltage as

[N

o)
do
Q1 _ | et | _ C e
Q oL ey |-
2 532 dt

ol
o~
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Thus, we obtain for the Hamiltonian

9 _1 A A -1 Ql ‘i% ‘i’%
A=gl@ @ ]c 0, | T 2L; T 2L,
_1 (Cy+C) Q3 + (C1 + C.) Q3 4 2C.01Q2 4 3 3
2 C1Cy + CC(Cl + Cg) 214 2L2'

~ (1)

We now rewrite the Hamiltonian into the annihilation/creation operators @, 5, and regard one of
the LC-circuits as qubit, i.e. replace a1 — a, a2 — ¢ and the qubit term accordingly. We then derive
the resonance frequency of the resonator w,, the qubit frequency w, and the qubit-resonator coupling

strength g

First, let us define the effective self-capacitance and coupling capacitance for charges

i L CQ + Cc

C’l ' 0102+CC(C1 +CQ)7
i . Ci+C.

C’Q ' 0102+CC(C'1 +CQ)7
1 _ Ce

C’C ._0102 + C.(C1 + Cy) .

such that
LGB 00, # @

207 20, C, 201 2Ly

. | A 4. s [hZe; s .
Qi = 27 (al.L + ai) , P, =i 726’2 (ag - ai)
X

with Z.; = l/wi@ we get

Now, inserting

A a 1 a 1 . . . .
H =wq <aJ{a1 + 2> + wo <a£a2 + 2) +g (a{ + al) (ag + a2> ,

where
1
W; =
VLG,
1 Ce
Jor =—=————— = JWiWw :
9071 2o /(G + 0y (Cat Cu)

Since we actually wanted to calculate the qubit-resonator system, we replace a; — a, as — o such
that

. 1 1
H =uw, <aTa+2> + g (&T&+ 2) + g0 (af +a) (67 +6).
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B.2 Fouth order calculation

Here, the fourth order of cos(@’ ) is calculated. We use the definition ¢gp, = (¢gq&q+Papép +Lqwéw)/Ep
for clarity. Neglecting O (ng, qw), we obtain!

2 2 2 2 2 2 2
+ X 2+ i+ o+ (e X
(‘qu 90qp ) )azab+(p2w (90qq (Squ p) )aLaw—i-gOQ < qb qq qw ( qp p) aTaq
4
Paq
4

2 qq 2 q

T

+ a + goqbgpqqa:;aqa,ﬁab + goqqgoqw qaan Qo

+ ©gq (wqu (9% + Cauw T Pag) + W) (af +aq)

+ ©gb <(pqu” po+ (wqu(pﬁ) (az + ab) + Pqu <<pqup(qu + W) (aL + aw>
1 PaqPquw (gqq + ((Pqp;(p>2) a:; + aq) (aw + aju)

+ ©gbPqq <<P§q + W) az + ab) (ag + aq>

+ P Pquw (2‘2’" + W) (aju + aw) (aZ + ab>

2 2
+ @gb‘ﬂqq (pgpXp) aztab (aq + a;) + <qu903w (gpXp) aLaw (aq + a:;)

+ Pagpaw (PapXp) aag <a:ru + aw) + g (PapXp) alag (alt + “b>
2 2
PpPaq [ 42 2 | 9t 9 PapX, 12
+7q4 (:; +aza )+<,0qqﬂPq qup(Tab—i-aqab)

2 2

39, ¢ VapX. 2
gbi( 7 v) (az —i—ab) +<pqq7< w r) (ag +a§) + @2,
PgbPqw 2 <T2

+ (cqucpgqgoqwagaq) (alaw + abaw + 9 5 Pqq | g

) X 2 @qb@
+90qb803q qu<2ab+a2 T>+ 2qq<

+ W(

4
abaw+a2 | T)

2
aL -+ ai)

Ta2 T—f—aT aqab)

2 90 Pqw
)+ e

2 2
Paq®P 2 2 X 2
4 T (ag afv agal, ) + gogqcpqw ((pqp p> (a:; Ay + aﬁaL)

+
VapX. 2
+ @qq%"gw <qup> (alafu + aqa;[u )

2
<aj]a(2]a;fv + a:‘z qaw>

+ ‘Pgb%@qq@qw(‘PqPXp)aga G + PapPagaun(PapXp)aiasal,

+ ‘qu‘qu‘qu(‘Pqup)agabaw + PabPaqPqu(PapXp)aqa

+ PabPaqPau(PapXp)aqa aw + CabPag Paw(PapXp)agasal,

+ CapPquPaq(PapXp)&s fwa + PgbPaqPauw (PapXp)Ep&aa

+ ‘quSquSqu(@qup)fbfwa + ©gbPaqPaw(PapXp)EhEway
( ) )

+ b PaqPauw(PapXp)§pEwaq + PapPagPauw(PapXp)Enénaq

n our case, gogb’qw ~ 107", Tts frequency regime corresponds to Ejipgbqu ~ 1 MHz. Since our interested frequency
range is around 100 ~ 1000 MHz (because the detunings are also around 100 ~ 1000 MHz), we can safely neglect this
term from the rotating wave approximation point of view.
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Note that we defined X, := &,(t) +&,(t) = 2[p| cos(wat) for better clarity. Further, we use the rotating
wave approximation. For that purpose, we transform into the rotating frame of Hy = wm,qa;aq +
wmbaZab + wm,wajﬂaw. Analyzing the terms carefully, we can recognize that we can boil them down

into the following categories

X, (%’(t) + a;(t)) oxaje! T omit 4 g e WA=RTTE 4 c.

3 3 T
(panXp)* (a5(8) + al (1)) (o Bt
+ 3 (Pgp ’fp‘)g ajetedt—iwmit
+ h.c.
2 2 St i
(apXo)? (a5 + ) (a4l ) oc(pgp 6p1)? agape=2iset =i ¢

T 2iwgt—iwr, ji+iw,, it

+ (Pap ‘§p|)2 a;a,

2
+ (¢qp 1§p])” ajajre

+ 2 (©gp ]§p|)2 ajatle—iwm,jtJrz‘me,t

2iwdt—iwm’jt—iwm’j/t

J
+ h.c.
X, <a a2+ aT 2) oca;af pitatHiwm jt=2iw,, 1t
+ h.c.
Xpaj aj,a;” OCaja,jla;r-,,6iwdt+iwmvj"t_iw’”’jt_iwmvj/t

T

+ ajaj/aj,,ef

Neglecting fast rotating terms, which interaction strength is much less then the minimal detunings?

Q' 02 02 Prg (P Xp)
o7 gquﬁaga + goqw 2qq al aw + goqq % + 7@2 P aflaq

+ Zq af’ a + SquSoqrzajzaqazab + ‘qu%wagaq“T Qw

X, X,)’
+ ¥qq (wqg pSOZq + (90%’619) + CqpPaqPauw(PapXp) (& + &) (Sw + &u )) ( * aq)

+ PabPeqPqw (‘Pqu;) aqazaw + PabPeqPqw (‘Pqpfp) a:gaba:ru

Here, we have chosen the drive frequency® wq = Wp R Wmyg + Wm,w — Wmb-

*In our case, this is for example, E; ¢}, ¢0quw &~ 20 MHz < |wim 1w — Wm,q| & 2 GHz. Terms, which we do not omit, are
e.g. terms with the detunings less than 1 GHz associated with the driving strength in the order of few 100 MHz.
3The approximation here is because of the ac-Stark shift consideration.
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UNITARY TRANSFORMATION

C.1 Transformation into the rotating frame

Here, we briefly review the unitary transformation into the rotating frame, which can be found in many

textbooks [250-252], and show some working examples.

Generally, the unitary transformation of a Hamiltonian is calculated by

H(t) = U@)YHU(t) — iﬁ(t)%m(t), (C.1)

where U (t) is some time-dependent unitary operator. Note that for the Hamiltonian H=Ho+ ?:[int(t)

with U(t) = e""0t/h we are in the interaction picture with

~ A A ~

H(t) = UYHUT () — Ho = U ) Hine () U (2). (C.2)

Example: qubit drive

Given the Hamiltonian of a qubit driven by a microwave signal with amplitude A and angular frequency
wWd
A hw
H= Tqéz + hA cos(wgt + )64,

we show that the Hamiltonian can be expressed
i h ~ ~ A~
H = 5 (Qp05 + Qyoy + Ag4o2)

by using the rotating wave approximation. Here, Agq = wy — wq is the detuning between qubit and

drive.

We first decompose 6, = 6 + 61 and also note that the operators o) in the rotating frame can be

written as
&My 5() Fiwat
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Thus, in the rotating frame of the drive Ho = fuwwg6 /2

H =UHUT — iU - UT
ot
hw AL hw
:7(](32 + hA cos(wgt + qzﬁ)U&mUJr - 7d6z
PSR /) cos(wqgt + @) <&e*i“’dt + &Teiwd>
—pe—d G, + hA cos(wqgt) cos(¢) <6e_i“dt + 6Tei“’d)

— hAsin(wgt) sin(¢) (&e‘iwdt + 6Tei“’d)

Wy — Wy . hAcos(o) /. 9w R iw
=g, 4 ZEERE (6 (14 et + 5 (14 ¢t )
 hsingg)

5 (é’ (1 o 672iwdt) 4+ a,‘f (_1 + ef2iwdt)>

RWARW — W o hA cos(¢) G — hAsin(¢) &,
2 2 2
Yy . heYy, . hAgq .
=y Gty vty O

with

Q. =Acos ¢, y, = — Asin ¢, Aga =wq — wq.

We now calculate the time-evolution of the qubit state for the ground state as an initial state by

making use of the following definition

~r NQRabi
! _ abi
H= 2

abi
2

_ iA€i¢ qd

. Z(b .
- —1e"?sin O —cos 6
QRabi QRabi

A SN i o
QR(fjai 13%7 ] _. hQRabi [ cos e i sin @ ]

The Hamiltonian can be rewritten in the matrix form as

Aqd iAe"i®
—iAe"‘f’ _Aqd

y_h
2

First, let us obtain the eigenfrequencies given by

wt = FORabi = i\/Agd + A2,

and use this for the normalization of the matrix

A d 1 A —i¢ P .
5 hORab: T zﬂeabi _ IRabi cos 6 ie" " sin @
-_— . Z¢ — . . . . .
2 - ;ﬁf = - Qqu‘ 2 —ie®sinf®  —cosf

In this case, it is known that the eigenstates are symmetric and anti-symmetric superpositions of the

122



qubit states!
, 0 . 0
|W, ) =ie /% cos <2) 0) + €'®/?sin <2> 1),

|W_) =e/?sin (Z) 10) — ie’®/? cos (g) 1)

Then, we can decompose an arbitrary stationary state [(top = 0)) into
[9()) = ((to) W) e Pravit/2 (W) 4 (3 (to) W4 ) & mabit/2 [0 ) (C.3)

In particular, for the ground state we get

. 9 . 4 o0\
lh(t)) = e /% sin <2) e Ranit/2 | @) 4 je™%/2 cog <2> e MRanit/2 |y

Physically, the result of the eigenstates tells us that the axis, about which the qubit rotates with
+ORabi, goes away from the z-axis and approaches more towards the z — y plane the stronger the
Rabi strength gets. For example, let us take a quantum state parallel to z-axis and the system is
detuned. While the quantum state feels only rotations about z-axis without driving and does not
change its vector in the Bloch sphere, the quantum state starts to oscillate about the eigenvector in

case of driving such that the z-component of the quantum state now oscillates, as well.

Example: From full Rabi model to Jaynes-Cummings Hamiltonian

We briefly derive the Jaynes-Cummings Hamiltonian from the full Rabi Hamiltonian
; st o W 51 5) (o +at
HRabi = Awrala, + TO'Z + hgqr (0’ + a) (ar + ar> .

For that purpose, we go into the interaction picture with |¢(t)),, = etHot/h |1 (t)) with

int
Ho = hw,na;[ar + Tqaz.
We insert them into Eq. (C.2) such that we get

,}:[i:{abi (t) :hgqre”—lot/h <5'T + &) (&7« + d:[) eiiﬁot/h

L R R L st R o ata
twqt6 /2 (0+ +0,)6 zwqtaz/2ezwrtaray (ar _|_ai) e iwrtQnrQr

=hgqre

:hgqr (&+ezwqt + &_e—zwqt) (are—zwrt + diezwrt> 7

where we know from the Heisenberg equation of motion

a@' :Z? 0,,0
=iWy0o

0

=l =i, [aim,aﬂ
=F iwr&g).

IThis can be proved by decomposing the trigonometries into exponentials and simplifying them again.
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Within the rotating wave approximation, we can neglect the fast rotating terms, i.e. oscillating with

the frequency wy + w;, and obtain the Jaynes-Cummings Hamiltonian
A i hw, . e o
Hic = hw,,ala,n + Tqaz + hggr (aTar + ai)

by transforming back into the laboratory frame.

C.2 Schrieffer-Wolff transformation

The Schrieffer-Wolff transformation is a perturbative method to diagonalize the Hamiltonian of an
interacting qubit-resonator system. For the Jaynes-Cummings Hamiltonian, this transformation is
given by

Fasey — ORI

with U = eg and

6 — Jar (o st _ 4t )
S = (a o' —alo
Agr " "
with Ay = wy — w,. However, for our purpose we only want to obtain terms up to the second order

of ggr/Agr. Here, we show that this approximation allows us to finally get

Y 92 1 92
’ T A~ At A T R
diSP/h W :qu (% aiar + 5 CL)q + qq,,, Oy

2.

by using the following instructions

The problem of diagonalizing the Jaynes-Cummings Hamiltonian is the off-diagonal interaction
term, since the qubit and resonator terms are diagonal. The essential point of this Schrieffer-Wolff

transformation is to be able to eliminate the off-diagonal interaction term
V = gor (@6t +ale).

That is,

Let us first calculate the following commutation relations

[ar&T a] — _ 24,5 [ai&, &Z} —2al6
T
T

.6, afa| =a,60 [ate.afa,| =~ afo.

2This result can also be obtained by straight forward calculation. Here, we would like to provide the essence of this
transformation.
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We then can verify

) Y
qr ' 2
_ [gq'" (ar6" — als) ,“’q&z] | [9‘" (0" — ato) ,wTaT&r}
qr 2 ar
— dar (aT&T + a,t&) + 2, (&r&* + &16)
Agr Agr
=-V.

Our next strategy is to make use of the Baker-Campbell-Hausdorff formula
. N R A 1 7ra [a -
SHe S =T+ [$. 9] + 5 |8, [5.A] |+

We see that it is composed of repeated commutation relations. Since we have already calculated
the commutation relation between the generator S and the system Hamiltonian 7:[0, we calculate the

remained commutation relation

=Ho+ 5 [$.V] + 0 (a})

ngA At 1 ggr A 3
= wr—f—A 0, arar—i-i Wq‘*‘rqr Uz+o(gqr)

qr

with xgr := 292,/ Agr.

Quantum Non-Demolition Measurement

We show that the Jaynes-Cummings Hamiltonian in the dispersive regime is suited for performing
repeated measurements on &, without further changing the state. Furthermore, we ask the question
what the condition for the QND measurement of a certain quantum state is in general?

To show that the Jaynes-Cummings Hamiltonian in the dispersive regime does not further change
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its state by repeated measurements, we have to think about the meaning of repeated measurements
and no-state-change.

To perform repeated measurements means that we perform another measurement after some time
after we have measured its quantum state. So, the time evolution is involved. If the state does
not change after the first measurement, this is equivalent to say that in the Heisenberg picture the

measurement operator is constant in time. In particular, we should obtain

(V[ 6=(to) [¢) = (Y] 6:(to + 1) [4) , V¢,

since we do repeated measurements on &, where &, is our measurement operator?. So, our task is to
prove that &, is constant in time. Fortunately, we can use the Heisenberg equation of motion for this

purpose, i.e.
dé.(t)
dt

Inserting the dispersive Jaynes-Cummings Hamiltonian, we can easily prove that it commutes with &.

= % 6.(1)] =0,

Hence, &, is constant in time, and equivalently the quantum state is constant in time.
In general, if P is the measurement operator, it has to commute with the Hamiltonian, i.e.

dP(t)

dt

' [?:[,P(t)} Lo,

St

C.3 Displacement transformation

Displacement transformation is a transformation in the context of coherent states. The name
displacement transformation originates from the fact that the corresponding operator - the
displacement operator D - has the ability to displace a localized state in phase space by an amount
«. Applying the displacement operator to a vacuum state, it is displaced into a coherent state. The

coherent states are eigenstates of the annihilation operator
ala) =alay. (C4)
If we transform ¢ with the displacement operator D(a) = exp(aal — o*a), we find

D(a)aD(a) =a + a, Di(a)a'D(a) =a* + @', (C.5)

where « is an arbitrary complex number.

3Some might get confused of the time evolution of the measurement operator. The essential point is that it is an
exchange of the unitary time evolution between the quantum state |¢) and the state onto that we want to project. In
our case, since the measurement process is a projection of the quantum state onto the particular state, if we want to
project the quantum state onto the state |0), the transformation between the Schrédinger picture and the Heisenberg
picture is )

O @) = 0]e ™0 M (te)) = (0(1)] (ko)) -
—— ——
Schrédinger Heisenberg

At the same time we also know that the state onto which we want to project can be described by the projection operator.
So, rewriting this for the projection (measurement) operator we arrive at

WP [h(8)) = (P(to)] e TETI/ M pemHUE=tI/M (1)) — (4(20))| (o) f(to))

Schrddinger Heisenberg

with P = |0) (0].
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Within the mean field theory point of view, we treat the annihilation operator as a classical field
amplitude « [85]. For example, if we assume a quantum harmonic oscillator described by Eq. (2.16),
a, is treated as the steady state mean field amplitude of a,- and is calculated by the quantum Langevin
equation (see Eq. (2.28))

Rr .

= ErGin (t)

LA Ry . N
= — {w,Qy — ?Tar — /Erain(t).

Gy =i [”Ha} -

Here, iy (t) = 2ai, cos (wqt) is not a vacuum quantum fluctuation, but the amplitude of a driving signal
(corresponding to the square root of the photon flux of the driving field) with driving frequency wq

[89]. After the displacement transformation, the quantum Langevin equation is changed to

Ry

G = — iwray + 24/FKy (Gin) cos (wgt) )

Q.
The steady state solution is

t
oy (t) =e /2ty (1) — 26_(in+’“‘T/2)t/ dr/Fy () €50/ 2 cos (wyT)
to

e(iwr+iwd+nr/2)t e(iwr—iwd—l—lir/Q)t
VEr (G
iwr+iwd+nr/2+ 7 m>z’

tﬁ)o . e—(iWr+’$r/2)t [\/E <&in> Wy — Z‘Wd + K /2
r T

e ()

Wy — iwg + k2]

Q

where we have neglected the first term in the last approximation. Here, it is important to emphasize
that the amplitude of the mode will oscillate solely with the driving frequency wy for t — oo, and the

term involving w, is only relevant over a timescale of 1/k,.

C.4 Relation between linear Hamiltonian and Lagrangian

Here, we formulate the relations between the Hamiltonian and Lagrangian. If we consider a linear

system in the Hamiltonian and Lagrangian formalism
R N ~
H/h =57 QppP + 5@ 200Q,
1= 5001 o -
L/h :§QTCQ - 5QTL”Q,

then due to

gl
Il
IS
|

- Céa

Q
Q-

we can calculate
L 57 5, 1= = _lzp 1 = 1= 3
H/h =3P QppP + 5Q Q0eQ = 5@ C" QppCQ + 5Q" Q00Q
—G"P-¢

=G+ GG
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Thus, we have

1= 5001 o -
5QT (CTQpp —1)CQ + 5QT (Qoo—-L Q=0

and due to the linear independence
Qpp=CT ' =c!,

where we have used the fact Qpp = Q; p-
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