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ABSTRACT

Tunable couplings are a central requirement for scalable quantum processing with
superconducting quantum circuits. Practical quantum processors must dynamically
reconfigure their interaction landscape to accommodate different quantum opera-
tions, including idle, single-qubit gates, two-qubit gates, readout, and reset, while
maintaining high coherence and suppressing spurious couplings. While widely
used tunable interaction approaches rely on single-mode mediation, they are often
constrained by nearest-neighbor connectivity, limited on-off ratios, and stringent
requirements on qubit frequency allocation.

This thesis develops and studies novel strategies for tailoring tunable interactions
by moving beyond single-mode mediation, spanning multimode engineered interac-
tions and modeless interaction schemes ("many to no modes"), while accounting for
realistic constraints in superconducting hardware. Using a microwave metamaterial
waveguide realized by coupled resonator arrays, I demonstrate tunable dissipative
interactions that allow on-demand, fast, and high switching-ratio photon emission
from a transmon used as a multi-level quantum emitter. This capability is leveraged
to achieve deterministic generation of multidimensional photonic cluster states, as
well as unconditional reset and leakage reduction of frequency-tunable supercon-
ducting qubits.

Complementary to these multimode dissipative tunable interactions, this thesis also
introduces architectures that realize tunable interactions mediated by many coherent
modes or by no mediating modes. I discuss a long-range interaction scheme between
superconducting dual-rail qubits mediated by spatially extended eigenmodes of a
coupled-resonator array bus. Finally, I propose and analyze a novel modeless
coupling architecture based on a SQUID coupler which provides intrinsic cross-Kerr
interactions, enabling fast, hybridization-free CZ gates for far-detuned pairs, and
discuss its implications for miniaturization of superconducting quantum processors.
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C h a p t e r 1

INTRODUCTION

Quantum mechanics provides an exceptionally accurate description of nature when

the energy scales are su�ciently low and the physical degrees of freedom are

con�ned to microscopic dimensions [1�10]. Beyond its explanatory power, this

realization naturally raises a complementary question: can quantum systems be

deliberately engineered to model physical processes and provide practical utility

stemming fundamentally from their quantumness? Such an idea was articulated by

Richard Feynman in the early 1980s [11]. Since then, quantum information science

has developed the perspective that certain physical processes and computational

tasks may be most naturally and e�ciently addressed using quantum hardware, such

as quantum computers and quantum simulators [12, 13], rather than through indirect

mappings onto classical binary architectures. Strikingly, it was subsequently dis-

covered that some problems admit substantial computational speedups on quantum

computers compared to their best-known classical counterparts, including integer

factorization [14], black-box search [15], and linear algebraic problems [16].

At the same time, signi�cant progress over the past several decades has been made in

understanding and achieving precise control over microscopic quantum systems, re-

inforcing the prospect of realizing the advantages discussed above. A wide range of

physical platforms, including optical lattices, trapped ions, semiconductor quantum

dots, neutral atom arrays, and superconducting quantum circuits, have demonstrated

a high degree of experimental control, each with distinct strengths and limita-

tions [17�26].

However, the intrinsic fragility of quantum states and the di�culty of scaling co-

herent control to large systems impose signi�cant challenges across all platforms,

necessitating carefully designed strategies. Central among these challenges is es-

tablishing fault-tolerance, which is substantially more demanding than in classical

information processing systems [27�33]. In addition, systematic engineering con-

cepts such as hierarchical abstraction, modularity, and design automation, which

have been critical to the success of modern technologies, for example, very large-

scale integrated (VLSI) circuits [34�39], have not yet been clearly formulated and

broadly demonstrated in quantum hardware.
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Among the various platforms aimed at tackling such challenges, circuit quantum

electrodynamics (circuit QED) based on superconducting quantum circuits is par-

ticularly attractive because of their strong light-matter interactions and relatively

low decoherence, enabling fast and accurate quantum operations [21, 40]. The

solid-state and engineered nature of superconducting circuits allows their properties

to be readily designed and fabricated. Moreover, the existence of simple qubit de-

signs and interaction schemes has provided easy understanding and engineering of

the system [41�47]. These features have led to signi�cant experimental progress,

including demonstrations of many-body quantum simulators, multi-qubit proces-

sors, and quantum error correction experiments [48�53]. In the following, I brie�y

review superconducting quantum circuits and de�ne the scope of this thesis.

Superconducting quantum circuits

Superconductivity enables the �ow of persistent currents with e�ectively zero elec-

trical resistance [54, 55]. As a result, superconducting circuits can support bosonic

resonators with exceptionally low dissipation, allowing long-lived quantum states.

Moreover, the presence of Josephson junctions and �uxoid quantization introduces

non-dissipative nonlinearities, making it possible to engineer arti�cial atoms with

tailored energy-level structures [24, 26, 56, 57]. These features have enabled the

discovery of extremely simple qubit designs and control principles [41, 58].

One of the key requirements for advancing superconducting quantum processors

is achieving both coherent and dissipative control of qubits. The coherence times

of superconducting qubits have steadily grown due to e�orts to improve qubit de-

sign and material properties, achieving coherence times exceeding a millisecond

and stabilization of high coherence [59�65]. Single-qubit gates continue to achieve

close to coherence-limits, with in�delities below 10�4 [66, 67]. Dispersive read-

out of superconducting qubits has also crossed the error correction threshold with

improvements in readout speed and suppression of spurious measurement-induced

state transitions [46, 68�71]. These accomplishments have led to experimental

demonstrations towards low physical error rates and scalable integration [52, 53,

72�75].

Interaction design is as central as qubit design

Despite the substantial progress achieved in superconducting quantum circuits, sev-

eral core components, including qubits, couplers, and readout architectures, still

require improvement at both the fundamental and engineering levels to achieve
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performances on a utility scale [76, 77]. Central to many of these challenges is

the manner in which interactions are generated and controlled among qubits, res-

onators, and waveguides. This is because interaction schemes can expose quantum

processors to unintended couplings, additional decoherence channels, and physical

constraints that may limit the quantum hardware's performance regardless of how

coherent individual qubits may be [42, 78�81]. In addition, such interactions must

be fast tunable in situ, as various quantum operations, such as idle, single-qubit gate,

readout, reset, and two-qubit gate, require distinct operating conditions that are not

usually compatible with each other [82, 83].

Existing approaches have predominantly relied on tunable couplings mediated or

tailored by a single bosonic mode, a strategy that has been successfully employed in

microwave quantum optics experiments and in elementary quantum operation prim-

itives such as two-qubit gates and qubit reset [44, 47, 84]. However, the increasing

demands of larger and more complex quantum systems, such as reducing leakage

errors, allowing more operating frequencies, and enabling long-range connectivity,

call for novel interaction schemes [84�86]. At the same time, candidate interaction

schemes should also be compatible with scaling strategies, such as tilability, main-

taining low crosstalk, mitigating frequency crowding and collisions, and keeping

qubit coherences high [60, 87�90]. These new engineering challenges motivate

the exploration of alternative interaction schemes that extend beyond single-mode

mediation.

Contribution and outline of the thesis

In this thesis, motivated by the aforementioned challenges, I investigate richer

tunable interaction schemes based on either many bosonic modes or e�ectively no

explicit bosonic modes, with the goal of expanding the performance and operational

capabilities of superconducting quantum circuits.

The outline of the thesis is as follows. First, in Chapter 2, I provide background

on tunable dissipative and coherent interactions and outline capabilities that extend

beyond those accessible with single-mode-mediated interaction schemes.

In Chapter 3, I present an implementation of tunable dissipative interactions us-

ing a structure called a metamaterial waveguide (MMWG), which consists of many

bosonic modes forming a narrow passband. When coupled to a qutrit quantum emit-

ter implemented as a transmon, this system enables on-demand frequency-selective

qutrit-waveguide coupling for single-photon emission and qubit-photon interactions.
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The narrow passband of the MMWG provides much stronger frequency-selectivity in

emission rate than what is possible with existing single-mode-mediated approaches,

which typically entails a long-tailed Lorentzian lineshape. This capability is lever-

aged to deterministically generate two-dimensional photonic cluster states with only

a single quantum emitter. The results in this chapter are published in [91].

In Chapter 4, I demonstrate fast unconditional reset and leakage reduction of a

�ux-tunable superconducting qubit with state-of-the-art performance, enabled by

tunable dissipative interactions mediated by many bosonic modes. By employing

a broadband MMWG, rather than the narrowband MMWG used in Chapter 3,

simultaneous reset of multiple excited states of a transmon is achieved, thereby

suppressing error propagation caused by excitations shelved in higher excited states.

By introducing frequency selectivity into this scheme, selective reset of higher

excited states while preserving the qubit subspace, referred to as a leakage reduction

operation, is realized. The results in this chapter are published in [92].

In Chapter 5, I discuss how simultaneous long-range tunable interactions can be

achieved using multiple coherent bosonic modes. By leveraging a coupled-resonator

array bus (CRAB) and their orthogonal long-range eigenmodes, multiple long-range

interactions can exist simultaneously without allowing fundamental crosstalk chan-

nels. In this context, we use dual-rail transmons to eliminate unwanted static in-

teractions, highlighting the interplay between qubit design and interaction schemes.

An implementation strategy and design considerations are presented. This chapter

is based on an ongoing collaboration with external collaborators, a manuscript in

preparation [93], and materials presented in [94, 95].

In Chapter 6, I present a galvanic interaction scheme based on superconducting

quantum interference device (SQUID) couplers. Such couplers enable tunable,

modeless, and hybridization-free cross-Kerr coupling, which can be used for imple-

menting controlled-Z (CZ) gates. In addition, I discuss design strategies for fully

miniaturized quantum processors using merged-element transmons. The results in

this chapter have been posted as a preprint [96].

Taken together, this "many to no modes" framing of the thesis re�ects the broader

perspective that the interaction design space for superconducting quantum circuits

remains rich with unexplored possibilities. The chapters that follow explore each

direction, with the shared goal of expanding the toolkit available to superconducting

quantum processors.
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C h a p t e r 2

TUNABLE INTERACTIONS IN SUPERCONDUCTING
CIRCUITS

2.1 Tunable dissipation engineering for superconducting qubits

Although quantum systems must remain coherent, controlled dissipation plays an

essential role in transferring and extracting information from quantum systems. A

representative example is a superconducting qubit used as a single photon emitter,

which provides a platform for microwave quantum optics, quantum communication,

and measurement-based quantum information processing [97�100]. In such a sys-

tem, a superconducting qubit is coupled to a waveguide that supports propagating

microwave photons, enabling the controlled transfer of quantum information from

the localized qubit to an itinerant photon. Such systems, in which quantum emitters

interact with propagating modes of a waveguide, are studied within the framework

of waveguide quantum electrodynamics (waveguide QED) [101�103].

At the same time, it is necessary to preserve the nonclassical character of the qubit

prior to photon emission, which arises from the intrinsic nonlinearity of the qubit

(e.g., anharmonicity). If the qubit is continuously strongly damped by the waveguide,

as illustrated in Fig. 2.1a, excitations can leave the qubit element almost immediately.

Consequently, the system dynamics are dominated by the linear waveguide modes,

and the system response becomes increasingly similar to that of a linear resonator. In

contrast, if the damping of the qubit to the waveguide can be tuned in situ, the state

preparation stage can be separated from the emitter-waveguide interaction steps.

Such tunable dissipation enables the preparation of nonclassical states while still

allowing e�cient release of quantum information into the waveguide.

A natural way to engineer such in situ tunability in emitter-waveguide coupling is

to introduce frequency selectivity in the interactions. However, typical microwave

waveguides, such as coplanar waveguides (CPWs), support an extremely broad

passband, spanning frequencies from near DC to tens of gigahertz. As a result, some

portion of this continuum inevitably overlaps with the qubit transition frequency,

leading to continuous strong damping of the qubit. Therefore, additional frequency

selectivity must be introduced through engineered circuit elements.

A commonly used approach in superconducting quantum circuits is to insert a
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Figure 2.1: Qubit as a single photon emitter. a, Schematic of a qubit (orange, Q)
coupled to output waveguide (50
 OUTPUT), with a broadband emission rate ^@
into the output waveguide. b, Schematic of a qubit coupled to output waveguide
�ltered by an intermediate resonator mode '. c, Illustration of the spectral require-
ment for photon emission in the qubit-photon entanglement protocol described in
the main text. d, Emission rate into the output waveguide as a function of frequency,
shaped by the �lter resonance.

microwave resonator or an auxiliary qubit ("coupler") between the qubit and the

waveguide to act as a �lter, as shown in Fig. 2.1b [42]. In this con�guration, the

qubit-like dressed eigenmode, which has participation of the �lter mode, becomes

the mode relevant for quantum information storage. Only the component of this

dressed mode that resides in the �lter mode couples directly to the environment.

The hybridization between the qubit and the �lter follows a Lorentzian response,

which results in a Lorentzian spectral �ltering of the density of states (DOS) seen

by the qubit. This can be formulated as follows:

j ~4i =
p

1 � j2 �lter j2j4– 0i ¸ 2�lter j6– 15i

� 64
OUT¹l 64º = j2�lter j2^�lter �

62
@ 5

� 2 ¸
� ^tot

2

� 2
^�lter – (2.1)

where j6i and j4i denote the ground state and the �rst excited state of the qubit,
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respectively. j ~4i is the dressed qubit-like excited state, j8– 95i denotes the tensor

product of the bare qubit state j8i and the bare �lter state j 95i, and 2�lter is the

hybridization amplitude in the �lter excitation in the dressed state. �64
OUT is the

emission rate of the qubit 6 � 4 transition into the output waveguide, and l64 is

the qubit transition frequency. l�lter is the resonance frequency of the �lter, and

� � l 64� l �lter is the qubit-�lter detuning. �̂lter is the damping rate of the �lter into

the output waveguide, 6@ 5is the qubit��lter linear coupling rate, and ^tot is the total

linewidth of the �lter including all decay channels. The approximation assumes the

bad-cavity limit 6@ 5� ^ tot, where excitation transferred to the �lter mode escapes

into the waveguide before signi�cant population builds up in the �lter.

This can be viewed from the perspective of the local DOS of the waveguide seen by

the qubit. The connection between eq.(2.1) and Fermi's golden rule can be written

as

� 64
OUT¹l 64º = 2c62

@ 5d¹l 64º

d¹l 64º =
1

2c
^�lter

� 2 ¸
� ^tot

2

� 2
– (2.2)

where d¹l 64º is the DOS seen by the qubit at frequency l64.

Such a �lter provides a minimally functional emitter-waveguide system when com-

bined with the tunability available in superconducting circuits. One approach is to

exploit frequency tunability of qubits, which is typically realized by incorporating

a SQUID composed of two Josephson junctions [41]. In �ux-tunable transmons,

an external magnetic �ux threading the SQUID modi�es the e�ective Josephson

energy and consequently shifts the transition frequency of the transmon. During

idle or state preparation, the qubit transition frequency can be tuned far away from

the �lter resonance so that the detuning is much larger than the �lter linewidth,

thereby suppressing emission into the waveguide. During the photon emission step,

the qubit frequency can then be dynamically brought closer to the �lter resonance,

resulting in a strongly enhanced emission rate.

For typical quantum information processing, we aim to achieve low probability of

errors by ensuring that the time required for individual operations is much shorter

than the coherence time of the qubits. This requirement also applies to the emitter-

waveguide or qubit-photon system, and motivates the use of the �gure of merit

known as the cooperativity of the emitter-waveguide system, analogous to atom-
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cavity cooperativity in cavity QED framework [104]. Cooperativity quanti�es

how e�ciently quantum information is emitted into the desired waveguide channel

compared to other decay channels:

� �
� OUT

� 0 – (2.3)

where �0 represents the undesired decay rate, and �OUT is the desired emission rate

into the output waveguide. The cooperativity is directly related to the �delity of

the qubit-photon operations, as the typical error probability scales inversely with

cooperativity.

It is important to note that �64
OUT at the idle or state preparation operating point

should be included in �0, since emission into the waveguide at this stage contributes

to undesired decay. Therefore, the achievable cooperativity in the setup discussed

above is given by

� =
max � 64

OUT

� 64
OUT¹l 0º ¸ � 0

0

Ÿ
4� 2

0

^2
tot

– (2.4)

where l 0 is the idle qubit frequency, and �0 = l 0 � l �lter is the corresponding

detuning from the �lter resonance, and �0
0 is the qubit relaxation rate in the absence

of coupling to the �lter and waveguide. The inequality is obtained by setting �0
0 = 0.

Eq. (2.4) implies that the qubit must be su�ciently detuned such that ^tot � j� 0j.

This upper bound on cooperativity therefore sets the minimum required detuning

or, if the detuning is �xed while �̂lter is varied, establishes a trade-o� between the

maximum achievable emission rate and cooperativity. For instance, achieving a

cooperativity on the order of 104 requires j�0j•2c � 1 GHz when ^�lter •2c � 20

MHz that allows up to photon emission within tens of nanoseconds (1•^�lter � 8

ns), which is readily achievable in typical superconducting circuits.

However, even relatively basic quantum information processing protocols require

spectral selectivity beyond what single�pole Lorentzian �ltering can provide. A

representative example is the generation of a qubit�photon entangled state while

preserving a long-lived qubit storage state. In such a system, the emitter supports two

distinct excited states: a radiative state that transfers excitation into the waveguide

and a long-lived state that stores quantum information. Such a system can be realized

by using a transmon as a three�level emitter, where the �rst excited state j4i serves as

the storage state and the second excited state j 5 i as the radiative state. An example
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protocol is as follows: The transmon is �rst prepared in an equal superposition of j6i

and j4i. The population in j4i is then transferred to j 5 i. Finally, emission from j 5 i

generates a photon in the waveguide, producing a qubit�photon entangled (GHZ)

state. The process can be summarized as

j6ijE02i
prep
���! ¹ j6i ¸ j4iº jE02i

load
���! ¹ j6i ¸ j 5 iº jE02i

emit
���! j6i jE02i ¸ j4ij1i– (2.5)

where jE02i denotes the vacuum of the waveguide and j1i is a Fock state of a

collective mode of the waveguide. Normalization factors are omitted.

In such a protocol, it is important to protect the 6�4 transition during emission from

the j 5 i into the waveguide, as illustrated in Fig. 2.1c. Such state-selective decay

is also useful for leakage reduction operations, where population in higher excited

states is selectively removed without disturbing the computational subspace [85,

105, 106].

However, this removes the freedom to tune the detuning �64 � l 64 � l �lter , since

the 4� 5 transition frequency l4 5must be close to l�lter to enable photon emission.

In this situation, the relevant cooperativity can be de�ned as the ratio between the

desired emission from the 4� 5 transition and the unwanted emission from the 6�4

transition. Assuming no other loss channels, this gives

� =
� 4 5

OUT¹l 4 5º

� 64
OUT¹l 64º

= 2
� 2

64 ¸
� ^tot

2

� 2

� 2
4 5 ¸

� ^tot
2

� 2
�

8[ 2

^2
tot

– (2.6)

where � 4 5 = l 4 5 � l �lter , [ � l 4 5 � l 64 is the transmon anharmonicity, and the

approximation assumes �4 5 � 0 and ^ tot � j[j. The factor of two originates from

the
p

2 enhancement of the linear coupling associated with the second-excitation

matrix elements.

Thus, achievable cooperativity is already limited by the anharmonicity and the �lter

linewidth, leaving little room for further improvement in cooperativity. Moreover,

the j4i state is subject to the long tail of the Lorentzian as shown in Fig. 2.1d. For

a typical transmon anharmonicity of [•2c � �200 MHz, achieving a cooperativity

on the order of 104 requires t̂ot•2c � 5 MHz (1•^ tot � 32 ns). Furthermore,

anharmonicity of a transmon is typically constrained in order to suppress sensitivity

to charge noise, leaving the �lter linewidth ^tot as the primary remaining tuning

knob. Since t̂ot sets the maximum achievable photon emission rate, this imposes a

signi�cant limitation.
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2.1.1 Shaping qubit relaxation with a metamaterial waveguide

The limitations imposed by single-pole Lorentzian �ltering can be overcome by

implementing stronger spectral �ltering using a multimode structure. For example,

consider the tight-binding waveguide illustrated in Fig. 2.2 where a �ux-tunable

transmon is coupled to one end of a coupled resonator array. Such a structure

is referred to as a coupled-resonator-array metamaterial waveguide, or simply a

metamaterial waveguide (MMWG) in this thesis [107, 108]. A MMWG is a one-

dimensional array of microwave resonators with nearest-neighbor coupling, where

all resonators share the same resonance frequency and a uniform hopping rate, as

shown in Fig. 2.2a. Such a structure can be simply implemented by superconducting

circuits with the circuit schematic shown in Fig. 2.2b, and will be discussed in

Chapter 3. The Hamiltonian of the system is given by

^� @�"",� =l @̂@y @̂ ¸
[
2

@̂y @̂y @̂ @̂ � 6@ 5¹ @̂ � @̂yº¹ 0̂1 � 0̂ y
1º

¸
"Õ

G=1

l " " 0̂y
G0̂G¸

"�1Õ

G=1

� ¹ 0̂G� 0̂ y
Gº¹ 0̂G¸1 � 0̂ y

G¸1º– (2.7)

where l " " and � denote the resonance frequency of the resonators and the nearest-

neighbor hopping rate in the MMWG, G labels the resonator index, " is the number

of resonators in the MMWG, and @̂ and 0̂G are the annihilation operators of the

transmon and the G�th resonator, respectively.

The protection of the qubit-like eigenstate j ~4i provided by the MMWG can be

estimated by evaluating the participation of the last ("�th) resonator in j ~4i, following

Ref. [109]. Intuitively, when the qubit frequency is su�ciently detuned from the

resonator frequencies in the MMWG, the excitation hybridized with the qubit cannot

propagate through the chain and instead remains localized near the qubit. Under

rotating-wave approximation, we consider the following Hamiltonian:

^� ', �
@�" ", � = l @̂@y @̂ ¸

[
2

@̂y @̂y @̂ @̂ ¸
"Õ

G=1

l " " 0̂y
G0̂G

¸ 6 @ 5

�
@̂ 0̂y1 ¸ @̂y 0̂1

�
¸

"�1Õ

G=1

�
�
0̂G0̂y

G¸1 ¸ 0̂ y
G0̂G¸1

�
– (2.8)

where � = l @� l " " is the detuning. Since the RWA Hamiltonian is excitation-

number-conserving,
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Figure 2.2: Qubit coupled to metamaterial waveguide. a, Schematic of a qubit
(orange) coupled to a metamaterial waveguide (MMWG, green enclosure), and the
hybridization amplitudes 2G as a function of resonator index G. The opposite end
of the MMWG is coupled to an output waveguide. b, Circuit schematic of a �ux-
tunable transmon coupled to a metamaterial waveguide. c, Decay rate into the output
port �ltered by the MMWG as a function of frequency (red) and comparison with
Lorentzian �ltering (purple).

» ^� ', �
@�" ", � – @̂y @̂ ¸

Õ

G

0̂y
G0̂G¼ = 0– (2.9)

the dressed qubit-like excited state can be written as a linear combination of single-

excitation states. The corresponding eigenvalue equation in real space is

j ~4i = 20j4– E02i ¸
"Õ

G=1

2Gj6– 1Gi

¹l @� �º2 0 ¸ 6 @ 521 = 0

¹l " " � �º2 1 ¸ 6 @ 520 ¸ �2 2 = 0

¹l " " � �º2 = ¸ � ¹2 =�1 ¸ 2 =¸1 º = 0– (2.10)

where � is the dressed eigenenergy, j1Gi � 0̂ y
GjE02i is the bare single-excitation Fock

state of the G�th resonator, and 2G is the hybridization amplitude. The recurrence

relation can be solved using the ansatz 2= = ?=, which yields

�� � ¸� ¹
1
?

¸ ?º = 0 �! ? � =
� �

2�
�

s �
� �

2�

� 2

� 1– (2.11)



12

where � � = � � l " " , and the bulk solution takes the form:

2G= �? G
� ¸ �? G

¸ • (2.12)

When j� � j ¡ 2�, the roots ?� are real, corresponding to an exponentially localized

bound state. In this case, the physical solution is dominated by the root satisfying

j?j Ÿ 1. Therefore, asymptotically,

2G /

8>><

>>
:

?G
� � � ¡ 2�

?G
¸ � � Ÿ �2�

�! j2 " j2 /

©
­
­
­
­
«

1

j� � j
2� ¸

r �
� �
2�

� 2
� 1

ª
®
®
®
®
¬

2"

• (2.13)

Thus, the resonator component of the qubit-like eigenstate decays exponentially away

from the qubit, as illustrated in Fig. 2.2a, strongly suppressing the participation of

distant resonators and the coupling of the qubit-like eigenstate to an external port

attached at the far end.

On the other hand, if j�� j Ÿ 2�, the roots have complex components and the system

supports propagating solutions, meaning that the excitation becomes completely

delocalized across the MMWG. Therefore, by controlling the transmon's 4 � 5

transition from the detuned (bound state) regime to resonant (propagating state)

regime, one can on-demand emit a photon into the MMWG. Still, if the 6�4 transition

satis�es the condition j�� j ¡ 2�, it enjoys the exponential suppression of decay

rate. This provides a huge improvement in cooperativity compared to single-pole

Lorentzian �ltering, as shown in Fig. 2.2c. Therefore, a MMWG can provide stronger

�ltering of qubit emission and frequency selectivity in photon emission, compared

to a single-mode �lter, showing that tunable dissipative interactions tailored by

multiple modes can outperform single-mode �lters.

2.2 Tunable coherent interaction between superconducting qubits

In this section, we review how multimode couplers can improve tunable coherent

interactions between superconducting qubits, which form the basis of entangling

gates. A native approach to realize entanglement between two transmon qubits is

to couple them using a linear coupling element, such as a capacitor as illustrated in

Fig. 2.3a, which produces a transverse coupling:
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Figure 2.3: Qubit-qubit coherent coupling. a, Schematic of two transmons (Q1,
Q2) coupled transversely via a coupling capacitor. b, Schematic of two transmons
coupled both directly (612) and through a tunable coupler (C).

^� @�@= l 1 0̂y 0̂ ¸ l 21̂y1̂ � 6 12¹ 0̂ � 0̂yº¹1̂ � 1̂yº ¸
[ 1

2
0̂y 0̂y 0̂ 0̂ ¸

[ 2

2
1̂y1̂y1̂1̂– (2.14)

where 0̂ and̂1 denote the annihilation operators of the two transmon modes, l1,

l 2 are the 6�4 transition frequencies, [1, [ 2 are the anharmonicities, and 612 is the

transverse coupling rate.

There are two native entangling mechanisms. First, the transverse coupling produces

an iSWAP interaction described by 612¹ 0̂1̂y ¸ 0̂ y1̂º when the two transmons are

resonant with each other. Second, a ZZ (controlled-phase) interaction can arise

either through nonadiabatic swap between j44i and the noncomputational states

j6 5 i or j 5 6i, or through an adiabatic interaction under su�cient detuning. In the

latter case, the interaction rate is given by

Z = l j44i � l j46i � l j64i � l j66i �
262

12

¹l 1 � l 2 � [ 2º¹l 1 � l 2 ¸ [ 1º
¹[ 1 ¸ [ 2º•

(2.15)

However, this system is not ideal because turning o� the interaction relies on sub-

stantial tuning of the individual transmon frequencies. During idle, readout, and

single-qubit gates, the entangling interactions should be turned o�. This includes

the static ZZ interaction, which is given by the same expression in eq.(2.15). Sup-

pressing this interaction requires detuning the two qubits away from each other. For

example, with 612•2c = 10 MHz and [1•2c = [ 2•2c = �200 MHz, achieving
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a su�ciently small ZZ interaction rate of Z•2c = 40 kHz requires about 1 GHz

of detuning. This implies that the qubits must be in situ tuned over a frequency

range of roughly � 1 GHz for each two-qubit gate. As a result, each qubit occupies

a large spectral window, which exacerbates frequency crowding and increases the

probability of Landau-Zener tunneling to other modes, such as spectator qubits and

two-level system (TLS) defects. Furthermore, strong �ux tunability increases sen-

sitivity to �ux noise and therefore degrades dephasing performance. Finally, during

frequency tuning, the j44i state collides with either the j6 5 i or j 5 6i state, which

complicates the implementation of iSWAP interactions.

A commonly used solution to this problem is to incorporate a tunable coupler that

relocates the required tunability from the qubits to an auxiliary element [43]. One of

the most successful architectures is the tunable transmon coupler [47, 110], which

consists of a �ux-tunable transmon, as shown in Fig. 2.3b. In this architecture, the

coupling between two qubits is mediated by the coupler and can be controlled in

situ by tuning the coupler frequency relative to the frequencies of the two qubits.

The e�ective interaction is given by

6e�
12 = 612 �

612622

2

�
1

l 1 � l 2
¸

1
l 2 � l 2

�
– (2.16)

where 6e�
12 is the e�ective transverse coupling strength between transmon 1 and

transmon 2, 612 and 622 are the coupling strengths between each transmon and the

coupler, and l2 is the 6�4 transition frequency of the coupler transmon.

As the expression implies, the direct coupling rate 612 and the mediated coupling

term can cancel out for an appropriate choice of the coupler frequency l2 during

idle. In addition, the tunability can be controlled solely by l2, which eliminates the

need to tune the qubit frequencies l1 and l 2. Strong interactions can be achieved

by engineering the coupling rates and the coupler frequency, without requiring

signi�cant modi�cations to the qubits themselves. Variants of this tunable coupler

architecture have led to steady improvements, including improved suppression of

ZZ interactions and greater �exibility in qubit frequency placement. Such designs

have enabled two-qubit gates with nearly coherence-limited �delities approaching

99.9% and have supported quantum error-correction experiments [52, 84, 111].

However, as quantum processors become more precise, more stringent architectural

requirements emerge. One notable demand is long-range connectivity and a larger

number of couplings per qubit, which are required for implementing quantum low-

density parity-check (qLDPC) codes that o�er (asymptotically) improved logical-
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to-physical qubit encoding rates [86, 112]. Achieving such connectivity requires

extending the coupler structure to reach distant qubits, motivating new coupling

architectures.

Furthermore, placing multiple couplers on each qubit increases the capacitive load-

ing of the qubit through the coupling capacitors. This can introduce additional

interfacial dielectric loss [60, 113] and complicate the physical layout, which is

already demanding for weight-4 connectivity with a readout resonator per qubit.

Although such dielectric loss issues have been mitigated through improved fabrica-

tion techniques and larger device geometries that reduce surface participation, these

approaches begin to limit the achievable qubit packing density.

2.2.1 Multimode-mediated coherent interactions

Long-range coupling between qubits, especially over distances longer than the rele-

vant wavelength _, inevitably involves multiple modes. For instance, an open-ended

waveguide supports multiple resonances: _•2, _, 3_•2 ..., yielding eigenmodes at

frequencies l= = =l 0, = 2 f1– 2– 3– • • •g.

When two qubits are coupled through a waveguide over a distance much smaller than

_, the electromagnetic pro�le varies only weakly between the two qubits, and the

mediated interaction can be approximated as a simple capacitive coupling. However,

when the qubits are placed near the ends of a waveguide whose length signi�cantly

exceeds _, multiple eigenmodes appear near the qubit frequencies and can mediate

the interaction.

Thus, engineering long-range interactions requires careful treatment of the eigen-

modes supported by the coupling structure. In general, two approaches can be

considered. The �rst approach is to use a single distributed element spanning the

entire distance, which supports multiple eigenmodes. This approach is suitable for

distances exceeding a few centimeters, for example using low-loss coaxial cables. It

has been successfully demonstrated to provide high-�delity entanglement over long

distances and shows promise for chip-to-chip quantum operations and quantum com-

munication [114, 115]. Such structures require careful handling of low-frequency

modes that can be thermally populated, as well as mitigation of potential frequency

collisions between integer-multiple eigenmodes through multiphoton processes.

The second approach is to use a chip-scale multimode structure to mediate long-

range coupling through its collective modes, such as a MMWG, which is compar-

atively less explored. Coupled-resonator-array buses have been shown to provide
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high-contrast coupling over chip-scale distances [116, 117]. In these systems, the

interaction arises from spatial broadening of the qubit-like eigenmode as the qubit

frequency approaches the bus band, as discussed in Subsection 2.1.1. Notably, al-

though these structures can mediate long-distance coupling, they do not inherently

support low-frequency geometric modes due to the periodic enforcement of voltage

nodes and anti-nodes. In addition, the coupling between the bus structure and the

qubits can be engineered to be strong because the resonators can be implemented

as lumped-element circuits. Furthermore, multiple qubits can naturally be cou-

pled to a single bus, enabling hardware-e�cient realization of higher connectivity

per qubit. In Chapter 5, we propose microwave-activated simultaneous long-range

gate schemes by leveraging the rich multimode structure of coupled-resonator-array

buses.

2.2.2 Galvanic and modeless tunable interactions

As discussed above, tunable couplings are typically engineered through mediating

modes. However, such modes can provide channels for leakage errors, spurious

coupling and crosstalk, and frequency crowding [85, 88, 118]. In addition, these

schemes intrinsically rely on hybridization between qubits and couplers, where

nonadiabatic transitions during tuning can limit achievable gate �delity and speed.

Furthermore, the mediated couplings are typically about an order of magnitude

smaller than the underlying physical coupling rates. This often necessitates large

coupling capacitances, which introduce interfacial dielectric losses, increase the

physical footprint of qubits, and constrain capacitance budgets relevant to anhar-

monicity and �eld localization.

Alternatively, one can engineer pure nonlinear coupling through galvanic coupling

schemes, which provide the required nonlinearity without introducing mediating

modes. A representative example is the Quarton coupler [119], in which a SQUID

composed of multiple Josephson junctions is series-connected to two elements. The

Quarton coupler can be designed to produce cross-Kerr coupling while canceling

self-Kerr nonlinearities. Such a design does not introduce additional mediating

modes at low frequency while still allowing tunability through external magnetic

�ux. In addition, it directly connects phase variables in the circuit, enabling ex-

tremely strong coupling rates while requiring only a minimal circuit footprint for

the coupling elements and does not rely on coupling capacitances.

Another representative example is the recently developed junction readout tech-
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nique [71, 120], which leverages the intrinsic nonlinearity (cross-Kerr) of Josephson

junctions for readout while canceling hybridization between the qubit and the read-

out resonator, thereby maintaining localization of the qubit eigenmode. Motivated

by these approaches, in Chapter 6 I propose a tunable coupling architecture with

a SQUID coupler that provides intrinsic cross-Kerr coupling without introducing

additional modes.

These observations suggest that scalable superconducting quantum processors, de-

manding greater functionalities while relaxing some of the design trade-o�s imposed

by existing approaches, will likely require interaction schemes that go beyond single-

mode mediation. The following chapters explore three complementary directions:

engineering dissipative interactions using many modes, engineering coherent in-

teractions using multimode buses, and engineering nonlinear interactions directly

without mediating modes.
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C h a p t e r 3

DETERMINISTIC GENERATION OF MULTIDIMENSIONAL
PHOTONIC CLUSTER STATES WITH A SINGLE QUANTUM

EMITTER

With the capabilities of metamaterial waveguide (MMWG) discussed in Chapter 2,

we present a microwave quantum optics platform consisting of a transmon operated

as a qutrit quantum emitter coupled to a MMWG. Here, the MMWG serves not only

as a state-selective �lter for photon emission but also as a waveguide operating in the

slow-light regime. The slow-light waveguide reduces the group velocity of itinerant

photons and provides enhanced Purcell protection, while still allowing extremely

fast on-demand photon emission. Leveraging this capability, we demonstrate de-

terministic generation of multidimensional microwave photonic cluster states. This

chapter is adapted from Ref. [91].

3.1 Introduction

Quantum entanglement is generally regarded as a necessary resource for exceeding

classical performance limits in tasks such as quantum computing, quantum commu-

nication, and quantum metrology [121�125]. In the optical domain, where photons

are the ubiquitous carriers of quantum information, multi-partite entangled states

are key resources for various quantum computation and networking protocols [98,

126]. Of particular importance are multi-dimensional cluster states, a subset of

the family of entangled graph states with utility in measurement-based quantum

computing [97, 127�129].

Reliable generation of cluster states of photonic qubits by conventional optical

means remains an outstanding challenge due to the reliance on probabilistic photon

entanglement heralding schemes [130�132]. Thus, there has been signi�cant interest

in achieving generation of such multi-dimensional cluster states by deterministic,

resource-e�cient means. Notable among these are schemes and experiments that

involve sequential emission of entangled photons via control of only one or a small

number of quantum emitters [133�136]. Note that while sequential emission from a

single coherent emitter is su�cient to generate 1D cluster states, higher dimensional

cluster states require more emitters or an additional memory element [137]. A

promising approach is based on delay lines generating a time-delayed feedback
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mechanism, expanding the class of cluster states that can be generated with a single

emitter [138�142].

Superconducting circuit QED systems are a natural �t to implement such protocols.

In contrast to atomic-optical systems where the �nite atom-photon cooperativity

is often a limiting factor [143, 144], superconducting circuit QED systems enjoy

a strong qubit-photon coupling that far exceeds the strength of other dissipative

channels due to the ease of creating microwave circuits at a deep subwavelength

scale [40]. There has been signi�cant progress over the last decade in leveraging

superconducting qubits to generate, manipulate, and measure non-classical states of

light, including 1D cluster states [99, 100, 145�148]. However, deterministic gen-

eration of higher dimensional photonic cluster states via a single quantum emitter

has yet to be realized. Here we go beyond the previous state-of-the-art by using

time-delayed quantum feedback, implemented using an integrated slow-light waveg-

uide, for the generation of multipartite entangled photonic states, thereby achieving

generation of a 2D cluster state of microwave photons.

3.2 Cluster state generation protocol

Our approach is based on the proposal in Ref. [138], and is illustrated in Fig. 3.1a.

We couple a quantum emitter to the terminated end of a single-ended, low-group

velocity waveguide. This quantum emitter has two stable statesj6i andj4i , as well

as a radiative statej 5i which is highly damped to the waveguide and decays to the

j4i state.

Starting with the emitter inj6i , the protocol �rst involves the generation of entan-

glement between the emitter and a photon mode: sequential use of a c64•2 pulse

and a c4 5 pulse generates an equal superposition of thej6i andj 5i state, followed

by the decay of the fraction of the emitter inj 5i to j4i by emission of a photon

into the waveguide. This leaves the emitter and the �rst emitted photon in the

maximally entangled statejk i = ¹j6i j 0i 1 ¸ j4i j 1i 1º •
p

2. Repeating this control

sequence primitive leads to sequential emission of a pulse train of entangled photonic

time-bin qubits into the slow-light waveguide, with nearest-neighbor entanglement

structure equivalent to that of a 1D cluster state [134, 135], illustrated in Fig. 3.1a

as the blue colored pulses.

This pulse train is then re�ected back towards the emitter by a switchable mirror

at the other end of the delay line. After a full roundtrip the photons scatter from

the quantum emitter and pick up a state-dependent scattering phase, illustrated
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Figure 3.1: Deterministic generation of 2D cluster states with a single emitter
qubit. a, General scheme for generation of 2D cluster states of photons via a single
quantum emitter qubit and time-delayed feedback. The qubit is made to emit a pulse
train of nearest-neighbor entangled photons (colored blue) into a delay line. Via
control of a switchable mirror, each emitted photon pulse is re�ected at the end of
the delay line for re-scattering (blue to orange color change) by the emitter qubit.
In the device used in this work, superconducting transmon qubits are used as both
the quantum emitter (&� º and the switchable mirror (&" ), and an array of weakly
coupled resonators comprise a slow-light waveguide, which serves as a single-ended
delay line. b, Visualization of the resulting entanglement structure. c, d, False-color
optical images of the device, comprising a slow-light waveguide (SLWG) and two
transmon qubits (false color green), with each qubit coupled to a readout resonator
(false color dark blue), a XY control-line (false color orange), and a Z fast �ux-line
(false color light blue). The readout resonators (R) are probed through a coupled
resonator array Purcell �lter connected to CPW feed-lines (false color light pink).
The emitted photons exit the slow-light waveguide and device via a CPW feedline
(false color dark pink).
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in Fig. 3.1a as a color change in the pulses from blue to orange. This scattering

process e�ectively implements an entangling controlled � / gate between the emitter

qubit and the returning photonic qubit of the formj6i h6j
Ë

I ¸ j4i h4j 
 f I . The

entanglement of the emitter to the most-recently scattered photon is inherited by the

next emitted photonic qubit.

This combination of the sequential emission process and the state-dependent scat-

tering process allows for the synthesis of a 2D cluster state with shifted periodic

boundary conditions, as illustrated in Fig. 3.1b ( [138], Supplementary Section IV).

One of the two dimensions of the entanglement connectivity of such a 2D cluster

state is derived from the sequential emission of photons, whereas entanglement

along the other dimension results from the time-delayed scattering process. The

extent of the �rst dimension is set by the number of photon pulses that can be

generated during one round trip time gd, highlighting the role of the time-delayed

feedback.

We fabricated the device shown in Fig. 3.1c,d in order to achieve a practical re-

alization of this scheme. We implement the requisite delay line as a single-ended

slow-light waveguide comprising a periodic array of 52 coupled resonators [149]

with a round-trip delay of gd = 240 ns. The output port of the slow-light waveguide

is impedance-matched to a 50 
 coplanar waveguide (CPW) through which emitted

itinerant photons leave the device for ampli�cation and subsequent measurement at

the digitizer (Supplementary Section 3.7.2).

The resulting transfer function of such a slow-light waveguide is that of a �at "pass-

band" of �nite bandwidth for guided modes, and a sharp extinction of transmission

outside of the passband due to the sharp decline in the photonic density of states

(DOS) of the periodic structure occurring at the band edges. The width of the

passband is 4�, where � is the coupling between unit cells in the resonator ar-

ray [109, 150]; in our device �•2c = 34 MHz and the passband center frequency is

l ?•2c = 4•823 GHz.

On the terminated end of the slow-light waveguide we couple the emitter qubit

& � , while at the other end of waveguide we couple another qubit &" . The mirror

qubit is e�ectively side-coupled to the slow-light waveguide, allowing it to act as

a high re�ectivity mirror for single photons if the ratio between its decay rate into

the waveguide and its decoherence rate into other channels, �1D•� 0, is su�ciently

high [101].
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Crucially, due to the �nite width of the slow-light waveguide passband and its sharp

band edges in conjunction with an emitter anharmonicity j[j•2c of �280 MHz,

it is possible to tune thej4i ! j 5i transition frequency l4 5 into resonance with

l ? while simultaneously situatingj6i ! j4i transition frequency l64 outside the

passband of the waveguide, where the DOS of the periodic structure is negligible.

This allows for a remarkably largej 5i to j4i emission rate of �4 5
1D•2c � 140 MHz

for & � , while strongly suppressingj4i to j6i decay to single kHz rates.

3.3 Shaped photon emission

Shaping the emitted photon pulses allows us to mitigate the e�ects of the waveguide's

residual dispersion near l?, and to improve the �delity of the CZ gate after a photon

round trip. For this it is necessary to control the photon pulse shape as well as its

bandwidth, reducing it to less than �4 5
1D [138]. We shape the pulse of the emitted

photons by a tunable qubit-waveguide interaction strength for &� via parametric �ux

modulation at frequency lmod of the qubit frequency [151�153], creating multiple

sidebands of each transition spaced by integer multiples of lmod. By choosing the

qubit frequency l64•2c = 5•55 GHz and modulation frequency lmod•2c = 450

MHz such that l4 5 � l mod = l ?, we can control emission into the waveguide

solely through the �rst-order sideband of thej 5i ! j4i transition. This is shown

schematically in Fig. 3.2a,b; in Fig. 3.2a we illustrate this emission process through

a level diagram, whereas in Fig. 3.2b we show a simpli�ed frequency spectrum of

the particular con�guration of qubit frequencies and sideband frequencies used in

our experiment.

By continuously varying the amplitude of the �ux modulation AC drive during the

emission time we can vary the strength of the �rst-order e-f sideband and achieve

arbitrary time-dependent modulation of &� 's emission rate �4 5
1D¹Cº (Supplementary

Section 3.7.3). With this capability, time-bin qubits comprising Gaussian shaped

photonic pulses are generated with excellent accuracy, as demonstrated in Fig. 3.2c.

We plot the measured photon �ux of three emitted Gaussian pulses with di�er-

ent bandwidths along with their respective �ts, where photon �ux is plotted in

normalized units (Supplementary Section 3.7.3). Emission is achieved with high

e�ciency, enabling deterministic high-�delity preparation of entangled photonic

states (Supplementary Section 3.7.3, 3.7.3).

Further, in Fig. 3.2d, we plot &� 's population dynamics during emission, as well

as the integral of the photon �uxes plotted in Fig. 3.2c which, in the absence of
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Figure 3.2: Emission of shaped photons pulses via �ux-modulation. a, E�ective
level diagram of the qubit-waveguide system, showing the photon emission process.
In thej8– =i notation, 8 denotes the state of the transmon emitter qubit, and = denotes
the number of photons in the slow-light waveguide; when l4 5 � l mod = l ?,
the qubit's levels assume a three-state ladder system where only thej 5i state is
selectively damped to the slow-light waveguide. b, Simpli�ed frequency spectrum
of the emitter qubit under �ux-modulation, where [ is the qubit anharmonicity.
The �ux-modulation waveform is depicted as a dashed black line; the modulated
amplitude directly maps to a modulated emission rate into the waveguide that allows
for shaped emission of photon pulses. c, Measured photon �ux h0y

out0outi (dots)
of shaped emitted pulses, in normalized units. Black lines are Gaussian �ts. d,
Measuredj 5i population during shaped emission. Black lines are the scaled integral
of the photon �uxes of sub�gure c.
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Figure 3.3: CZ gate between emitter qubit and previously emitted photons
via time-delayed feedback. a, Illustration of the time-delayed feedback process
realizing the � / gate between &� and its emitted photon. The photon travels one
round-trip of the slow-light waveguide and re-scatters on &� . b, Z-control of the
qubits implementing the � / gate. Square pulses on /" and / � tune their respective
qubit frequencies to the middle of the passband. c, Measured photon �ux of qubit
emission with the /" pulse for mirror re�ection ON vs OFF. d, Measured h0outi of
the re�ected pulse after it re-interacts with &� , where &� is prepared in either the
j6i or thej4i state. The complex phase of h0outi in both cases is normalized to the
phase of the measurement where &� is prepared in thej6i state. e, Reconstructed
Pauli process matrix jCZ of the � / gate between &� and its emitted photon,
demonstrating a 90% �delity relative to the ideal gate; the procedure is shown on
the top left.

waveguide-induced distortion, would coincide with the population dynamics of &� .

We �nd excellent agreement between the two, indicating that the e�ects of the slow-

light waveguide dispersion are minimal for Gaussian pulses. Finally, we stress that

our large �1D allows high-e�ciency emission of pulses that are tightly con�ned to

a time-bin window of length as small as 30 ns, which not only is crucial to increase

the size of generated cluster states given a �xed gd, but also demonstrates signi�cant

improvement in emission speed of shaped photons over previous shaped emission

demonstrations in circuit QED systems [154�157].

3.4 Qubit-photon CZ gate implementation

In Fig. 3.3a we show a schematic of the time-delayed feedback process that imple-

ments a high-�delity qubit-photon � / gate. An itinerant photon emitted by &�

propagates through the waveguide, is re�ected by &" , and propagates back towards

& � . Scattering on &� with l 4 5 tuned to be resonant with the incoming photon
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realizes the � / gate in the following way: if the emitter is in thej4i state, then the

returning photon will couple to the resonant e-f transition and pick up a c scattering

phase. If the emitter is in thej6i state the photon will see a far-detuned transition

and pick up no scattering phase.

In Fig. 3.3c,d we illustrate the actions of re�ection by &" and photon re-scattering by

& � on an emitted photon. In Fig. 3.3c we show the emitted photon's �ux measured

at the digitizer with the square pulse on the /" line turned on or turned o�. With

the / " square pulse turned on, the photon's arrival at the digitizer is delayed by

gd, while negligible photon �ux is measured at all prior times, demonstrating that

the &" re�ects the itinerant photon with high e�ciency. The discrepancy in pulse

magnitude between the two cases is attributable to an additional 0.6 dB loss su�ered

by the re�ected photon during its round-trip.

In Fig. 3.3d we show the emitted photon's average measured �eld when &� is

prepared in either thej6i state or thej4i state. It is evident that the sign of the

real part of the re-scattered photon's complex �eld changes when the state of &�

is changed fromj6i to j4i , while the imaginary part of the re-scattered photon's

complex �eld is negligible. This corresponds to a state-dependent c di�erence in

the phase of the photon, as desired for the � / gate implementation.

In addition, we perform quantum process tomography in order to quantitatively char-

acterize the � / gate, following a procedure inspired by the tomography procedure

described in the work of Eichler et al [158]. We prepare a tomographically com-

plete set of states within the two-qubit subspace of the joint qubit-photon system,

apply the qubit-photon � / gate to the prepared state, and then perform single shot

joint measurement of the emitter qubit in one of the three axial Bloch bases and

heterodyne measurement of the photon �eld. From these measurements, correla-

tions between the single shot qubit measurements and single shot heterodyne �eld

measurements can be computed, and form a tomographically su�cient set of data

for reconstructing the full process matrix of the qubit-photon � / gate. From the

reconstructed process matrix we extract a process �delity Tr
�p p

j CZ j ideal
p

j CZ

� 2

of 90%. We attribute most of the in�delity to dephasing and state preparation and

measurement (SPAM) errors, given that a measurement of the I
Ë

I idling process

matrix yields a �delity of 92.5% (Supplementary Section 3.7.5). We note that a

similar qubit-photon � / gate was implemented before by Reuer et al. [157] with a

�delity of 74%. We attribute the �delity improvement in our system to the large ratio

between the slow-light-enhanced emission rate of the emitter qubit to our waveguide
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Figure 3.4: Deterministic generation of a 4-photon 2D cluster state. a, Pulse
sequence of &� control lines, and illustration of outgoing photon �ux from &� .
Depiction of / " line control can be found in Fig. 3.3. Photons 1,2,3, and 4 are
represented by the colors orange, purple, green, and blue, respectively. b, Illustration
of the generated entangled state. "CZ" signi�es the entanglement that arises due
to the CZ gate between &� and photon 1. c, Photon �ux of individual time-bin
photonic qubits. The dotted orange line corresponds to the photon �ux of the �rst
emitted photon in the absence of re�ection by the mirror qubit, and is only shown
for illustration purposes. d, Density matrix d of the generated 2D cluster state
obtained from photonic quantum state tomography. The height of the bars represent
the magnitudes of the elements of d, while the color of the bars represent the phases

of the elements of d. The �delity of the generated state � = Tr
�p p

ddideal
p

d
� 2

is
70%.

and the linewidth of the itinerant photon participating in the gate, where this larger

ratio was enabled by the unique properties of our slow-light waveguide circuit.

3.5 2D cluster state generation and measurement

Finally, with our high e�ciency shaped photon preparation and high �delity � /

gate, we demonstrate generation of a 2D cluster state of four microwave photons.

In Fig. 3.4a, we show the full &� control we used to generate the cluster state,

resulting in the entangled state shown in Fig. 3.4b. The control sequence consists

of four cycles of the 1D cluster state generation primitive with a � / gate between

photon 1 and &� prior to emission of photon 4. Before the last c4 5 pulse we also

apply a c64 to & � in order to disentangle it from the photonic state upon its �nal

emission. The measured photon �ux of the individual time-bin photonic qubits is

shown in Fig. 3.4c, where their position in time corresponds to their arrival time

at the digitizer. Note that photon 1 is emitted with a lower bandwidth than other
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photons in order to maintain the high �delity of the CZ gate between photon 1 and

& � , while photons 2, 3, and 4 are emitted more rapidly in order to more e�ciently

use the �xed gd delay available.

Again following Eichler et al [158], we perform MLE-based state tomography of

the generated four-photon state using the joint moments of the photon �elds, calcu-

lated from their measured single-shot �eld quadratures �8 and &8. (Supplementary

Section 3.7.4) We calculate a �delity � = Tr
�p p

ddideal
p

d
� 2

of 70% between

the generated and the ideal expected density matrix dideal shown in Fig. S12b, with

95% con�dence interval of [69.1%, 70.4%], indicating achievement of genuine four-

partite entanglement and successful implementation of the protocol of ref. [138].

The achieved �delity is in good agreement with our estimated state �delity limit of

76%, which we calculate from contributions to preparation in�delity that include

the dephasing of &� (the primary source of in�delity, )�2 = 561 ns in this work), the

round-trip loss su�ered by photon 1, and measured qubit preparation and control

errors (Supplementary Section 3.7.6).

While the four photon square cluster state that we have generated demonstrates the

viability of Pichler et al.'s protocol for multidimensional cluster state generation, it

is known that four photon square cluster states are equivalent to one-dimensional

linear cluster states of four photons under local unitary operations and graph isomor-

phism. [159]. In order to demonstrate the generation of genuinely multidimensional

cluster states, we have also generated a �ve photon pentagon state that is not equiva-

lent to any one-dimensional cluster state under such transformations, with a �delity

of 61.3%, with a 95% con�dence interval of [61.1%, 61.4%] (Supplementary Sec-

tion 3.7.4). Future improvements to the round trip loss of the waveguide and the

coupling architecture between the emitter and the waveguide would allow for the

generation of larger, more complex states of microwave photons with higher �delity.

3.6 Conclusion and outlook

We have successfully implemented a resource-e�cient protocol for generation of

multidimensional cluster states, utilizing a single superconducting qubit as a source

of entangled photons and a coupled resonator array as a slow-light waveguide for

time-delayed feedback, and we have used the protocol for the generation of a 2D

cluster state of four microwave photons. We accomplished this using rapid, shaped

emission of single microwave photons, as well as a high �delity � / gate between

the quantum emitter and previously emitted photons through the controllable time-
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delayed feedback of our system.

The protocol discussed here allows for generation of larger 2D cluster states without

incorporation of additional quantum emitters. Increasing one dimension of the

entanglement connectivity in the schematic 2D cluster state in 3.1b is achievable by

increasing the number of photons that can be emitted within a single round-trip time

of the waveguide, either by introducing a delay line with increased round-trip delay or

using photon pulses with a shorter temporal extent, in conjunction with improving

the waveguide loss. Longer delays could be engineered by further reducing the

footprint of our unit cell resonators, for example by leveraging compact high kinetic

inductance superconducting resonators [160, 161], or by incorporation of acoustic

delay lines [162�164]. The other dimension of the entanglement connectivity could

be elongated by improving the coherence time of the emitter qubit, allowing for a

larger total number of coherent photon emission events (see Supplementary 3.7.6).

Furthermore, our protocol is directly extensible to protocols for generation of more

exotic entangled photonic states. As an example, the generation of 3D cluster states,

which have been proposed as a resource for realizing fault-tolerance in measurement

based quantum computation [128], could be realized by adding another time-delayed

feedback event with a second, longer delay for every photon [139, 140], achievable

by incorporation of another mirror qubit and a delay line with increased round-

trip delay. As a preliminary demonstration of performing multiple time-delayed

feedback operations on a single photon we have successfully generated a 5-photon

tetrahedral-like photonic graph state using a scheme that required two feedback

operations on one photon (see Supplementary 3.7.4). Additional progress towards

fault-tolerant applications could be realized in a conceptually straightforward manner

by modifying the photonic qubit encoding scheme to a dual-rail implementation that

would allow for unambiguous detection of photon loss events in generated graph

states [139, 165].

We therefore expect the deterministic techniques presented here using the rich

toolbox of circuit QED to not only improve upon the conventional optics-based

approaches for realizing multidimensional cluster states, but to also broaden the

scope and applicability of such states for quantum information processing.
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3.7 Supplementary Information for Chapter III

3.7.1 Measurement setup

Device fabrication

The device used in this work is fabricated on a 2 cm Ö 1 cm high-resistivity (10 k
)

silicon substrate. Fabrication details follow closely those of references [149, 166]. A

resist layer is deposited on the silicon substrate, and the ground plane, waveguides,

resonator and qubit capacitors are patterned on this resist using electron-beam

lithography. This is followed by deposition of 120 nm of aluminum (Al) at a rate

of 1 nm/s using an electron-beam evaporator. The device is left in N-methyl-2-

pyrrolidinone at 80� C for 2.5 hours to perform lifto� of the resist layer.

The junctions are fabricated by double-angle evaporation of a suspended Dolan

bridge patterned using electron beam lithography. A 60 nm Al evaporation at 1

nm/s constitutes the �rst junction layer, and a 120 nm Al evaporation constitutes the

second, between which there is an intervening 20 minute oxidation period when 10

mBar of oxygen gas is admitted to the chamber of the electron beam evaporator to

grow the insulating aluminum oxide layer of the junction. After deposition of the

two junction layers, electron beam lithography is again used to pattern a `bandage'

layer comprising regions of aluminum that galvanically connect the bottom and top

layers of the junctions. Before deposition of the Al bandages, the device is Argon

milled for 5 minutes to remove surface oxides and facilitate galvanic connection of

the top and bottom junction layers to the bandage.

Air bridges connecting the ground plane on either side of our coplanar waveguides

are patterned using a grayscale electron-beam lithography technique. After devel-

opment of the airbridges, resist is made to re�ow by placing the device on a hot

plate at 105� C, after which 140 nm of Al is deposited at 1 nm/s on the developed

resist. Prior to the Al deposition, the device is Argon milled for 5 minutes to remove

surface oxide of the ground plane to facilitate galvanic connection between it and

the feet of the air bridges.

Measurement setup

A schematic of the fridge wiring and our room-temperature analog signal processing

electronics is shown in Fig. 3.S1. Measurements are performed in a 3He/4He dry

dilution refrigerator. The sample is wirebonded to a CPW printed circuit board

(PCB) with coaxial connectors, and is housed inside a copper box that is mounted to
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Figure 3.S1: Measurement setup. a, Schematic of the measurement wiring inside
the dilution refrigerator. See Supplementary text for further details ("dir." is short-
hand for "directional", "LP" is shorthand for "Low Pass", and "BP" is shorthand for
"Band Pass".). See Fig. 1 for electrical connections at the sample. b, Simpli�ed
diagram of measurement wiring outside the dilution refrigerator.
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the MXC plate of the fridge with )" -� = 7 mK. A coil is placed on top of the copper

box for static �ux tuning of the qubits, and the sample is enclosed in two layers of

magnetic shielding to suppress e�ects of stray magnetic �elds. See refs [149, 166,

167] for more details on device fabrication.

Attenuators are placed at several temperature stages of the fridge to provide thermal-

ization of the coaxial input lines and to reduce thermal microwave noise at the input

to the sample. Our gigahertz microwave lines (XYE, XYM, Readout IN, SLWG

IN, TWPA Pump) have signi�cantly more attenuation than our fast �ux lines (ZE,

ZM) for reasons explained in ref. [168]. In addition, fast �ux lines are �ltered by

an 850 MHz low-pass �lter below the MXC plate, which suppresses thermal noise

photons at higher frequencies while still maintaining short rise and fall times of

square �ux pulses, as well as allowing transmission of AC �ux drives. The tuning

coil is di�erentially biased by two DC input lines, with 80 kHz low-pass �lters at

the 4K stage to further suppress noise photons. Furthermore, Gigahertz microwave

input lines are �ltered by an 8GHz lowpass �lter and all microwave lines have an

Eccosorb �lter, in order to ensure strong suppression of thermal noise photons at

very high frequencies. Note also that all 50-
 terminations are thermalized to the

MXC plate in order to suppress thermal noise from their resistive elements.

Output signals from the Purcell �lter waveguide (PFWG) and slow-light waveguide

(SLWG) device lines are merged to a single ampli�er chain in the following man-

ner. Their corresponding coaxial lines are connected to a circulator as shown in

Fig. 3.S1a, such that signals exiting the SLWG continue directly to the output chain,

while signals exiting the Purcell �lter are �rst routed to the SLWG device line and

subsequently re�ect o� of the �nite-bandwidth structure, thus �nally routing them

to the output chain. Note that input signals to the SLWG IN line undergo similar

routing in order to arrive at the device.

Our ampli�er chain at the "OUT" line consists of a quantum-limited traveling-wave

parametric ampli�er (TWPA) [169] as the initial ampli�cation stage, followed by

a Low Noise Factory LNF-LNC4_8C high mobility electron transistor (HEMT)

ampli�er mounted at the 4K plate. For operation of the TWPA, a microwave pump

signal from Rohde & Schwarz SMB100A is added to the ampli�er via the coupled

port of a 16 dB directional coupler, with its isolated port terminated in 50-
. We

include two isolators between the directional coupler and the sample in order to

shield the sample from the strong TWPA pump.

Outside the fridge, we further amplify output signals with ampli�cation that is
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suitable for the dynamic range of our ADC. We note that we use a Micro Lambda

Wireless MLBFR-0212 tunable notch �lter to reject the TWPA pump signal in order

to prevent saturation of the following room temperature electronics. Additionally,

we use IF ampli�ers (0-1GHz bandwidth) for downconverted signals due to IQ

mixer saturation power limits.

Due to their di�erent frequencies, we route SLWG and PFWG signals to di�erent

downconversion stages via a 2-way power splitter, followed by a circulator at each

branch to prevent crosstalk between the two branches. The "PHOTON" branch is

connected to a IQ mixer for downconversion of � 4.8 GHz photonic signals, which

are then measured by an Alazartech ATS9371 digitizer (ADC PHOTON); measure-

ment of both photonic signal quadratures � ¹Cº and &¹Cº comprise the heterodyne

measurement of time-dependent photon signals alluded to in Supplementary Sec-

tion 3.7.4. Meanwhile, the other branch of the power splitter is also connected

to an IQ mixer for downconversion of � 7.5GHz readout signals, which are then

measured by a Keysight M3102 digitizer (ADC RO). We note that downconversion

mixers share LO signals (generated by Rohde & Schwarz SMB100A microwave

signal generators) with their upconversion counterparts (where a Zurich HDAWG is

used), in order to ensure phase drift/jitter of LO's during upconversion are cancelled

out during downconversion. And crucially, we place additional �lters before mea-

surement at the ADC in order to suppress noise outside of the IF measurement band

of interest. This not only allows for better utilization of the ADC dynamic range,

but also rejects noise at irrelevant Nyquist bands that "fold" over to the bandwidth

of measured signals; we note that this e�ectively improved the =noiseof our photon

measurement chain by almost a factor of 2 (see Supplementary Section 3.7.4 for

more details).

3.7.2 Device characterization

Slow-light waveguide

As discussed in the 2D cluster state generation protocol proposed in ref [138],

one of the dimensions of the resultant cluster state is limited by the number of

photons that can be held in the delay line simultaneously, necessitating a delay

line with a su�ciently large round trip time gd. In this work, we realize such a

delay line via implementation of a slow-light waveguide (SLWG), which provides

large group delay for time-delayed feedback. In addition, the SLWG also provides

spectral constriction of propagating modes to a passband with a �nite bandwidth,
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Figure 3.S2: Metamaterial slow-light waveguide characterization. a, False-
colored optical image of the end of the slow-light waveguide that is connected
to the CPW output waveguide, including the "tapered" boundary matching circuit
consisting of the last two resonators. The mirror qubit shunt capacitance is false
colored in green b, Full circuit model of the slow-light waveguide and coupled
qubits. c, Transient response of slow-light waveguide with narrow-band input
pulses of frequencies near around the passband. d, Transmittance of the tapered
end of slow-light waveguide, calculated from the data in sub�gure c and a separate
measurement of round-trip loss. e, Photon �ux of emitter qubit emission, measured
for 400 ns. After one round-trip delay of the slow-light waveguide, the initially
non-transmitted portion of the qubit's emitted pulse can be observed.

where the photonic density of states (DOS) sharply decreases at the band edges

and is negligible outside the passband, thus enabling selective emission of the

& � 's j 5i �! j4i transition, as discussed in the main text. The SLWG is physically

realized as a periodic array of capacitively coupled lumped-element superconducting

microwave resonators, with low resonator loss and negligible resonator frequency

disorder, as was demonstrated in our prior work [149]. It can be shown that such

a design allows for large group delay per resonator �1
2� , where � is the photon

hopping rate between adjacent resonators, as well as strong emission of transmon

qubits only at qubit frequencies within the SLWG passband.

The SLWG is implemented by periodically placing # = 50 unit cells across the

device as seen in Fig. 1d, where a unit cell consists of a lumped-element resonator

realized with tightly meandered lines providing the majority of the inductance, wider

rectangular features providing the majority of the capacitance, and with capacitive

coupling between adjacent resonators achieved via their long capacitive wings, as

shown in Fig. 1c. At the output side of the SLWG, the Bloch impedance of

the SLWG is matched to its output 50 
 CPW via a "taper section" comprising two
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lumped element resonators, where their coupling capacitances towards the output are

gradually increased, and their capacitances to ground are correspondingly gradually

decreased to compensate for resonance frequency changes. Crucially, in order to

prevent distortion of &� photon emission, at the terminated side of the single-ended

SLWG a capacitance to ground via a long capacitive wing is placed at the left of the

�rst unit cell resonator (Fig. 1c), thus maintaining the resonance frequency of the

�rst resonator to be the same as the frequency of the other resonators, which ensures

monotonic emission from &� (as observed in separate modeling).

The corresponding circuit model of the SLWG waveguide coupled to &� and &"

is depicted in Fig. 3.S2b. In the regime of �6 � � 0, the dispersion of the SLWG is

approximately

l : = l ? ¸ 2� cos ¹:º– (3.1)

where l 0 = 1•
p

! 0� 0 is the resonance frequency of unit cell resonators, � = l0
� 6

2� 0
,

l ? = l 0 � 2� is the center frequency of the passband, and the passband width is

4�. To mitigate the deleterious e�ects in the time-domain shape of emitted photons

emerging from the higher-order dispersion [170], a su�ciently large � is required.

On the other hand, our requirement for large group delay g3 = #
� necessitates a

su�ciently small �. In order to balance the con�icting requirements of large delay

and manageable dispersion, we chose � = 33•5 MHz as a target parameter that

corresponds to the round-trip delay of g3 = 237 ns.

We thus aimed for the following target circuit parameters: !0 = 3.1 nH, � 0 = 353

fF, � 6 = 5.05 fF, � 1 = 347 fF, � 16 = 8.6 fF, � 2 = 267 fF, and �26 = 87 fF, yielding

�•2c = 33.5 MHz, l ?•2c = 4.744 GHz, and the requisite impedance matching at

the boundary. As seen in Fig. 3.S2a, for the taper section the increasing coupling

capacitances are implemented as longer capacitive wings or interdigitated capacitors,

and adjustments to the resonance frequencies are achieved by both shortening the

length of the meandered lines and modifying the head capacitances. In addition,

the coupling capacitance of &� and &" to their respective unit cells, as depicted in

Fig. 1c and Fig. 3.S2a, were designed to be 2•41 fF and 5•37 fF, respectively. This

yields the qubit-unit cell coupling 6D2 = 38•5 MHz of &� and 6"
D2 = 85•6 MHz of

& " via the following relation:

6D2=
� �

@6

2
q

¹� 0 ¸ 2� 6º¹� �
� ¸ � �

@6º
l ?– (3.2)
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where 6"D2 is obtained by a similar calculation. As discussed in the next subsection

of the Supplementary, these small coupling capacitances lead to large emission rates

due to the slow-light nature of the SLWG, where a small group velocity E6 = ml
m:

is commensurate with a large density of states � 1•jE6j, which enhances emission

rates [6, 109].

In order to characterize the SLWG, we investigated the transmittance of the SLWG

boundary for an itinerant pulse by sending coherent gaussian pulses of variable

carrier frequency through the SLWG IN line and measuring their outgoing intensity

at ADC PHOTON after they pass through the device. The measurement result,

comprising distinct features separated in time that correspond to di�erent re�ection

events, is shown in 3.S2c. First, when the pulses arrive at the SLWG boundary, due

to the �nite re�ectance of the taper section, a fraction of the incident pulse is re�ected

(and thus does not enter the SLWG) and is measured as the �rst bright feature in

Fig. 3.S2c. Next, the transmitted fraction of the pulse propagates through the SLWG,

completes a round-trip, and arrives at the SLWG boundary again. While a small

fraction of the pulse is again re�ected due to �nite re�ectance, most of the energy

transmits through the boundary to constitute the second bright feature in Fig. 3.S2c.

Finally, this re�ected fraction of the pulse completes a second round-trip, and is

found as the last bright feature of in Fig. 3.S2c. Note that this process continues

with more round-trips, while the measured data up to the second round-trip is used

for analysis.

We estimated the transmittance ) of the SLWG boundary via comparing the energy

contained in the second bright feature �2 and the energy contained in the last bright

feature �3, where we de�ne the energy of the "feature" � =
¯

jh+ ¹Cºij23C, where

+ ¹Cº is the measured voltage at the ADC for a particular "feature". As discussed, the

pulse corresponding to the last bright feature undergoes an additional incidence at

the SLWG boundary and an additional round-trip in the SLWG relative to the pulse

corresponding to the second bright feature. Thus, we can compare their energies

via the following relation:

� 3 = '¹1 � !º� 2– (3.3)

where ' = 1 � ) is the re�ectance of the boundary, and ! is the photon loss during

a round-trip. By using ! � 0•1, which is obtained from the measurement of Fig. 3,

we estimate transmittance ) � �1•2 dB at the center of the SLWG passband. The

transmittance, shown in Fig. 3.S2d, is measured for two di�erent bandwidths of the

incident Gaussian pulses, such that the slow pulses (red curve) have approximately



36

the same bandwidth as photon 1 of the generated cluster state (see Fig. 4) and

the fast pulses (blue curve) have approximately the same bandwidth as photon

2-4 of the generated cluster state. The di�erence of the transmittance between

the two cases demonstrates the necessity of adjustment of the power calibration

scaling factor � of the output chain according to the bandwidth of the photons

(see Supplementary Section 3.7.4 for further details). Note that we measured

) via the transient response of the SLWG because the transient response more

directly captured the SLWG transmissivity for broadband itinerant signals, as well as

because the transient response is less susceptible than the steady-state response to the

compounding e�ects of multiple re�ection events due to all impedance mismatches

at the output of the SLWG and throughout the OUT line.

Additionally, we directly investigated the e�ect of re�ection at the SLWG boundary

on photon pulses emitted from the &� . For this measurement, shown in Fig. 3.S2e,

a photon pulse with bandwidth of 9.8 MHz is emitted from &� prepared in thej 5i

state via shaped emission. This photon �rst propagates through the SLWG and is

partially transmitted at the tapered boundary due to the �nite transmissivity of the

taper with transmittance ); this transmitted fraction then arrives at the ADC and the

photon �ux is measured. Meanwhile, the re�ected fraction of the photon undergoes

an additional round-trip in the SWLG, and thus arrives at the ADC time C = gd later,

as seen in Fig. 3.S2e. If this returning portion of the photon �eld interacts with the

qubit during subsequent photon emissions, it can lead to qubit control errors as well

as an overlap of our desired photon signal with this spurious re�ected signal, which

leads to measurement errors. Thus, when generating the four photon 2D cluster

state presented in Fig. 4, and the 5 photon state presented in Fig. 3.S11, we had to

ensure that photon emission did not overlap with the returning re�ected portion of

previously emitted pulses. Thus, for photons emitted after C = gd into the generation

sequence, their emission time was judiciously chosen to avoid this overlap. This is

why there is a gap in time between the measured photon �ux of photon 1 and photon

4 in Fig. 4c.

Qubits

To characterize the system consisting of &� and &" coupled to our SLWG, we

performed multiple dynamical measurements. The central parameters of the sys-

tem Hamiltonian, l?, �, 6D2, and 6"D2 were obtained via �tting the results from

these measurements to the expected results from a time-domain simulation of a
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Figure 3.S3: Emitter and mirror qubit characterization. a, Left: Measured
emission dynamics of &� prepared inj4i , where emission to the ground state is
induced via �ux modulation with lmod = 450 MHz. Right: �t to tight-binding
model of equation 3.4. The �t yields SLWG center frequency of l? = 4•823 GHz,
& � to �rst unit cell coupling of 6D2•2c = 35•16 MHz, &� to second unit cell
coupling of 6=D2•2c = 2•27 MHz, and unit cell to unit cell coupling �•2c = 33•96
MHz. b, Left: Measured averaged �eld of &� emission with di�erent mirror
detuning from the center of the passband; right: �t to single-excitation Hamiltonian
yielding an e�ective mirror qubit to unit cell coupling of 6"D2•2c = 57 MHz. In both
cases, the mirror is detuned away from the passband after the time indicated by the
dashed yellow line.
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