N

N

Applications of the Josephson Mixer: Ultrastrong
coupling, quantum node and injection locking in
conversion

Danijela Markovic¢

» To cite this version:

Danijela Markovié. Applications of the Josephson Mixer: Ultrastrong coupling, quantum node and
injection locking in conversion. Quantum Physics [quant-ph]. Université de recherche Paris Sciences
et Lettres, 2017. English. NNT: . tel-01850229

HAL Id: tel-01850229
https://theses.hal.science/tel-01850229
Submitted on 27 Jul 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01850229
https://hal.archives-ouvertes.fr

Les circuits supraconducteurs font partie des plateformes de traitement de l'infor-
mation quantique les plus avancées. lls ont aujourd'hui atteint une maturité per-
mettant un haut niveau de contréle et une large gamme d'interactions qui
peuvent étre congues sur mesure. Le mixeur Josephson est un exemple de
circuit supraconducteur qui effectue le mélange a trois ondes aux fréquences
micro-ondes.

Cette thése décrit trois expériences ou le mixeur Josephson est utilisé pour diffé-
rentes applications. Tout d'abord, nous avons réalisé le couplage ultrafort effectif
entre deux modes bosoniques afin d'étudier les propriétés de I'état fondamental
de ce systéme, tels que la compression a un mode et a deux modes du champ
émis. Ensuite, nous avons construit un noeud quantique, capable de créer et dis-
tribuer de l'intrication sur un réseau quantique micro-onde, mais aussi de stocker
et relacher de l'information quantique a demande. Nous avons intégré un qubit de
mesure dans ce dispositif pour permettre la réalisation de protocoles d'informa-
tion quantique. Finalement, nous avons poussé le mixeur Josephson au dela du
seuil de l'oscillation paramétrique, ot nous avons démontré une technique inha-
bituelle de verrouillage par injection en conversion de fréquence dans un disposi-
tif nondégénéré.

=

Superconducting circuits stand among the most advanced quantum information
processing platforms. They have nowadays reached a maturity that offers a high
level of controllability and a large variety of interactions that can be precisely
designed on demand. The Josephson mixer is one such superconducting device
that performs three-wave mixing at microwave frequencies.

In this thesis, we describe three experiments in which the Josephson mixer was
used for different applications. First, we have realized an effective ultrastrong
coupling of two bosonic modes that allowed us to study the ground state proper-
ties of this system, such as the single mode and the two mode squeezing of the
emitted radiation. Second, we have built a quantum node, able to generate and
distribute entanglement over a microwave quantum network, as well as to store
and release quantum information on demand. We have integrated an

ancilla qubit to this device in order to increase the degree of control over the
quantum state of the system. Finally, we have pushed the Josephson mixer
beyond the parametric oscillation instability threshold, where we have demons-
trated an atypical injection locking technique that relies on coherent frequency
conversion in this nondegenerate device.
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INTRODUCTION

'T start writing when I
overcome my disgust with
literature."

Danilo Kis

During the last decade, few technologies have qualified as quantum
information processing platforms. Universal quantum computing re-
quires numbers of qubits that are not yet available, but well controlled
quantum systems exist, that offer a variety of controlled interactions
that can be used to build Hamiltonians by design. In 2017, arguably
the most advanced technologies are trapped ions and superconducting
circuits. Trapped ions currently offer long coherence times and high
fidelity quantum gates. However, the scalability of these processors
presents an outstanding challenge that seems difficult to overcome.
In contrast, superconducting circuits offer more freedom in their im-
plementation and a wide range of reachable coupling strengths.

A key element in the superconducting circuit toolbox is the Joseph-
son mixer. It is a superconducting device that performs three-wave
mixing at microwave frequencies [1]. Though it has been conceived
with a primary focus on quantum limited parametric amplification,
it has subsequently been demonstrated to perform entanglement gen-
eration [2], efficient coherent frequency conversion [3], directional am-
plification [4], circulation [5] and quantum state storage [6].

All of these operations constitute the elementary building blocks
for many quantum information protocols. They can be combined in
order to tailor a desired Hamiltonian, which opens a way towards ana-
log quantum simulation. Hamiltonian of a system of interest can be
decomposed into pieces that can be mapped onto different operating
regimes of the Josephson mixer. An example of such a Hamiltonian,
that is hard to realize experimentally, is that of two ultrastrongly cou-
pled bosonic modes. In the first part of this thesis, we have explored



a scheme that permits mapping an ultrastrongly coupled system onto
a doubly pumped Josephson mixer.

Besides, the ability to create and distribute entanglement and store
and release on demand arbitrary quantum states, qualifies Joseph-
son mixer for a quantum node of a modular quantum network [7].
Microwave resonators coupled by the JRM can straightforwardly be
coupled to superconducting qubits, which further increases their con-
trollability. In the second part of this thesis, we have investigated
few different architectures for a quantum node based on a Josephson
mixer.

However, all of these well understood operations, that result from
the parametric interaction provided by the JRM, emerge in the regime
of linear response of the resonators. In the third part of this thesis, we
go a step further and explore the regime of the saturated non-linearity
in which parametric self-oscillation emerges.

1.1 JOSEPHSON MIXER

The Josephson parametric converter (JPC) was first built at Yale in
2010, as a first phase-preserving amplifier operating near the quantum
limit in the microwave frequency range [8, 9]. It is based on a Joseph-
son Ring Modulator (JRM), which is a nonlinear element consisting
of four Josephson junctions in a Wheatstone bridge configuration. Its
tunable upgrade, called the Josephson mixer, was subsequently built
in our group in 2012 by shunting the Josephson ring with inductances.

The Josephson mixer consists of three spatially and spectrally sep-
arated modes a, b and p, that interact through a three-wave mixing
interaction Hamiltonian

A = hwad'a + hwpb™d+ hix(p+ p*) (a + a) (b + b7), (1)

where @ and b are annihilation operators for the fundamental modes of
two microwave resonators coupled by a Josephson ring, and |p| is the
amplitude of the classical pump tone that is applied far off-resonance
on the common mode of the Josephson mixer. It is the frequency of
this pump tone that distinguishes particular operating modes of the
Josephson mixer.

When the pump is applied at a frequency that is the sum of the
resonance frequencies of the modes a and b, w, = wp = w, + wp, in



the rotating wave approximation the three-wave mixing interaction
simplifies to the parametric down conversion

Heymp = hgp(ab+a'dh), (2)

where g = x|pp| is the coupling rate of the amplification pump
that we refer to as "blue'. In this regime, when a signal is sent to
one of the input ports of modes a or b, the Josephson mixer acts as
a quantum-limited amplifier. When additionally modes a and b are
driven by vacuum fluctuations only, the two output fields are in an
FEinstein-Podolsky-Rosen (EPR) state, as illustrated in Fig. la.

On the other hand, when the pump tone is applied at the difference
frequency w, = wr = w, — wyp, the interaction becomes that of the
parametric frequency conversion

Heony = hgr(ab' + a'd). (3)

where gr = x|pr| is the coupling rate of the "red" conversion pump.
Interestingly, using these two well-controllable operating modes, the
Josephson mixer can be mapped onto a complex quantum problem,
such as the ultrastrongly coupled bosonic modes, in order to mimic

its dynamics.

1.2 SIMULATING THE ULTRASTRONG COUPLING

Coupled light and matter modes have been relentlessly providing
questions for physicists. Depending on the coupling strength, differ-
ent phenomena of interest emerge. Whereas the weak coupling has
enabled to spy on a quantum system without destroying its quan-
tum nature, in the strong coupling regime, the two systems form
hybridized excited states that are a precious resource for quantum
information applications.

Strong light-matter coupling corresponds to the situation where the
coupling rate between the light and matter modes is larger then the
dissipation rates of each of the interacting parts. In this regime, exci-
tations can be coherently exchanged between the interacting systems
before they decay. Nowadays, this type of coupling can be systemat-
ically reached in various physical systems [10, 11, 12, 13]. Neverthe-
less, making the coupling rate as strong as the oscillation rates of the



modes is still a challenging task. This regime, first introduced by Ciuti
in 2004 [14], is commonly referred to as the ultrastrong coupling.

There, owing to the breakdown of the rotating wave approxima-
tion, that is commonly used to describe behavior of strongly coupled
systems, new quantum phenomena, such as generation of non classi-
cal radiation and entanglement in the ground state, are expected to
develop. This fact has motivated experimental realizations of such ul-
trastrong interaction in various physical systems, ranging from cavity
polaritons [15], superconducting circuits [16] and cavity magnons [17].
Most of these works are focused on coupling a two-level system to a
harmonic oscillator. Conversely, ultrastrong coupling of two harmonic
oscillators was realized by coupling a collective cyclotron resonance
in a 2DEG to a THz cavity mode in Houston [18] and to a THz light
mode of a split ring resonator in Zurich [19].

All of these experimental realizations demonstrated spectroscopic
signatures of the ultrastrong coupling, but insight into the ground
state properties and its dynamics are still out of reach in genuine
experiments. Nevertheless they can be reached using quantum sim-
ulation. In the case of a two-level system coupled to a harmonic os-
cillator, both analog [20] and digital [21] quantum simulation were
recently performed.

In Chapter 2, we propose a scheme that uses the Josephson mixer to
perform an analog simulation of two ultrastrongly coupled harmonic
oscillators. Experimental evidence of the signatures of the highly
non-classical ground state is presented in Chapter 3. The simulation
scheme is based on the application of two transversal microwave drive
tones used to engineer the desired effective Hamiltonian. Indeed, two
interacting bosonic modes a and b are described by the Hamiltonian

H = hweala + hwpb™d + g(a+ al) (b +b'). (4)

They are in the ultrastrong coupling regime if the coupling rate ¢
is not only larger than the dissipation rates k, and k; but is also
comparable to the resonance frequencies of the interacting systems
g > 0.1wgp.

As it is not straightforward to increase the coupling rate, we re-
alize an effective ultrastrong coupling by choosing a rotating frame
in which the effective mode frequencies are smaller then the coupling
rate g. This is done by simultaneously applying the amplification and



(a) >

Figure 1: (a) Schematic representation of the Josephson mixer pumped only
with the blue amplification pump. Measured quadrature statistics
reveal signature of a two-mode squeezed EPR state. (b) Josephson
mixer pumped simultaneously with "blue" amplification and "red"
conversion pumps. Measured quadrature statistics reveal both sin-
gle mode and two mode squeezing, which is a signature of effective
ultrastrong coupling.

the conversion pump on the Josephson mixer. The full interaction
Hamiltonian is then

~

ﬁint = ﬁamp + f{conv = gB(al; + &TZI;[) + gR<&BT + &Tb> (5)

For equal coupling rates of the two pump tones, gg = gr = g, the
interaction Hamiltonian is

Hipy = g(a+at) b+, (6)

We have shown that detuning the amplification pump by 24, gives
the effective frequencies —§ to the effective modes. For § < g, we
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Figure 2: Spectroscopic evidence of the ultrastrong coupling. (a) Measured
power spectral density of the ground state radiation. (b) Expected
average number of photons in the outgoing mode. Each of the two
resonances exhibits Rabi splitting proportional to the coupling
rate g.

have thus constructed an effective system of two ultrastrongly coupled
harmonic oscillators.

We have experimentally evidenced a few signatures of ultrastrong
coupling. First, as shown in Fig. 1b, radiation emitted from the
ground state presents both single mode and two mode squeezing. Sec-
ond, spectroscopic evidence of the Rabi splitting is shown in Fig. 2a.
The expected spectra calculated in the quantum Langevin equation
formalism are shown in Fig. 2b.

1.3 NODE FOR A MICROWAVE QUANTUM NETWORK

The idea of a modular quantum network, consisting of nodes formed
by clusters of trapped atoms or ions connected by photonic quantum
channels, has been present since the 90s [22]. Recent improvements in
performance of superconducting qubits have put forward the prospect
of local microwave quantum processors based on superconducting cir-
cuits, equipped with microwave to optical photon transducers, possi-
bly built on optomechanical systems, that enable long distance con-
nections through optical photons. Transposing the modular architec-



ture of a quantum network to that of a microwave quantum processor
[7] even emerges as an alternative approach to the surface code [23].

In a quantum network or a quantum processor of modules, the
nodes contain at least one logical memory qubit and one communica-
tion qubit that enables information exchange with other modules. As
a single harmonic oscillator offers as many states as a full qubit regis-
ter [24], implementation of a protected logical qubit as a microwave
resonator appears as an interesting solution to reduce the system
complexity.

Qin

gA‘v)\“v‘v‘-‘Av’V“.‘)’u"v‘V“u))A\f‘»

4—4AAA‘-‘\“;’M’\FI’V"V‘J:‘A"U‘*

Qout

Figure 3: (a) Schematic of a quantum node based on a Josephson mixer.
It comnsists of a communication buffer resonator ¢ and a memory
resonator m coupled through a Josephson ring. Transmon qubit is
integrated into the memory mode. (b) Schematic of a device with
a qubit readout mode r separate from the photon storage mode
m and a photograph of the bottom half of the fully 3D device.

In the second part of this thesis, we show that the Josephson mixer
fulfils all the requirements for a quantum node of a modular quantum
network. During my PhD, we have designed and tested three different



architectures of the quantum node. The first architecture, schemati-
cally represented in Fig. 3a, is based on the quantum memory realized
by Flurin et al. [6] and consists of a Josephson ring coupling a 2D
low Q resonator a that acts as a communication device, and a 3D
high Q resonator m that plays the role of the memory. We have in-
tegrated a transmon qubit to the memory mode to enable efficient
cavity readout and gain controllability over the system state. Indeed,
preparation of non-Gaussian states such as Schrédinger cat states
requires introducing a nonlinearity to the harmonic oscillator.

As we have found that the lifetime of the memory mode was lower
than expected, we pursued an exhaustive study of dissipation sources
in 3D structures. This led us to the conclusion that losses are domi-
nated by the 2D /3D interfaces, that necessarily involve holes in the
3D cavity walls, wire bonds for the planar resonators and non-convex
3D cavities. In order to improve this first architecture and in partic-
ular the memory lifetime, we have made a few changes in the design.
First, we have implemented a qubit readout resonator separately from
the photon storage mode, as shown in Fig. 3b. Second, we have real-
ized in parallel a fully 3D design and a fully 2D design, in order to
bypass the transitions between the two different architectures. Prelim-
inary results for both of these architectures are exposed in Chapter 6,
although this project is still ongoing in our group.

1.4 INJECTION LOCKING IN CONVERSION

Injection locking is a commonly used technique for narrowing the
emission linewidth [25] and improving coherence of a laser [26]. It
relies on the injection of a tone that stimulates the emission of the
system at the input frequency. It has recently been demonstrated in
various systems ranging from a semiconductor double-quantum-dot
micromaser [27], an ac Josephson junction laser [28] and a trapped
ion phonon laser [29]. In the part iii of this thesis, we apply this
technique in a specific operating regime of a Josephson mixer, that
is the parametric self-oscillation.

Indeed, in the first two parts of this thesis, we have made use of
the Josephson mixer as an amplifier and frequency converter. Both
of these operating regimes can be described in the context of linear



resonator response to the perturbation by the pump tone. For large
pump powers though, behavior of this rich device radically changes.

(a)

Xp

Figure 4: (a) Schematic representation of the Josephson mixer pumped only
with the strong amplification pump at frequency w, + wp above
the parametric instability threshold. Measured quadrature statis-
tics reveal unlocked self-oscillating state. (b) An additionnal small
tone is injected on a conversion pump frequency w, — wp. Measured
quadrature statistics reveal phase locked coherent state.

For low amplifying pump powers, the resonators dissipate the exci-
tations created by amplification of the vacuum fluctuations at a rate
that is larger than their creation rate. The device acts as a linear am-
plifier and the cavity hosts amplified version of vacuum fluctuations.

Beyond an instability threshold, that corresponds to the total dissi-
pation rate that equals the insertion rate of the photons in the cavity,
the intracavity field acquires a finite amplitude corresponding to the
square root of the mean photon number in the resonator. The phase



of this field however presents a continuous degeneracy, as can be seen
in Fig. 4a. This behavior is referred to as self-oscillation.

P Py
/.”_.\\ /Q’—_\\\
N N AN
7 4 % \
, Q SN
\
" wet/ Wint \ R / wint + (25\\\\* Wint \ -
3 T < 7 T gt
- X X
» | \ )
s o’ R ’
~,
O - R P
(a) (b)

8.57

Sa(w)[dBm]
1 B

(GHz)
(GHz)

w
2n
v
2n

Figure 5: Phase of the natural emission field at frequency w, compared to
the phase of the field injected at frequency wjy, (a) in the unlocked
regime and (b) in the injection locked regime. (c¢) and (d) Emitted
radiation spectra of the modes a and b, locked by the conversion
pump tone.

We have first studied the onset of parametric oscillation as a func-
tion of the detuning of the amplification pump tone and the stability
of the empty cavity state. It gave us insight into bistability regions,
where both the empty cavity and self-oscillating solution simultane-
ously exist. This results from the competition of the two stabilizing
mechanisms that are the Kerr effect and pump depletion.
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We then studied the phase dynamics in the self-oscillation regime.
Inspired by the injection locking technique used with optical lasers,
we show that field emitted at frequency w, from both non-degenerate
modes a and b of the Josephson mixer can be locked by a signal
injected at frequency w;, on one of the two modes, as illustrated
in Fig. 5a and Fig. 5b. Interestingly, owing to the four-wave-mixing
interaction of the Kerr effect, the emission field can be locked in a
non standard way using the conversion pump.

Emitted radiation spectra, shown in Fig. 5c¢ for the mode a and
Fig. 5d for the mode b reveal injection locking for the input frequen-
cies in the proximity of the parametric conversion frequency. These
spectra, including sideband positions, can be understood and repro-
duced using the standard Adler theory for lasers and an effective
locking frequency produced in a Kerr four-wave interaction, show in
a red dashed line.

Finally, we conclude this thesis with the part iv, where some of the
main experimental techniques used for all the presented experiments
are described.
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Part I

ULTRASTRONG COUPLING






SIMULATING ULTRASTRONG COUPLING

"Without a revolutionary
theory there cannot be a
revolutionary movement."

Vladimar Ilyich Lenin

2.1 STATE OF THE ART
2.1.1 Light Matter Coupling

The role of quantum mechanics in the description of the interaction
between light and matter was acknowledged since the early days of
the quantum theory and is known as quantum electrodynamics. In its
simplest modeling, both light and matter modes have a resonance fre-
quency w that characterizes their internal dynamics and a dissipation
rate x that quantifies their interaction with the environment. The in-
teraction between the modes can be quantified by defining a coupling
rate g that corresponds to the exchange rate of excitation quanta
between modes. The ratio of the coupling and dissipation rates de-
fines the weak coupling regime where g < k and the strong coupling
regime where g > . Then at resonance the collective light-matter
excitations have an energy separation of 2¢g called the vacuum Rabi
splitting.

The realization of the strong coupling regime represents an impor-
tant milestone in physics as it has given rise to the field of cavity
quantum electrodynamics (CQED). It began with Rydberg atoms in
cavity [30, 31, 32] but is now reached in a broad range of systems such
as trapped ions [33, 34], NV centers [35, 36], mechanical oscillators
[37], silicon donors, spin qubits, quantum dots [38] etc. In 2004, the
strong coupling was demonstrated between a superconducting qubit
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Figure 6: Light-matter coupling regimes parametrized by the dissipation
rate k, coupling rate g and resonance frequency w.

and a cavity by Wallraff et al. [11], which started the field of circuit
quantum electrodynamics (cQED).

When strongly coupled, the two interacting systems can coherently
exchange an excitation faster than they dissipate, which results in en-
tangled excited hybrid states of light and matter. By consequence,
light and matter cannot be considered as separate entities any more
and the energy spectrum of the coupled system is split into two sep-
arated resonances, which correspond to collective excitations of the
coupled light-matter system, called the upper and lower polaritons.
Furthermore, if the coupling is still increased and becomes of the order
of the frequencies of the interacting systems themselves, a different
and much less explored regime is reached: the ultrastrong coupling
(USC). In this regime, the standard rotating wave approximation,
that is used to model the system’s dynamics, breaks down, which
means that the number of excitations is not conserved anymore and
even the ground state effectively appears as populated and hybridized
with the other mode.

Ultrastrong coupling has been predicted in 2004 for polaritons [14],
where it has first been experimentally demonstrated as well [15],
thanks to the giant dipole moments of intersubband transitions in
quantum wells that give rise to large coupling constants. Recently,
few experiments have been realized with superconducting circuits,
that have exploited the extraordinarily large magnetic moments of
particular artificial atoms based on Josephson junctions, called flux
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qubits. All of these experiments can be described by the quantum
Rabi model.

2.1.2  Quantum Rabi Model

The quantum Rabi model (QRM) considers a two-level system,
or a qubit, coupled to a single quantized electromagnetic mode. It
applies for a variety of physical systems, including cavity QED, the
interaction between light and trapped ions or quantum dots, and the
interaction between microwaves and superconducting qubits in circuit

QED. The general Hamiltonian of the QRM is

1 A 6-
%HQRM :quZ + wadla + g, (a’ +a), (7)

where a! and @ are creation and annihilation operators for the electro-
magnetic (cavity) mode and 6, = §+ 4+ 6_ and &, are Pauli operators

for the two-level system

022(1 0)’ U_:(o 0)’ G+:(1 0)' .
0 -1 1 0 0 0

The first term in Eq. (7) corresponds to the free Hamiltonian of the
qubit with frequency w, and the second to the field at the cavity reso-
nance frequency w,. The last term represents the transverse coupling
between the qubit and the resonator field with coupling strength g.
It is useful to expand the Hamiltonian Eq.(7) as

1 N

A o
S Horu =w— +widla+g(6-aT+6a+6,0"+6-0). (9)

For coupling rate g < w, this model can be simplified by going from
Schrodinger to interaction picture, where the last two interaction
terms in Eq. (9) that simultaneously excite or de-excite both the
atom and the cavity can be neglected by making the rotating wave
approximation (RWA). We then obtain the Jaynes-Cummings (JC)

Hamiltonian
1 A a-
%HJC :Wq?Z +Wa&T&+g(6—&T+6+&)' (10)

Although it accurately predicts a wide range of experiments in weak
and strong coupling regimes, its validity breaks down for the ultra-
strong coupling, where the full QRM Hamiltonian has to be taken into
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account. However, exactly solving the quantum Rabi model is a dif-
ficult problem as its state space is infinite-dimensional. Even though
the model has been known for over 70 years, an analytical solution to
it, given in the form of transcendental functions, has only been cal-
culated in 2011 [39]. However, its spectrum and eigenfunctions can
be more easily found by numerical diagonalization in a truncated,
finite-dimensional Hilbert space. Using this method, we compare the
numerical solutions for eigenstates of the JC and full QRM Hamilto-
nian as shown in Fig. 7.
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Figure 7: (a) Mean number of photons in the cavity in the ground state
(afa) and (b) occupation probability of the excited state of the
qubit 022 are plotted as a function of coupling rate g for the

Jaynes-Cummings Hamiltonian using RWA and for the full Quan-

tum Rabi model Hamiltonian. In this simulation, cavity and qubit
are on resonance.

For small couplings ¢g/ws,q < 1, the cavity occupation in the
ground state is low, <6LTd> < 1, such that it can be well approxi-
mated by the Jaynes-Cummings Hamiltonian, whose ground state
is vacuum. However, for coupling g/w, 4 S 1, the difference between
the two models in Fig. 7 indicates that the counter-propagating terms
cannot be neglected anymore. Indeed, for g/w, 4 > 1, the eigenmodes

M, so that the mean

of the Jaynes-Cummings Hamiltonian are
occupation number for both qubit and cavity is 0.5. In the QRM how-
ever, more excitations can be created in the cavity and the average

number of photons is higher. For large enough coupling, its ground
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state is not the standard vacuum but a maximally entangled state of
the photon field and the atom.

The validity of the quantum Rabi model is remarkably large. Even
tough it describes the simple case of a two-level system interacting
with a single bosonic mode, its predictions apply for the couplings
g/wa,q > 1 where the multilevel structure of the interacting atom
has to be taken into account [40].

The ultrastrong coupling regime has recently raised a lot of interest
as it gives rise to a variety of new and unexplored quantum processes.
As number of excitations is not conserved, multiphoton Rabi oscilla-
tions become possible, where multiple photons excite the qubit and a
single photon can excite multiple qubits [41]. Furthermore, frequency
conversion of photons can be realized if a single qubit is coupled ultra-
strongly to two resonator modes [42]. Finally, USC has several poten-
tial applications in quantum computing, such as ultra fast quantum
gates [43], protected quantum computation with multiple resonators
[44] and quantum memories [45].

All of these perspectives have motivated experimental efforts to
realize genuine ultrastrongly coupled systems. Some of them are sum-
marized in Table 1.

Quantum Rabi model in the ultrastrong coupling regime has been
experimentally realized in several types of systems that include semi-
conductor quantum wells [15, 48, 47], organic molecules [46], YIG
sphere in a magnetic-field-focusing resonator with photon-magnon
and magnon-magnon couplings [17] and superconducting circuits [49,
16, 50, 51]. All of these experiments have demonstrated spectroscopic
signatures of mode hybridization, yet, demonstrating the ground-
state entanglement and large ground-state photon numbers that can
arise in the QRM is an open challenge in USC research. An alterna-
tive approach has thus been adopted with superconducting circuits,
which is to perform quantum simulations of the dynamics of an USC
system.

2.1.2.1  Quantum Simulators

The idea behind the quantum simulation, originally proposed by
Feynman in 1982 [52], is to map a well-controllable artificial quantum
system onto a complex quantum problem of interest in order to mimic
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system experiment wy /2T g/ wy

ducti
superconducting 5.7 GHz | 1.34
circuits [16]
organic molecules e U
N HG cH, P o 530 TH 0.32
[46] ﬂ/jj("obw, e € 50 - ’

iconduct -
seITucon uctor po 670 GHz | 0.27
laritons [47]

1 /

1

CQED magnons
[17]

20 GHz | 0.1

Table 1: Exemples of experimental realizations of the quantum Rabi model
in different systems with the resonance frequency w, and the rela-
tive coupling g/wy.

its dynamics. Since both systems are described by the same equations
of motion, the solution of the studied quantum problem is deduced
by observing the time evolution of the artificially built model system,
thus exploiting its intrinsic quantumness. This procedure is referred
to as analog quantum simulation.

In the particular case where the complex quantum problem of inter-
est is a system of two ultrastrongly coupled modes, the analog quan-
tum simulation relies on properly driving strongly interacting systems
so that they effectively behave as ultrastrongly coupled modes and ex-
hibit the corresponding characteristic features. The use of an analog
simulator is thus restricted to a particular problem, or class of prob-
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lems, because there has to be a direct mapping between the state and
the dynamics of the simulated system and those of the simulator.

Different approach is adopted in digital quantum simulators, where
any complex Hamiltonian of interest can be simulated by decompos-
ing it onto sequences of discrete interaction components, from which
the evolution of the artificial Hamiltonian can be synthesized. A uni-
versal set of quantum operations or gates can be performed, which
enables an execution of a stroboscopic sequence of quantum gates,
that approximate the dynamics of the simulated system. This proce-
dure allows access to more exotic dynamics than the simulator can
realize naturally.

Quantum simulators, both analog [20] and digital [21], have re-
cently been used to probe the dynamics of the QRM and the exotic
properties of its ground state. They have enabled the first detection
of a time domain signature of the USC as well as of the entanglement
in the ground state. The quantum hardware used in both experiments
were superconducting circuits.

2.1.3 USC of two bosonic modes

What happens if, instead of an atom in the cavity, we consider two
cavities that are ultrastrongly coupled? The electromagnetic field of
each cavity can be decomposed into field modes, to each of which a
quantum harmonic oscillator is associated. The Hamiltonian of two
coupled modes is

~

1 4 A ~
S H = wat'a 4+ wpb'h + g(al + a) (bt + b), (11)

where @ and b are bosonic operators that annihilate one excitation at
frequency w, or wy in the corresponding bosonic mode. These modes
can be compared to mechanical oscillators such as two springs with
masses attached to their ends and coupled through a third spring as
schematically represented in Fig. 8.

The classical Hamiltonian of this mechanical system is

1 p2 1 p2 1
H = §km§+ﬁ+§km§+ﬁﬂtﬁkm(%—xb)? (12)

where the z,5 and p,; are positions and momenta of resonators a
and b with equal spring stiffnesses k, = k;, = k and equal masses
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Figure 8: Mechanical oscillator coupled to a two level system as in the quan-
tum Rabi model and two coupled mechanical oscillators analogous
to two coupled bosonic modes. Note that the stiffness k,, of the
middle spring is larger than stiffness k of each of the springs

of the two oscillators. The resonance frequencies are given by

_ k
Wa,b = Mab

mg = mp = m connected through a spring of stiffness k,,. Due to the
interaction term, the effective spring stiffnesses are modified and the
Hamiltonian reads

pb

1
:i(k_f’k )$ +7+ (k+k ) kml’al’b. (13)

For the quantum mechanical resonators, the p051ti0ns and momenta
can be mapped on operators that we can be quantified, so that the

interaction term becomes

y A A ZPF ZPF (s | ~t\(h o
Hint = —kmZaly = _kmxa Ty (a + CLT)(b + bT)? (14)
where xZPF = ZPF = gZ2PF = 27;1} = % wr- are the

zero point fluctuations. This interaction is equivalent to that of two

bosonic modes a and b coupled at a rate g such that

[

hg = —km&ypp = —km K (15)
for two oscillators of resonance frequencies
k+k
wy = + fom (16)
m

22



In order to test the validity of this model, it is interesting to notice
that the situation where the coupling rate reaches half of the reso-
nance frequency

km 1
g 2 /m(k+km) km
wr =

Wr [ktkw  k+k,’
2 %+T +m

is equivalent to k,, — oo, which corresponds to the ultrastrong cou-

(17)

pling. Furthermore, a coupling stronger than this limit is equivalent
to a negative stiffness k as

g>% S k> k+kn, (18)

or k < 0, which doesn’t not correspond to a physical situation. A
natural limit thus emerges for a maximum reachable coupling as the

Wr

2
limit has been demonstrated for the quantum Rabi model as well [53],

model breaks down for g > “. An equivalent theoretical coupling
where 2g S /W, for a two-level system of resonance frequency w,
coupled to an oscillator of resonance frequency wy.

Indeed, for a coupling rate g comparable to the resonance frequen-
cies Wy p, all the terms in the interaction Hamiltonian need to be taken
into account, so that

%ﬁmt — g(abt + ath+ ab + albh). (19)
Due to the last two terms in this development, the number of exci-
tations in the system (N) = (afa + b'b) is not a conserved quantity
because [N JH | # 0. By consequence, the ground state is populated
with virtual photons that exhibit quantum correlations or entangle-
ment [54].

This Hamiltonian has been experimentally realized by coupling a
collective cyclotron resonance in a 2DEG to THz photons in a pho-
tonic crystal cavity [18]. Counter propagating terms in Hamiltonian
had to be kept in order to reproduce the observed anticrossing of po-
lariton branches, which constitutes a convincing spectroscopic proof
of the USC with the coupling g/w ~ 0.12. Stronger coupling rates,
g/w ~ 0.87, were reached by replacing the cavity by a split-ring res-
onator [19], whereas shaping the vacuum mode enabled reaching the
record value of g/w ~ 1.43 [55].
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Figure 9: (a) Average number of photons in the ground state of each of
the two coupled bosonic modes as a function of the coupling rate
g. In this simulation, the two modes are degenerate, so that the
mean occupation is the same for both of them. With RWA, the
number of excitations is expected to be conserved and the mean
number of photons is zero. However, taking the full Hamiltonian
into account, we see that the ground state is populated when the
coupling is increased. (b) Zoom into smaller couplings. The photon
population become non negligeable already for g/w, ~ 0.1.

In order to go beyond the spectroscopic signature of mode hy-
bridization in USC and demonstrate the quantum correlations in the
ground state, we have realized an analog quantum simulation of two
ultrastrongly coupled bosonic modes. The coupling in simulation be-
ing tunable, it allows us to study the transition from strong to ul-
trastrong coupling. More importantly, it gives us access to the field
radiated from the ground state which allows up to probe its highly
non classical nature.

2.2 CONSTRUCTING AN EFFECTIVE ULTRASTRONG COUPLING
HAMILTONIAN

In this section we propose a simulation scheme to engineer an effec-
tive ultrastrong coupling Hamiltonian. It is based on the application
of two microwave drive tones and can be used as a tool to demon-
strate the squeezing properties of the system in its ground state. The
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quantum hardware of the simulator used for the physical implemen-
tation is a cQED setup embedding a superconducting circuit called
the Josephson Mixer.

2.2.1 Josephson Mizer

Parametric amplifiers based on Josephson junctions have first been
introduced by Yurke and collaborators in 1980s [56] and following
their work, several designs have been developed [57, 58]. They can
be categorized into phase-preserving and phase-sensitive amplifiers.
Those belonging to the first group amplify both quadratures of the
signal while adding the minimum amount of noise allowed by quan-
tum mechanics. Phase-sensitive amplifiers though can amplify one
quadrature without adding any noise to it, while attenuating the
conjugate quadrature. They thus create squeezed electromagnetic
field. The Josephson Mixer [1] is a tunable upgrade of the Josephson
Parametric Converter, first built at Yale in 2010 [8, 9] as a phase-
preserving microwave parametric amplifier operating at the quantum
limit of added noise. Since then it has been vastly studied and demon-
strated to be used as entanglement generator [2], frequency converter
[3], directional amplifier [4], circulator [5] and quantum memory [6].
It consists of two superconducting A/2 microwave resonators coupled
through the Josephson Ring Modulator (JRM), that is through a
loop of four identical Josephson junctions, threaded by an applied
magnetic flux. The JRM realizes a three-wave-mixing parametric in-
teraction between the resonator modes.

Josephson junctions are superconducting tunnel junctions that be-
have as pure nonlinear inductors with inductance L = %, where
Yo = 2—7; is the reduced flux quantum, I is the critical current of the
junctions and 9 is the phase difference between the two superconduct-
ing electrodes of the junction.

In order to increase the frequency tunability and extend the sta-
bility range of the JRM by avoiding the phase-slips [59], the ring is
shunted with four large and thus very weakly nonlinear Josephson

junctions, acting as inductors.
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Figure 10: Shunted Josephson Ring Modulator is a ring of four Josephson
junctions (red), that provide nonlinearity for the parametric in-
teraction. It is shunted with four larger and less inductive Joseph-
son junctions (yellow) that behave like pure linear inductors. The
whole loop is threaded by an externally applied magnetic flux

Pext-

The Hamiltonian of such shunted Josephson ring is

Hjpy = —4E; cos % cos % COS P COS Peat

— 4F;sin % sin % sin ¢ sin wat (20)

1
+ 1B (el + o)+ 207),

where Ej = ol is the Josephson energy of a ring junction (red),
Eshunt = 41 is the Josephson energy of a shunting junction (yellow)
and @ez¢ is the magnetic flux threading the loop. ¢, 5. are the normal
modes of the JRM, that can be deduced from the ring symmetries
and can be written as a function of the reduced fluxes in the nodes
of the ring, ¢1,23.4, as

Pa —F1—¢3
Qp =p2— 4 (21)
90(: — 9015%04 + 3035902

We refer to the modes a and b as differential modes, and to the mode
¢ as the common mode. Note that in the ring Hamiltonian, we have
neglected the inductance of the wires in the loop, that are in series
with Josephson junctions. To see how to add these inductances in the
model, on can refer to the PhD thesis of Emmanuel Flurin [60].
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Figure 11: Lumped circuit model of the Josephson Mixer. &, and P} are
the two differential A/2 modes and ®,. is the common excitation
mode.

The Josephson Mixer is a circuit consisting of the JRM embedded
between two microwave resonators a and b. In the lumped circuit
model, these resonators can be represented as LC' oscillators, with
inductances L,p given by the length of the wire and capacitances
Cap, as shown in Fig. 11. Normal modes of the entire circuit, @ .,
have the same symmetries as the normal modes of the ring and can be
related to them through the participation ratios of the ring inductance
in the total mode inductance

LIBM (1)
Eab c(@ewt) = ¥0 Pabe = abe et (22)
T (Da,b,c La,b,c + Lgﬁy(@ext)
where LIFM (p.,4) = go%(a;g%)*l are the inductances of the modes
™ a,b,c

a,b,c of the JRM and L, . are the wire inductances for each mode,
such that Liﬁy(wm) +Lape= LZ?Z’C(SOext) are the total inductances
of the modes a,b and c of the circuit.
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Unshunted Josephson Ring

Hypy = —4Ey [cos 22 cos £ cos @, cos (Wztfﬁm)]
Hamiltonian
—4FE s[sin £* sin €2 sin ¢, sin (5%&)]
Hamiltonian | g B sin (est E
f JRM = —Eysin (£§* + nf)vapppc
or ! A
+F;cos (Leatt2nmy[La 4 Pb 4 952 4
Pa,b,c <1 J ( 4 )[ 2 2 (725 ]
i 2
JRM _ )
‘rlng modes Lmb (@ext) = m
inductances 1
stability JRM 2
such that L — 0>
condition net e (Peat) 4B cos( 22 2T
degeneracy | 4 different possible flux configurations indexed by n

Table 2: Summary of useful expressions for an unshunted JRM.

Shunted Josephson Ring

Hypy = —4Ej[cos £ cos £ cos g, cos (£52t )]

Hamiltonian —4E;[sin £ sin 2 sin @, sin (£51)]
+1 B ol + op + 202
Hyrn = —Esin (55 patpppe
] 1 shunt 2 2
Hamiltonian +[EJCOS(%)+EJ2 ](%+%)
fOI‘ Geat E;hunt 9
+2[Ey cos (¥54) + = ]:
Pa,b,c <1 '
—4FEy cos(£t)

ring modes

2
Lill?M(@ext) = ELS]hunt #0

inductances 7 T Ecos(25t)
stability JRM o3

n such that L = 0 — >0
condition e (o) Bt 4B, cos( 25 )
degeneracy | lifted degeneracy

Table 3: Summary of useful expressions for a shunted JRM.
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For small phase differences the non-linear Hamiltonian of the ring
can be expanded to the third order

e

3 Pext Pext 802
Hipy = —4FE cos Zx + Ej cos Zx (?‘Z—F 5 + 2¢?)
— Ejpqpppe sin SOZ” (23)

1 Snun
+ ZEJh "2+ op 4 2¢2) + O(J|*).

The first term corresponds to the rest energy of the ring, the second
to the inductive energy of the junctions, the last term to the energy of
the shunt inductances. The particularity of the Josephson Ring is that
the only third order term is the pure three-wave mixing term ¢,@p@e
that is at the origin of the parametric interaction. From here, fields
are quantized by introduction of creation and annihilation operators
of excitations in modes a, b, and ¢

@, = /3= (a+al)
@, = /12 (b + i) (24)

O, = /1 (2+eh),

where Z, . are the mode impedances. At third order, the Hamilto-

nian of a Josephson Mixer can thus be written as
1
h

where we have defined the coupling term

1 h .
X = mfafbﬁc\/ §ZaZch sin (pjft (26)

Zn.,b,c
Lto

a,b,c

0 = waata+ wpb™d +weete + x (&' +¢)(af +a) (b +b), (25)

and resonance frequencies wq p . = . Natural modes frequencies

are renormalized by the presence of ring junctions and the shunting
junctions that modify the total inductance of the modes. The most
frequently used expressions for shunted and unshunted JRM are sum-
marized in Table 2 and Table 3.

2.2.2  Amplification mode

Josephson Mixer is commonly used as a quantum limited amplifer.
This is done by applying a time-dependent drive of the amplitude |p|
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on a common mode c in an off-resonant way. The Hamiltonian then
becomes

1
T

This driving field excites the circuit and provides energy for paramet-

A = weata + wpb' + x(p* +p) (&' + a) (b + D). (27)

ric processes. It is called a pump tone and can be treated classically
in the stiff pump regime, which occurs when it is driven far from any
resonance frequency.

blfftm :

p

1

Figure 12: Schematic of the Josephson Mixer. Two \/2 resonators a and b
are coupled through a shunted JRM. A pump tone of the ampli-
tude p is applied off-resonantly on the common mode c.

If the circuit is pumped at a frequency that is equal to the sum
of the frequencies of the two oscillators, w, = w, + wp, the rapidly
oscillating terms in the interaction Hamiltonian can be neglected, so
that it simplifies to the parametric down conversion or amplification
Hamiltonian

1 . N A
%Hamp = XpB(&b + &TbT)v (28)

where pp is the real amplitude of the so called blue pump (the blue
color evoking large frequencies in the visible electromagnetic spec-
trum). The interaction term ppalbt describes the annihilation of one
pump photon at frequency w, and simultaneous creation of a pair of
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photons at frequencies w, and wy. It is this term that gives rise to
parametric amplification and that enables the Josephson Mixer to be
used for the readout of superconducting qubits with the measurement
efficiency of order 1.

If this interaction is turned on with the two oscillators in the vac-
uum state, it results in a creation of quantum correlated radiation at
frequencies w, and wy. The two outgoing modes are then prepared in
a particular two-mode-squeezed state

|EPR) = "' ~"ab |0 () Ztanh Wik, k),  (29)

_coh

where r is a squeezing parameter that satisfies

ativ + 45|
cosh(r) = VG = Fal ¥ XQ‘pB|2, (30)
Kakp —4X ‘pB’

and /G is the direct amplitude gain of the Josephson Mixer. This
state was first introduced by Einstein, Podolsky and Rosen (EPR)
in their original formulation of the nonlocality paradox [61]. They
argued that, if Alice and Bob share this type of two-mode squeezed
state, and Alice performs either a position or momentum measure-
ment on her part of the state, she remotely prepares either a state
with a certain position or one with a certain momentum at Bob’s lo-
cation, no matter how distant it is. It is what Einstein called "spooky
action at a distance".

To quantify the parametric coupling strength between a and b parts,
it is convenient to introduce a dimensionless variable such as cooper-

ativity
4 2
KakKb
The amplitude gain then reads
1+C
VG =1~ (32)

1-C

It diverges when C' — 1, which corresponds to the limit x|pg| —
N

5— where the parametric down conversion rate exactly compen-

sates the total dissipation of the resonator.
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In order to characterize a Josephson Mixer, we begin by measuring

the complex reflexion coefficient on the mode a

Ka — KYO% 4+ 2i(w — w,) (33)
Ka + K58 — 2i(w — w,)

rolw] =

while sweeping the external flux ..+ This enables us to determine
the resonance frequency w, at a given flux, as well as the coupling x,
of the mode a to the transmission line and the total internal losses
k1255 We procede in the same way for the mode b. The flux tunability
of the frequency is related to the inductance tunability through the
participation ratio of the ring inductance in the total mode induc-

tance
wa,b(@eaxt) = ! (34)
L% (peat) Cap
B 1
- Cap + LI (pew)) Ca
_ = (35)

\/(La,b + fa,bLZ‘?zt)(SDext))Ca,b

1
~ Wg?l?m(l - §§a,b(<ﬂea:t))

N\ ™ N, ]
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Figure 13: Measured resonance frequency dependence on the external flux
for the mode b. The external flux is created by applying voltage
Vioil on a coil in the proximity of the Josephson Mixer.

Flux dependence of the resonance frequency is shown in Fig. 13.
Different arches correspond to different flux distributions between
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Figure 14: Measured resonance frequency dependence on the external flux
for the two modes a and b during the final cool-down. The third
size of arches indicates that there was an asymetry between the
subloops of the JRM during this meaurement run. The black
point at zero applied voltage corresponds to the external flux at
which the USC experiment was done. The resonance frequencies
at this flux were w, = 27 x 8.5 GHz and wy, = 27 x 6.5 GHz.

the four subloops. The big arches correspond to the symmetric flux
distribution, where the fluxes are equally distributed between the
subloops and all flow in the same direction. Smaller arches correspond
to different broken symmetries, flux direction, flux amplitude etc. Due
to the stability condition L.(@ezt) > 0, the symmetric configuration
is stable for —4—221- cos(£%t) > 1. The frequency of the shunted

shunt
EJ

JRM can thus be tuned over a range of fluxes given [62] by

CTOSSOU@T]

Pext € [07 Pext (36)

crossover

pai = 1. To maximize

where ¢ is given by —4% cos(#eet)
the three-wave mixing Hamiltonian, —FE sin(%5%)pa¢p¢. and mini-
mize the Kerr terms, we would like to set a magnetic field such that
Vet = 2m. However, for the JRM used in this experiment, the ratio
E;/ B3P was such that ¢rg%50v¢" ~ 21 and two flux configurations
are metastable at this external flux point (see Fig. 14). Thus, we chose
another flux point on the bigger arch that maximizes the gain.
From the phase dependence of the reflected signal we determined
the resonance frequencies at this flux to be w, = 27 x 8.5 GHz and
wp = 27w x 6.5 GHz, and the dissipation rates k, = 27 x 17.6 MHz
and kp = 27 X 21 MHz. The ring of the Josephson Mixer used in this

experiment can be seen in Fig. 15.
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Figure 15: Optical microscope image of the JRM embeded in the Joseph-
son Mixer used in the USC experiment. Four smaller Josephson
junctions can be seen in the corners of the ring, and four bigger
Josephson junctions are shunting the ring.

We measure the power spectral density of the outgoing mode with
the pump tuned on and with the pump turned off. We subtract the
later from the former in order to get rid of the noise added by the
chain of amplifiers. Then in the added noise spectrum, we see that
vacuum fluctuations are amplified at the resonance frequency of the
mode w,, as shown in Fig. 17. The coupling g = x|pp| linearly
increases with the pump amplitude until the onset of the paramet-
ric oscillation regime where more excitations are produced than the
system can dissipate so that it begins to lase. The Josephson Mixer
is used in this regime as a quantum limited amplifier of dynamical
bandwidth

2KqKp _ 0
N e at )~V

that is inversely proportional to the amplitude gain v/G, at large gain.

(37)

For a given flux, the bandwidth gives the tunability of the amplifier.
By detuning the pump frequency, we can amplify the signal within
the bandwidth of the amplifier (see Fig. 16). If we further detune the
pump, we realize an unexplored regime of off-resonant pumping that
will be discussed in the following section, since it will be key to our
simulation of USC.
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Figure 16: Pumping scheme in amplification mode. The two resonant modes
a and b are represented by their Lorentzian response functions.
The pump tone applied at the sum of their resonance frequencies
provides the energy for the amplification process and determines
the amplitude gain. The pump can be applied in the vicinity

of wg + wp given by v = % ~ kq. A signal injected on

the mode a at the frequency w; will be amplified at that same
frequency and converted to the mode b at the frequency w. — wy
within the amplifier bandwidth. If the pump is applied with a
detuning 2§ > 2k, we are in a non standard regime of off-resonant

pumping.
2.2.3  Off-resonant pumping

Realization of the effective ultrastrong coupling requires a non stan-
dard way of pumping a Josephson Mixer, that is at a pump frequency
detuned by 24, with § > kg, kp. In this section, we are going to study
the dynamics of the system in this new regime.

As such a detuned pump tone oscillates at frequency w, = wq +wp +
20, when we neglect the rapidly oscillating terms, the Hamiltonian of
Eq. (27) simplifies to

- = wat'a 4 wpb'h + xpp(alble 29t 4 ahe?t) (38)

We can now define new annihilation operators that rotate at fre-
quency & with respect to @ and b
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Figure 17: (a) Added power spectral density of the mode a measured close
to the resonance frequency w, for several values of the amplitude
of the blue pump pp (dots) and corresponding average emission
rate calculated with input-output theory (line). Each color cor-
responds to an amplitude given in (b). (b) The parametric down
conversion rate gg determined from emission spectra linearly in-
creases with pump amplitude pp until the threshold of paramet-
ric oscillation.
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Figure 18: (a) Resonance frequency of the mode a determined from the mea-
sured power spectral density as a function of the pump amplitude
decreases owing to the Kerr effect. Red dots are in the paramet-
ric oscillation regime. (b) Resonance frequency of the mode b in-
creases with pump amplitude. The color encoding for the pump
amplitude is the same as in the Fig. 17.

so that in the reference frame rotating at wgp + 0 the Hamiltonian
becomes

1

1 = ~6ata — 66D + g (a8 + ab), (39)
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where we have defined gg = xpp as the parametric down conversion

coupling rate.

2.2.3.1 Input - Output Theory

In this section we will use the input-output formalism [63] first
introduced by Gardiner and Collett in 1985 [64] to describe the dissi-
pative dynamics of the intracavity fields under the atypical detuned
blue pumping described in the previous section, and relate their evo-
lution to the propagating input and output fields. By means of quan-
tum Langevin equations, we take into account the coupling of the
intracavity fields to the frequency dependent dissipation baths

o = HlH,a] = a+ /Raain

. (40)
% = %[Hvb] - %b—i_\/?bbma
which for the Hamiltonian 39 gives
da . . Ko

a(tt) = ida(t) —igpb(t)" — S2a(t) + \/Faain(t) (41)

Ot = idb(t) —igma(t)! — Fb(t) + y/Robin (1
By the definition of a Fourier transform
1/a(t)e_mdt = alw], (42)
V21
for the Fourier transform of a hermitian conjugate we have

J%/a(t)Te_i“tdt = \/127r(/cz(zf)eimdt)T =a[-w]l.  (43)

Fourier transforms of the Langevin equations are thus

iwalw] = idalw] — igpbl—w]T — Zalw] + /Katin W]
iwb[w] = i6blw] — igpa[—w]" — Lblw] + /Kpbin[w].

(44)

By taking the hermitian conjugate of the second equation and then

evaluating it at —w we obtain

iwbl~w]' = —idb|~w] +igpalw] - Zrbl-w]' 4 v/Arbin[-w], (45)
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so that finally

ol = igB NG o
el _i@PHD+HM2awL%uw+5y+%ﬂfm[w]'ma

We can now inject this expression in the equation for a

a[w][iw—i&—{—/ﬁa/Q— g% }: —19B+/Kb in|[— ]T+\/Eam[ 1,

w10 + Ky /2 w+ 10 + Ky /2

(47)
and finally we obtain

= '(W+5)+I€b/2 o

alw] = (i(w—0)+ra/2)(i(w+8) + Kp/2) — g% VEaain[w]

+ —igB\/kKb bm[—w]T,
(i(w—0) + ra/2)(i(w +0) + Kp/2) —

We can put this expression in a more compact form

alw] = Plw]am[w] + Q[w]bin[~w]', (48)
such that the amplitude of the outgoing mode can be written as

Aout[w] = V/Eaa|w] — ain|w] (49)

= (VFEaPlw] = ain[w] + vraQ[w]bin[-w]". (50)

Input modes being in vacuum

we find for the mean number of photons in the outgoing mode

<&out[w]faout [W,D = Ha|Q[W] |25(W - W/) (51)

_ g%ﬁaﬁb w—u
B L R Cr e R e i
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Figure 19: Measured power spectral density for the outgoing mode a for
the detuned blue pump (points) and mean number of photons
calculated from the Eq. (52) (line), with corresponding coupling
gp- There are two Loretzian peaks at w, and w, + 26, with § =
21 x 26 MHz. These frequencies correspond to —d and ¢ in the
simulation frame rotating at w, + J. Note that one peak is higher
than the other one because k4, < Kp.

Indeed the spectral noise density measured by a spectrum analyzer

at room temperature corresponds to the output noise Var(agy:) =

%(&Zutdout + &Out&jmﬁ which is linearly amplified by the chain of am-

plifiers at the output line with a gain Gpen and with extra noise
Sechain- When the pump is turned on, power spectral density reads

1+ . A
Saoojjt [w] = Ghain hwa§<alutaout + aoutajmt> + Sechain (52)
= Gchain hwa<a£ut&out> + Svac + Schain (53)

where Syqc is the power spectral density of a vaccum state. When the
pump is turned off

SOFF [w] = Svac + Schain (54)

Qout

so that the added power spectral density gives the emitted number
of photons amplified by the gain of the chain of amplifiers

SON [W] - Sg)ftF [w] = Gchain hwq, (dlut&OUt>' (55)

Qout

We see from Eq. (52) that the emission spectrum qualitatively
changes drastically, compared to the pumping within the bandwidth
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(Fig. 17). There are two Lorentzian peaks centered at w, and wg + 28
effectively corresponding to 44 in a reference frame rotating at w, + 9,
as can be seen Fig. 19. We use this expression to determine the pa-
rameter gp from the measured power spectra. The theory agrees with
the measured noise raise and enables us to link the pump amplitude
pp and the corresponding parametric down conversion rate gg.

Furthermore, with a finite detuning of the pump frequency, the
self-oscillation threshold is displaced to higher pump powers. This
enables us to reach the higher gp regimes, that is not accessible at
zero detuning because they were beyond the onset of the parametric
oscillation (see Fig. 20).

20+
gs°’
'I

— 8t . 5=2mx
E 150 ..l. 1 6 = 25T x 25 MHz
= AL « 6227 %20 MHz
('\:, 10t .;:. e 6=27x 15MHz
S gs = 277 x 57 MHz Ag * 6=2mx 10 MHz

S5t ° 1 6= 2711 x 5 MHz

0 L L L L L L

0.0 01 02 03 04 05 06 07

ﬂg(a.u.)

Figure 20: Coupling rate gg for different pump detunings 6 /2m going from
0 to 25 MHz. For high applied pump amplitudes Apg, the cou-
pling diverges from the expected linear dependence in amplitude,
though we have checked that the input power is linearly propor-
tional to the square of this requested amplitude.

2.2.4  Off-resonant amplification

In the previous section, we have seen how the emission spectrum
of the Josephson Mixer changes in the off-resonant pumping regime.
There was no signal injected in the circuit, and the energy brought by
the pump was used to amplify the vacuum fluctuations. In this section,
we are going to see how the amplification and gain characteristcs of
the Josephson Mixer change when the pump is detuned, while a finite
signal is injected into the mode a.
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Figure 21: Reflection coefficient |rq[w]| measured with a Vector Network
Analyzer (VNA) around the resonance frequency w, as a function
of the applied pump power Pp, for different detunings ¢. For
6 = 0, there is one peak at w,. The resonance frequency decreases
at high powers due to the Kerr effect. For finite detuning 4, there
are two peaks at w, and wg + 26.

From the expression (50) that we found for the outgoing mode
Aoyt |w] with the input-output theory, we can write the reflection co-
efficient

ralts] = ‘j;ﬁ] = JRPlw] -1 (56)

w4+ 8) + 2)[i(w—6) + 5] + B
li(w+6) + 2] [—i(w—06) + 5] — g

Note that this expression is valid in the reference frame rotating at

wq + 0. To describe the reflection coefficient measured in the labora-
tory frame, the transformation w — w — w, — ¢ has to be done such
that

i = w0) + ][ — w0 — 20) + 5] + 63
[i(w —wa) + 3] [—i(w —wa — 26) + 5] — g5

In Fig. 22c, we see that this gain can be reached for detuning ¢

rolw] = (57)

going from -50 to 50 MHz which corresponds to a pump frequency
in the range of 200 MHz. This result is compared to the gain pre-
dicted from the input-output theory in Fig. 22d. The smallest pump
power needs to be applied for zero detuning. There is an asymmetry
for £4 that is not reproduced by theory (see Fig. 21). The onset of
parametric oscillation is at lower powers for negative detunings, wich
prevents reaching higher gains at negative detunings. This can be
seen in Fig. 23.
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Figure 22: (a) Pump amplitude needed to obtain the gain of 3 dB, as a func-
tion of pump frequency. (b) gp = xpp needed for max(Glw]) = 3
dB. (c) Measured gain as a function of signal frequency f, = 2
and pump detuning §. For every detuning, the pump amplitude
pp is tuned so that the maximum gain max(G[w]) = 3 dB. For
detuning § < k, there is one peak at w = wq. For § > k, there are
two discernable peaks at w, and w, + 2§. Detuning ¢ can take
both positive and negative values. (d) Expected gain G(w) from
the input-output theory, such that the maximum gain for that
power is 3 dB.

This function has maxima at w, and w, + 20. We use a vector
network analyzer (VNA) to measure |r,[w]| around w, and deduce the
gain G[w] at frequency w, given by \/G[w] = |re[w]|ON /|ra|w]|OFF.
The pump frequency is set to fg = f, + f» + 26 and detuning §/27
is varied from —50 MHz to 50 MHz. For each detuning, the applied
pump power is swept from -30 dBm to 10 dBm. Gain as a function of
the pump power is shown in Fig. 21 for 6 /27 = —30 MHz, 0 and 30
MHz. The pump power that gives the maximum gain max(G|w]) = 3
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Figure 23: Measured gain in dB as a function of signal frequency f, = 52
and pump detuning §. For every detuning, the pump amplitude
pp is tuned so that the maximum gain max(Gw]) = 15 dB. For
detuning § < k, there is one peak at w = wg,. For § > k, there
are two discernable peaks at w, and wg + 26.

dBm is indicated by a dashed black line. The abrupt gain extinction
corresponds to an instable regime that will be discussed in the next
chapter.

Furthermore, we can determine the parameter gp by matching the
expectation from Eq. 57 to the measured complex reflection coefficient
Fig. 21. Coupling rate gp for different pump detunings ¢ is shown in
Fig. 24.

2.2.5 Two tone pumping

We describe here the main technique we proposed in Ref. [65] to
realise an analog simulation of the ultrastrong coupling between two
bosonic modes. We simultaneously apply two pumps, a detuned "blue’
amplification pump at wp = wy + wp + 20 and a "red" conversion

pump at wrp = wg — wp. The Hamiltonian now reads

1

hﬁ:w@%+wﬁ@+ﬁm, (58)
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Figure 24: Coupling rate gp extracted from the reflection coefficient mea-
surements for different pump detunings 6 /27 = 0, 15 and 30 MHz.
For finite detunings, at small applied pump amplitudes there is
no gain, so gg is found to be zero. As in Fig. 20, gp is linear in
pump amplitude until the onset of parametric oscillation.
with

- Hine = x(p5 +pp) (" +a) (B +0) + x(pR + pr) (0 +a) (B + D).

(59)

H;,; can be simplified in the RWA by neglecting the fast oscillating
terms. We find

1 4 N . A o A~ A
= Hiny = xpp(aThte 20 4 abe®®) + xpr(abt + a'h).

. (60)

Now by tuning the coupling of the two pumps to be equal, xypr =
XPB = ¢, in a frame rotating at w,j + 0, we obtain the Hamiltonian
of two effective modes with resonance frequencies —9 coupled at a
rate g

1 .

—Hen = —oata —ab'b+ g(al +a) (BT +b). (61)

Since & can be chosen arbitrarily, it is possible to reach a regime
where k < g < §. The two modes are then in the ultrastrong cou-
pling regime. Our approach is therefore similar to the analog quan-
tum simulation of ultra strong coupling between a two level system
and a resonator [20]. By applying a set of pump tones we create
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two effective modes whose frequencies are smaller than the genuine
coupling rate g.

Furthermore, this configuration offers the proper level of control on
the coupling strength through the pump amplitude, which enables us
to study the transition from strong to ultrastrong coupling.

2.2.5.1 Kerr effect

The effective USC Hamiltonian Eq. (61) in a rotating frame has
been derived from a three wave mixing Hamiltonian in the laboratory
frame. However, the fourth order non-linear terms that were neglected
in the expansion of the JRM Hamiltonian Eq. (21) give rise to a Kerr
effect that shifts the modes resonances. The additional Kerr term

reads
1
%HKCT’T‘ = Kaa(aT)2a2 + Kbb(bT)zbz + KabaTa,bTb
+ Kap(pp + 15 + PR+ pR)*(a+a)? (62)
+ Kip(pp + P + pr+0R)*(b+b1)? (63)
where
Zo Lipm (ext)
Koo = _ 64
aa 2565“ “Zo Li(Pext) (64)
Zy Lirm (Peat)
Ky ZJhM A\ ext)
bb 256’51’ "Zo Ly(@eat)
lop? Lirn(Peat)
Koy = ——
> 1ok pEI?2 Li(Pext)
Ky = —— b£b|90p| Lipm (@ext)

|pB|2 LJ((Pecct)

The complete derivation of these expressions can be found in the
thesis of Emmanuel Flurin [60].

If we keep only the non-oscillating terms in the RWA we obtain

1
%HKerr - I(aa(aJr)Qa2 + Kbb(bT)ZbZ -+ KabaTabTb

+ Kap(2|p3|2aTa + 2]pR|2aTa + prppa’al + prppaa)
+ Ky, (2|pB 200 + 2|pr|?0'0 4 prpsbd + phRpsbidh)

In the following section, we will add the Kerr nonlinearity into our
input-output theory model in order to take into account the frequency
shift that emerges from it at high pump powers.
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2.2.5.2  Input-Output Theory with Kerr terms

The self-Kerr terms K,, and K, are much weaker than the cross-
Kerr terms and can thus be neglected. The one-color pump terms
only renormalize the resonance frequencies of the modes

1
5 H = =0+ 2Kop(Ip|* + [pr[*)]a’a + =6 + 2Ky (Ips|* + [pal*) b0
+ gp(ab+a'd') + gr(ab’ + a'b) (65)
+ Kop(prppa'a + phpgaa) + Ky, (prpjbb + pippbid!)

So by defining

§(Ipsl, Ipr|) = 6 — 2Ka4p(IpB|? + |PRI?) — b

5(lpsl, lprl) = 6 — 2K, (Ipsl* + Iprl?) — &

(66)

we can write

1
- H = —6.ata — 6,bTb + gp(ab+ aTb) + gr(abl + afb)
+ Kop(prppata’ + phpiaa) + Ky (projbb + phpebdh)

We can then write the quantum Langevin equations in frequency
domain
(iw —idq + 5 )alw] = —igpbl—w]' —igrblw] — iKupprpBal—w]" + /Rain|w)]

(tw —idp + 2 )bw] = —igpa[—w]" —igralw] — iKbpp*RpBb[—w]T + /Fpbin [W]
(67)

whose hermitian conjugates evaluated at —w are

(iw + 0, + 5 )a[—w]! = igpblw] + igrb[—w]|! + iKopphphalw] + \/Katin[—w]T

(iw + idp + %)b[—w]f = igpalw] + igRa[—w]T + i Kppprpiblw] + \//-Tbbm[—w]T
(68)

We can write this system in a matrix form

alw] ainw]

M blw] _D bin|w]
a[—w]T am[—w]T
b[—w]t bin[—w]T
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with

i(w—0,) + 5 i9R iKappRPB i9B
M= t9R i(w— ) + 5 9B iKppprPB
—iKapphD —igB i(w+dq) + 5 —igR
—igp —iKp,pRrpY —igR i(w+dp) + 2

(69)

and

Vi (70)

0 \/ Kb
We then use a numerical solver to calculate the inverse of the matrix

M so that the solution is given by F = M 1D, whose elements fij
give us the desired expression for a

alw] = firain[w] + frobin[w] + fisain[-w]" + frabm[—w]"  (71)
Finally the average rate of photons emitted from the mode a is

(i [w]aout[w']) = Kalalw]Talw'])
Ka (| fr3* (@in[—w]ain[—w']T) + | fra]* (bin [~ w]bin[-«']))
Ka(| fisl® + | f1a]?)d(w — ') (72)

We have checked that these relations satisfy commutation relation

[aiut [w]7aout [w/]] = (5(0.) — O.),).
2.3 GROUND STATE IN USC

In this section we look into different signature properties of the
ground state of two ultrastrongly coupled bosonic modes.

2.3.1 Two mode squeezing

One of the peculiarities of a pair of ultrastrongly coupled bosonic
modes is that its ground state is a two-mode squeezed state. To
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demonstrate this, we can rewrite the Hamiltonian of two genuinely
ultrastrongly coupled bosonic modes (Eq. (11)) in terms of two col-

~

lective modes operators 1 = %(& +b)and h = %(& —b)

1 .
A = (w+ gyl + (w—g)al+ S (1) +m?) = £ (1) +72),

2
(73)
where we have considered the case of two degenerate modes such

that w, = wp = w. The unitary time evolution generated by this

interaction Hamiltonian is

O (t) = e~ sllintt = i3[04+ —(1)2—A2)t (74)

Setting —i’% = ( = re'®, where ( is the complex squeezing parameter

and 7 and ¢ are real numbers. This evolution is equivalent to the

squeezing operator

3(¢) = eS¢ (m1)? ¢4 ¢ (a1)? (75)

In the Heisenberg picture, the time evolution of 7 and M is given

m = %’[H,m] = i[3(m1)2,m] = igm! = (Ml 6)
it = L[H,m1] = (i
The evolution of the field quadrature observables X,, = mj;gﬁ and
B, = m\bﬁzf is thus
X = (X0
e (77)
pm = _gpm
such that
X (t) = X, (0)est
(t) = Kn(0)e -
Pm(t) = Pm(O)e_Ct
and similarily
X, (t) = X, (0)e=¢!
(1) = Ra(0)e -
P, (t) = P,(0)e
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which finally implies

(X7 =Py =%

(Ph) = (X3) = oz

(80)

where R = e”. Thus for R > 1 the mode m is momentum squeezed
and position anti-squeezed, and the opposite for mode n. Indeed, the
standard deviations for the two field quadratures obey the Heisenberg
uncertainty relation (X?2)(P?) = 1, while at the same time one of the
quadratures’ standard deviation is smaller than that of the vacuum,
(XY pae = (P?)pac = % and the other one necessarily bigger.

As modes m and n are hybrid, X, = X“\;;Q’ and P, = ﬁaj;b?

their squeezing corresponds to a two-mode relative position squeezing

and total momentum anti-squeezing in the original basis. In general,
the two-mode squeezed vacuum does not imply squeezing in each
individual mode. On the contrary

(X2+X2) 1r1 R’ 1+R!
5+ 5] (81)

X% = = - _-T
(Xa) 2 2 4R?
which means that (X?2) > % for any R # 1. Indeed, the uncertainty of
individual quadratures increases compared to vacuum, while that of
the difference of position observables as well as the sum of momentum
observables decreases. In the next section, we will see that in the case

of USC ground state, the situation is different.

2.3.2  Single mode squeezing

Another signature of the ultrastrong coupling is the presence of sin-
gle mode squeezing in the output radiation fields of both modes. We
can see this by identifying the two eigenmodes of the system, which
are called polaritons in the case of a genuine light-matter interaction.
The annihilation operators p; and po of the two eigenmodes, defined
as p1 |GS) = P2 |GSS) = 0, can be expressed as linear combinations of
the original operators a,at and b, b

Pra = t1,28 + ug 2b + vy 28" + w1 2B, (82)
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where the coefficients 1 2,41 2, v1 2 and wy o are obtained by diagonal-
izing the Hopfield matrix [66] for the Hamiltonian of Eq.(11). These
coefficients are

VE-295+5
g
o L[ (83)
-
V Nl _1

1

and

v/ (6+2g)6+8 +1
g
1 _7\/(6+351)6+(S +1

P2 = 84
V> 1 (54
1
with eigenvalues
w12 = ((5 + 9)5 (85)

N1 2 are the normalization coefficients, such that the condition |¢; o ]2 +
lu12|* — [v12|* — Jwi2|> = 1 is satisfied, imposed by the commutation
relation for bosonic operators. The expressions of eigenmode opera-
tors and eigenvalues determine validity of our model, that treats the
nonlinear Hamiltonian up to the third order. As a matter of fact, from
Egs. (83) and (85), it can be seen that for the coupling rate larger
than half of the effective mode frequency, g > §/2, the model is not
valid anymore. This limit has also been demonstrated and discussed
in the section 2.1.3 in analogy with mechanical resonators.

The Gaussian ground state |G.S) is fully caracterized by the covari-
ance matrix V = {(2x; + 2;%i)|as) — (Ti)|6s)(T5)|as)} in the basis
{x1, 29, 23,24} = {X4, Pa, Xy, Py} and noise properties of the original
modes a and b in the ground state are given by the elements of the
covariance matrix.

2.3.3 Revealing the ground state correlations

Nevertheless, experimentally evidencing the nature of the ground
state is not straightforward. While the ground state of an ultra-
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strongly coupled system is populated with correlated pairs of pho-
tons, these excitations are virtual and cannot escape from the cavity.
Indeed, owing to the energy conservation requirements, for an input
field in the vacuum state, the output is always in the vacuum state
as well and no radiation is emitted [67].

As a matter of fact, for genuine USC, the outgoing fields are related
to incoming fields by a symplectic matrix U

Qout [W] Ain [W]
tout[~w]T | _ | ain[—]f
bout [W] bin [w]
bout [_W]T bin [_W]T

As all the real excitations of the considered baths have by definition
positive frequency, for w > 0, the outgoing modes simplify to

Aout|w > 0] = urrain|w] + u13bin (W] (86)
and
bout[w > 0] = ugran|w] + ussbin[w] (87)

If both input states are vacuum, then the output is necessarily

vacuum too, because
ain |0) = bin [0) = 0. (88)

It has been theoretically shown that an ancilla two-level system can
be coupled to a bosonic mode ultrastrongly coupled to a bath of two-
level systems, such that its Lamb shift can be used to probe the exotic
ground state in a non-destructive manner [68]. However, in order to
release the bound photons into extra-cavity radiation that can be
experimentally observed, one possible solution is to modulate in time
the coupling rate g between the two modes in a nonadiabatic way [69].
When the interaction is abruptly switched-off, the energy contained
in the virtual excitations of the ground state is released in the form
of real excitations, until the system relaxes into its new ground state,
the vacuum state. This situation is illustrated in Fig. 25a.

This fast-modulation method is analogous to the dynamical Casimir
effect [70], where, if an artificial mirror moves at speed v that is not
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Figure 25: Schemes of three models describing two interacting bosonic
modes that are coupled to an environment, in which a squeezed
field is emitted. (a) In the case of genuine USC, the coupling
needs to be abruptly swiched-off in order to release the ground
field virtual excitations. (b) In the laboratory frame, coupling
rate is time modulated. (c¢) In the rotating frame of the simu-
lation, coupling is constant, but the dissipation rate is non-zero

even at negative frequencies.

negligible compared to the effective speed of light ¢, the field cannot
adjust smoothly and can be non-adiabatically excited out of the vac-
uum. Vacuum fluctuations induce screening currents in mirrors that

emit electromagnetic radiation consisting of real excitations.
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The key is thus in the ultra-fast time modulation which is not easy
to realize experimentally. Furthermore, in physical implementations
of light-matter coupling, measuring the corresponding correlations
between the two output channels of both bosonic modes seems cur-
rently out of reach, since matter excitations, such as in an electron
gas of quantum wells, decay through a non-radiative channel.

This is why an analog quantum simulation is a good candidate to
study the ground state properties of an ultrastrongly coupled system.
Whereas in the laboratory frame the coupling rate is time modulated
(see Fig. 25b), in the rotating frame of the simulation, the coupling
is constant, but due to the shift of the zero frequency in the rotating
frame of the simulation, the coupling to the environment is non-zero
even at negative frequencies (Fig. 25¢). Their contribution to the
emitted field thus cannot be neglected as

Qout [W > 0] = U11Qin [W] + u12bin [W] + ul?ﬂ/in[_w]]L + u14bin[_w]Jr

(89)
and the emitted photon rate is

<aout[_w]Taout [w]> 7é 0. (90)
Effective USC in a rotating frame thus allows access to the emitted
radiation that carries trace of the intracavity field. In the following
chapter, we are going to experimentally characterize both two-mode
and single-mode squeezing in the case of such effective USC realized
with a Josephson Mixer.

2.4 CONCLUSION

The main results of this chapter are:

e Description of a scheme that maps a three-wave mixing de-
vice, such as a Josephson mixer, simultaneously driven with
two pump tones, onto a system of two bosonic modes in the
ultrastrong coupling regime.

e Characterization of properties of the radiation emitted in the
laboratory frame from the ground state of such an effective
ultrastrongly coupled system.
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EXPERIMENTALLY EVIDENCING SIGNATURES
OF THE ULTRASTRONG COUPLING

'If you know where it’s going
it’s not worth doing."

Frank Gehry

In Chapter 2 we have shown that starting from a three wave mix-
ing Hamiltonian in the strong coupling regime, we can build an effec-
tive ultrastrong coupling between two bosonic modes a and b. When
modes a and b are in the vacuum state at the input, the two effective
modes are in their ground state and the output ports are in an un-
usual two-mode state, where each mode is squeezed vacuum, while the
two modes are quantum correlated. Moreover, the predicted squeez-
ing occurs between two propagating modes that are separated both
in space and frequency. In this chapter, we are going to present an
experimental evidence of the predicted ground state properties in the
USC regime.

3.1 SPECTRAL EVIDENCE OF MODE HYBRIDIZATION

The USC simulation frame rotates at frequency wgp 4+ with re-
spect to the laboratory frame (Eq. (39)). Thus the positive and nega-
tive parts of the frequency spectrum in the rotating frame correspond
to measurable noise powers at positive frequencies in the laboratory
frame. We first perform a measurement of the power spectral density
around the effective frequencies —d and 4, i.e. w,p + 0 £6 in the lab-
oratory frame, while tuning the transition from strong to ultrastrong
coupling. As the detuning of the blue pump § defines the resonance
frequencies of the effective modes, it has to be small enough so that
it is possible to reach the effective ultrastrong coupling g < §/2. De-
spite that, it has to be larger than the dissipation rates of the modes,
in order to satisfy the strong coupling condition and be in the band
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resolved regime. Dissipation rates being x, = 27 x 17.6 MHz and
kp = 2 x 21 MHz, we opt for § = 27 x 26 MHz.

SON _ GOFF (19~16W Hz 1) (out|w] ot [w]) (GHz)
O s 07

1.2 12.
0.9 11.
S
<06 8.7
<
03 5.
0. 0.

84 844 848 852 856 8.6 84 8.44 848 852 856 8.6
2 (GHz) 2 (GHz)
2n 2n

(a) (b)

gr (MHz)

Figure 26: (a) Measured power spectral density on the output port of mode
a as a function of frequency w and red pump amplitude Ag in
the proximity of the resonance frequency w, of the mode a. The
coupling of the blue pump is fixed to gg = 27 x 12.6 MHz. (b)
The corresponding mean rate of emitted photons predicted from
the input-output model Eq. (72).

We start by setting the coupling rate of the blue pump to gp =
21 x 12.6 MHz which corresponds to gp = 0.489 for our choice of
6. In this first measurement the red pump is turned off. The spectra
then develop a resonance at w = +9, symmetrically for positive and
negative frequencies in the simulation frame. This resonance occurs at
the transition frequency ¢ of the effectively degenerate modes a and b.
As the coupling rate of the red pump g is turned on and progressively
increased, both the resonance at § and its image at —¢ split into two,
leading to a total of four peaks, as shown in Fig. 27 for mode a and
Fig. 33 for mode b. Note that the two central peaks are much more
pronounced then the external ones. This splitting is equivalent to the
vacuum Rabi splitting in the case of a two level system coupled to
a harmonic oscillator, observed in a physically ultrastrongly coupled
light-matter systems [49, 50, 15].
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Figure 27: (a) Coupling rate gg as a function of the applied pump amplitude
Apg inferred from the mean number of photons emitted from the
mode a calculated with the Eq. (72), matched to the measured
power spectral density shown in (b). Pump amplitude is color
encoded. The deviation from the linear dependence comes in part
from the saturation of the amplifier on the input pump line.

As the splitting increases with gr, two out of four resonance fre-
quencies in the rotating frame shift towards w = 0. This can be seen
as two peaks getting closer to the origin, corresponding to the reso-
nance frequency and its image on the negative part of the spectrum.
When the USC simulation condition is reached, gr >~ gp ~ 0.484, the
two peaks merge at the origin and the resonance occurs at w = 0.
There are no longer four peaks but only three, and the one at the
origin is expected to correspond to the largest amount of two-mode
squeezing [65].

The limit gg = g = g = §/2 corresponds to the maximum cou-
pling that can be obtained between two mechanical oscillators cou-
pled through a spring (see Eq. (18)). For this reason, in the follow-
ing sections we will mainly focus on the physically relevant regime
gB,r < 0/2. At larger pump powers, the higher order terms in the
Josephson Mixer Hamiltonian change the picture anyway.

This observation of a hybridization of the two modes constitutes
a first convincing evidence of the USC regime. The second signature
we will be looking for is the single and two mode squeezing of the
radiation emitted when the system is in its ground state.
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Figure 28: (a) Measured power spectral density on port b as a function of
frequency w and red pump amplitude Ag in the proximity of
the resonance frequency wy of the mode b. (b) Corresponding
expectation value of the photon emission rate calculated from
the input-output model.
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Figure 29: (a) Coupling rate gg as a function of the applied pump amplitude
Ap inferred from the mean number of photons emitted from the
mode b calculated with the Eq. (72), matched to the measured
power spectral density shown in (b). Pump amplitude is color
encoded.

3.2 CHARACTERIZATION OF ENTANGLEMENT AND SQUEEZ-
ING

One way to demonstrate entanglement is to use an entanglement
witness as in ref. [2] where two continuously generated entangled
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modes are recombined on a second Josephson mixer. By measuring
the decrease of the noise at the output of the witness below what is
classically allowed for a separable state, one can infer that the input
state presents entanglement [2, 60].

A more direct approach is to use a fast acquisition board to per-
form a brute-force noise correlation measurement. This strategy con-
sists in recording the distributions of the measurement outcomes of
all four quadratures of the two-mode state at room temperature on
a large number of realizations. The measured photon field statistics
can then be related to generalized quasi-probability distributions and
statistical moments. This method has been used to demonstrate en-
tanglement in a number of experiments [71, 72, 73, 74]. Indeed, by
performing a full joint tomography of the two-mode state, we can in-
fer the covariance matrix, which contains all the information needed
to calculate the amount of single and two-mode squeezing [75]. Two
schemes for field quadrature measurement can be used to characterize
itinerant microwave fields, the homodyne and the heterodyne detec-
tions.

3.2.1 Homodyne detection

In the homodyne detection setup, only one generalized field quadra-
ture Xy = %(floute_w + AT +€9) of the output field A,y is mea-
sured. The cosine component of the field Xy—9 = X can be de-
fined as a position variable and the sine component X,_ z = p
as a momentum variable. Then the detected signal field V() =
X, cos(wat) + Py sin(w,t) is analogically multiplied by a strong ref-
erence tone at the same frequency w, using a microwave mixer. The
reference tone, A, s cos(wat + 0) is provided by a local oscillator (LO).
Therefore by filtering out the high frequency component and measur-
ing the average value of the output voltage, an outcome proportional
to Xy is obtained. Finally by varying the phase 6 of the local os-
cillator, the angle of the quadrature to measure can be chosen such
that the whole phase space is spanned [71]. From the measurement
outcomes, the probability density function P(Xj) for measuring a
particular value of Xy can be deduced. Note that this technique dif-
fers from its counterpart in visible optics where photodiodes are used
instead of voltmeters.
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The goal of quantum state reconstruction is to estimate the density
matrix pgp which characterizes the joint state of the propagating field
modes agy; and byye. This is experimentally achieved by preparing
many times the state that we want to characterize and performing a
set of measurements on these states, which contain information about
diagonal and off-diagonal elements of the joint density matrix pgp.

In the particular case where measured observables are field quadra-
tures, measurement results are directly related to the phase space
distributions such as the Husimi-Q function Q,, (o) = 1 (a|p, |a) or
Wigner function W, («) = %Tr[ei”&T&DT (a)peD(a)]. In the case of
homodyne detection of a single mode, the measured probability den-
sity function, P(Xy) = [dXgir/2W(Xp, Xg1r/2), is the marginal
of the Wigner function W. Wigner function is a quasi-probability
distribution, it is normalized to one, but it is generally non-positive.
Measured P(Xj) are thus projections of the Wigner function which
can be used to reconstruct it by spanning the angle §. A method such
as maximum-likelihood can be used to infer the quantum state from
the Wigner function obtained from a homodyne measurement.

3.2.2  Heterodyne detection

In our experiment we use the heterodyne detection setup, where
the two canonically conjugate field quadratures X and P are mea-
sured simultaneously, so that all the information needed for complete
quantum state reconstruction is acquired. The Husimi-Q function nat-
urally emerges from the heterodyne measurement and generates the
anti-normally ordered moments

(@' (a)") = [ (@*)"a"Q(a). o)

Being the expectation value of an observable, it is a directly mea-
surable quantity. The Q distribution is positive, bounded by 1/
and normalized, [d?aQ(a) = 1. For coherent states, the Husimi-Q
function is a two-dimensional Gaussian distribution with variance 1
centered around the amplitude of the coherent state. Half of these
fluctuations correspond to the intrinsic vacuum fluctuations of the
quantum field, while the other half come from the minimal added

uncertainty when directly measuring a Q function, which requires
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Figure 30: Wigner functions of (a; a statistical mixture state of density ma-
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trix pmig D)
cat state pear = (‘O‘)H*a»z«alﬂ*a‘) for a € {1, 2, 3}. The interfer-
ences around the origin appear as easily distinguishable feature

for the cat state.

and (b) of a coherent superposition

the simultaneous detection of two non-commuting field quadratures
(phase-preserving amplification) [76]. One quadrature can in princi-
ple be measured without added noise (phase-sensitive amplification),
but not both. Note however that no information is lost on the input
state [77].

The state of a single mode of the radiation field belongs to an infi-
nite dimensional Hilbert space. This makes it in principle impossible
to exactly reconstruct any state, because an infinite amount of in-
formation needs to be acquired. Nevertheless, it is often possible to
reduce the relevant state space by measuring a finite set of moments.
For instance, coherent, thermal and squeezed states can all be char-
acterized by a finite set of moments. Actually, all of these states are
Gaussian [78], thus the statistical moments up to the second order de-

61



0.08
0.06
0.04
0.02
0.00

5

0.08
0.06
0.04
0.02
0.00

a=3
-5 0 5
X
a=3
-5 0 5
X

Figure 31: Husimi functions of (a) a statistical mixture state of density

and (b) of a coherent superpo-

matrix ppie = M

sition cat state peqt = (‘a>+‘_a>)2(<a‘+<_a‘) for a € {1,2,3}. Even

though Husimi function is bijective to the density matrix just as
the Wigner function, the distinguishable features are much less
clear. Precision of 1/y/a is needed to distinguish between the

two states.

termine all of their higher order moments. The two-mode phase space

distribution is thus fully determined by the 4 x 4 covariance matrix

V, which describes the joint statistics of the amplitude fluctuations

of the two modes.
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3.2.3 ON-OFF measurements

As microwave frequencies oscillate too rapidly to directly measure
and process the electric field electronically!, another purpose of het-
erodyne mixing is to down shift the signal to a frequency range that
can be resolved by commercial acquisition boards. This can be done
by mixing the signal with a LO reference tone at a slightly detuned
frequency w, + wp. The resulting signal on the output of mode a os-
cillating at frequency wy, can be recorded using an analog to digital
converter (ADC) and numerically demodulated. However, the sensi-
tivity of the ADC is such that it requires large amplitude fields of the
order of Volts, which contain a macroscopic number of photons per
sampling time, so that a linear amplification stage is needed on the
output line. Such an amplification stage necessarily adds some ther-
mal noise which implies that the complex amplitude of the detected
field reads

Aout =V Gchain&out + v Gchain - 1;\” = X + ipv (92)

where Gepain is the gain of the chain of amplifiers and A is an ad-
ditional bosonic mode accounting for the noise added by the chain,
dominated by the noise added by a High Electron Mobility Transis-
tors (HEMT) cryogenic amplifier from Caltech university [79], [80]. In
order to get rid of this uncorrelated noise and extract the tiny signal
corresponding to the quantum microwave field, we are going to use
the ON-OFF subtraction technique as illustrated in Fig. 32.

Signal is recorded with pumps turned on and immediately after
with pumps turned off and this is repeated to acquire measurement
statistics. Finally histogram of values measured with pumps turned
off is subtracted from the one with pumps turned on. This technique
also allows to compensate residual gain fluctuations that are slower
than the measurement repetition rate.

3.2.4  Calibration of the quadrature measurements

In order to demonstrate squeezing and entanglement, it is neces-
sary to calibrate the quadrature measurements. By measuring the

Although owing to technological developments, this is rapidly changing and could
be wrong a few years from now.
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Figure 32: ON-OFF subtraction technique. The detected signal is domi-
nated by added uncorrelated noise (yellow), which hides the
squeezed vacuum (purple) when the pumping is turned ON, or
the vacuum fluctuations (red), when the pumping is turned OFF.

total noise power at the end of the detection setup as a function
of the gain of the Josephson Mixer, the total amplifying chain gain
can be estimated, from the Josephson Mixer input to the measure-
ment apparatus. To verify that the amplifying chain gain is constant
and doesn’t depend on the applied pump amplitudes, we have sent
a strong, far detuned reference tone on the input port and measured
its refection amplitude as a function of different blue and red pump
amplitudes. We found the reflection amplitude to be constant within
0.6 %.
From the Eq. (92), the variance of the detected signal reads [76]

<Aout121(1;ut> = Gchain <&outa'lut> + (Gchain - 1)<7\1Tﬁ> (93)

The variance of the noise bosonic mode A is taken in a thermal state,
whereas the variance of the propagating mode a,,+ depends on the
state of the Josephson Mixer. When the amplification pump is turned
on, the mean value <&0ut&iut> is calculated on a squeezed vacuum
state, while when the pump is turned off, the output mode is in
vacuum. If both input modes are assumed to be in the vacuum, for a

given gain of the Josephson Mixer G jps

(Gour) N = Gar{aimal,) + (Gar = 1)(B],bin) (94)
=Gym
so that
<Aout1[1£ut>ON == GchainGJM + (Gchain - 1)<iLTiL> (95)
= GchainGJM + (Gchain - 1)<]A1T;L> (96)
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On the other hand, when the amplifying pump is turned off, the
variance of the detected signal becomes

(Aot AL VO = Gongin(@inl ) + (Genain — 1) (ATR) (97)
= Gchain -+ (Gchain - 1)<i7’Ti7’>

Finally we can find the gain of the amplification chain

1 - .
_ ON f \OFF
Gchain - m {<A0“tAout> - <AoutAout> ] (98)
20 o 10 . ., L.
15 o 8 o,
5 10 L TG
© 2
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Figure 33: (a) Measured Josephson Mixer gain G jys as a function of ap-
plied pump amplitude Ag. The full line corresponds to expected
gain for the Jospehson Mixer Eq. (99). (b) Determination of the
amplifying chain gain for different values of the amplifying pump
and thus Josephson Mixer gain. We take the mean value of the
values corresponding to Josephson Mixer gains up to 10 dB. For
higher gains, Kerr effect becomes important and it is harder to
estimate the gain properly.

We first measure the gain of the Josephson Mixer Gy using a
Vector Network Analizer (VNA) for different pump amplitudes Ap,
as shown in Fig. 33a. It is reproduced by

14 p?

)?, (99)
where p = ﬁ—i and Ay, is the threshold amplitude. Then, for those
same pump amplitudes, we prepare EPR state and measure the quadra-
tures for the two mode a and b using a fast acquisition card. From
the measurement statistics we determine the variance in ON and OFF

65



state (floutflluQ = (X, X1 + (P,P!). Finally we calculate Gepain =
G, for mode a and Gy for mode b. The estimated amplification chain
gain for the two modes as a function of blue pump amplitudes is
shown in Fig. 33b.

There is an important uncertainty attached to the estimation of
G, and Gp. Although these gains are expected to be independent
of the pump amplitudes as shown by the lack of dependance of the
amplitude of the reflected tone out of resonance, the calculated val-
ues of both G, and G} decrease at high pump amplitudes. It can be
explained by the saturation of room temperature amplifiers by the
strong pump tone. Also, at high gains, close to the parametric oscil-
lation threshold, there is an uncertainty attached to the estimation
of the gain as the Kerr effect becomes important. We thus only take
into account the values obtained at lower pump amplitudes where
amplification is linear. Taking the mean value for Jospehson Mixer
gains up to 10 dB, we obtain G, = 4.15 x 1078 and G}, = 9.25 x 1075.

3.2.5 EPR state

We first calibrate our technique for squeezing detection by prepar-
ing an EPR two-mode squeezed state (Eq.(29)) in the standard res-
onant amplification pumping scheme [2]. By applying just the blue
pump on resonance, the EPR state is created between the propa-
gating modes oy and by Indeed, there are few different ways to
prepare a two-mode squeezed state that are summarized in Table 4.

By mixing a single mode squeezed state with a vacuum state at
the same frequency in a beamsplitter, two spectrally degenerate but
spatially separated entangled fields are created. The two mode squeez-
ing is then limited to 3 dB. In the microwave domain, the squeezed
state can be produced using a Josephson Parametric Amplifier (JPA)
that performs a squeezing operation on the incident vacuum state,
S(€)10), where S(¢) = 28" =38(@1) iy the single mode squeezing
operator. Alternatively, two identical single-mode squeezed states can
be recombined on a beamsplitter in order to increase the amount of
entanglement. For the optical frequencies, squeezing is created in op-
tical parametric oscillators (OPO) that consist of an optical resonator
and a nonlinear crystal that provides a Kerr nonlinearity. Two identi-
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two-mode . spatially non degener-
. spatially degenerate
squeezing ate (EPR)

JPA + BS [73, 81, 82]
NOPO + BS [83, 84]
5q)

single-mode squeez-

spectrally | O>
degenerate 0) |59)
Naa‘sae |5q)
ing
|sq)
Josephson  Mixer [2]
JPA [72]

spectrally

non- ,‘ %% '
degenerate /

Table 4: Different realizations of two mode squeezing.

cal OPOs can thus be driven by the same LO and their output fields
recombined on a beamsplitter in order to create two-mode squeezing.

Moreover, a JPA can be used to create entanglement between two
spatially degenerate but spectrally separated modes [72], as illus-
trated in Table 4. However, the Josephson Mixer is unique in its
ability to create both spectrally and spatially non degenerate two-
mode squeezing. As a matter of fact, when the amplification pump
tone is applied at the sum frequency w, = w, + wyp, with both modes
initially in vacuum state, an EPR pair is generated through sponta-
neous parametric down-conversion and distributed between modes a
and b. As the entangled field continuously leaks out in the propagat-
ing modes ayy: and by, the two propagating modes are entangled as
well.
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In order to determine the elements of the covariance matrix, we de-
tect the four quadrature components and store the marginal distribu-
tions of their values in two-dimensional histograms for the six possible
pairs of components { X, P, }, {Xp, B}, {Xa, Bo }y { X, P}, {Xa, Xp}
and {P,, P,}. For each pair we acquire a reference histogram with the
pump turned OFF, which characterizes the quadrature distribution
of the effective noise mode h (Eq.(92)). This reference histogram is
then subtracted from the histogram acquired with the pump turned
ON [72]. The pulse sequence used in the experiment can be seen in
Fig. 34a.

A square pump pulse is applied at the sum frequency w, = w, +
wp = 27 x 15.0 GHz for 2.5 us. The pump amplitude is set to A, =
0.145 corresponding to the gain of Josephson Mixer G ;3 = 16.15 dB
and the coupling rate gp = 27 x 8.5 MHz. Signal from the outgoing
mode aqy¢ are recorded for 1 us at w, = 27 x 8.5 GHz, and from the
mode byt at wp = 27w x 6.5 GHz. After 2 us, the signal is recorded
with pumps turned off. The whole sequence lasts 10 us and is repeated
108 times. This enables elimination of the low frequency fluctuations
in signal (w < 27 x 100 kHz).

When the pump tone is turned off, measured noise modes are de-
scribed by perfectly circular Gaussian distributions of variance corr,
as can be seen in Fig. 34b. In the histograms with pumps turned on,
there is a tendency that can be recognized between the same quadra-
tures of the two modes a and b, but the signal is however dominated
by the added noise.

On the other hand, the subtraction between all the pairs of his-
tograms exhibits clearly distinguishable features. Sub-systems them-
selves contain no quantum signatures in their self-correlations, but
observed cross-quadrature correlations indicate presence of two-mode
squeezing. This means that although none of the quadratures X,, X,
P,, P, is squeezed itself, quantum correlations are present in the col-
lective variables, and particularly in the relative position X, — X}, and
the total momentum P, + P, which are squeezed below the standard
vacuum limit of g,qe = %.

Actually, for the single mode histograms {X,, P,} and {Xj, Py},
we observe a phase independent increase in the quadrature fluctu-
ations, implying a higher probability to measure larger quadrature
amplitudes. This feature corresponds to the phase-insensitive amplifi-
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cation of the vacuum in each of the individual modes a and b. However,
for the {X,, Xp} and {P,, By} histograms, we find an increase in the
fluctuations along the diagonal, indicated by the positive valued re-
gions in the histogram differences and a decrease in the fluctuations
in the perpendicular direction. Both of these observed features are
characteristic of a two-mode squeezed state.
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Figure 34: (a) Pulse sequence used in the experiment. Measured quadrature
histograms in the EPR state with entangling pump (b) turned
OFF, (c) turned ON and (d) subtraction between ON and OFF
histograms for 6 different quadrature pairs. Each bin is 1 x 1 wide
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3.2.6 Pulsed measurement of the USC ground state

The simulation of the USC requires simultaneous pumping with
a detuned blue pump and a resonant red pump. Phases of the RF
sources that are used to produce these pump tones can drift in time,
and the relative phase acquired over the total duration of a mea-
surement can be non negligible, as a single measurement is repeated
5 x 10° times in order to acquire statistics. A strategy we use to keep
the two pump tones well locked in phase is to create them by mixing
two RF tones produced by two sources whose frequencies are set to
we + A+ 9 and wp — A 4§, such that their sum gives the blue de-
tuned pump wp = wy + wp + 20 and their difference is w, — wp + 2A.
The latter is then mixed with a tone oscillating at 2A created by an
Arbitrary Wave Generator (AWG), in order to pulse the red pump
WR = Wg — Wy, as schematically represented in Fig. 35. The blue pump
is pulsed using an RF switch.

Ow.+ A+ @ 2+9

Wq — wp + 2A

2

Wq + Wy + 20

A+ 8w

RF 69 >
switch ADC

Wg + 0 + dw

wp + 6 + dw’

Figure 35: Heterodyne detection setup used for the pulsed off-resonant
pumping required for the analog USC simulation.
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The purpose of the offset A is to avoid a possible leakage of the
LO tone at w,yp + 6 into the system, because it could interfere with
the output field which is at the same frequency as the one at which
the field is expected to be squeezed. The offset A thus has to be large
enough to avoid the risk of interference with the signal, but small
enough to be in the bandwidth of the ADC, because as we will see,
it will set the heterodyning frequency.

The field is predicted to be maximally squeezed at frequency wq +
0 in the laboratory frame, corresponding to w = 0 in the analog
simulation frame. For instance, for the mode a, the outgoing signal
at frequency wg + 9 is multiplied by a LO tone at w, +d + A, so that
the resulting signal carrier oscillates at A = 27 x 125 MHz. Since the
observables X, = Re[aoy] and P, = Im[d,y] associated with these
quadratures do not commute, the signal needs to be split in two parts
so that the quadratures are detected separately.

3.2.7 Emission radiation of the USC ground state

The covariance matrix V = {(z;z; + z;2:)|as) — (%4)|as)(T5)|as) }
in the basis {21, x2, 3,24} = {Xa, Pa, Xp, Py} can be put in the form

Y — 0; X (100)
X B
where 2 x 2 matrices a and [ are single-mode covariance matrices

for modes a and b. They can be independently diagonalized, so that

we can determine the amount of squeezing of each of the propagating

min max min

max
a ) Ua )

modes gyt and by, from their eigenvalues o , 0" and o}
In order to quantify the squeezing and check that the variance of the
squeezed quadrature decreases bellow that of the vacuum fluctuations,

we use the measure of squeezing

o.min
ab ( 90FF _ 4 )
|: Gchain Gchain vac :|

min

Ta7b =10 1Og10

(101)

Ovac

where oyqc = % is the variance of the vacuum fluctuations and oppr
is the variance of the detected signal when the pumps are turned
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off. Note that gOhF £ — oyac corresponds to the noise added by the

amplification chain referred to the input. It is subtracted from the

variance of the measured signal in order to recover the variance of
the propagating field before the noisy amplifying chain.

Subtracted histograms for the USC interaction turned ON and
OFF, shown in Fig. 36b are radically different than in the case of
the EPR state, shown in Fig. 34. In the ground state of the effective
USC, correlations are present both between the two quadratures of
each of the modes a and b, as well as between the two modes.

We can study the transition from strong to ultrastrong coupling
regime by measuring single-mode and two-mode squeezing as a func-
tion of the applied pump amplitudes.

3.2.7.1 Single mode squeezing

We have measured the single-mode squeezing for both modes a
and b, for coupling rates of the blue and the red pump going from
0 to 6/2. For each pair of pump amplitudes, 10° measurements of
the field quadratures were performed, each measurement followed by
the reference measurement with pumps turned off. Finally, from mea-
sured quadrature distributions, squeezing parameter r%” is deduced
for each pair of pump amplitudes. It is shown in Fig. 37 as a function
of coupling rates of the two pumps.

Since bandwidths of modes given by dissipation rates x,; are not
negligible compared to the detuning 4, when only the blue pump is
applied, the process resembles the creation of an EPR state. When
the other mode is traced out, the density matrix describing each
of the subsystems is that of a thermal state. Their variances are
thus increased compared to that of the vacuum, and the squeezing
parameter is positive. This corresponds to the red region in each of
the plots in Fig. 37.

However, when the amplitude of the red pump is progressively
increased, the noise in one field quadrature progressively decreases,
reaching the squeezing of —1 dB for the mode a and —2.5 dB (Fig. 37a)
for the mode b (Fig. 37a). This asymmetry is due to the difference
between the dissipation rates of the two modes, k,/27 = 17.6 MHz
and kp/2m = 25 MHz, and is reproduced by theory (Fig. 37c, 37d).
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Figure 36: (a) Pulse sequence used for the ON-OFF subtraction. (b) Sub-
tracted histograms with USC interaction turned ON and OFF
for 6 different quadrature pairs in the ground state. Correlations
are visible both on the single mode quadratures and between the
two delocalized propagating modes. Bins are 1 x 1 wide and the
color bars are expressed in number of counts.

The antisqueezing of the conjugate quadrature in the basis that
diagonalizes single-mode covariance matrices o and 3 reads

max
o—a,b

G (SOFF - Uvac)
,,,,;T}gil‘ — 10 logl(] |: chain O-Cha,zn :| (102)
vac

74



| | mzn dB mzn dB)
100

[ I 05
8t

N N
T | T
S5 % 6
5 m 5
S 4 S 4
: i
o ,

0 2 4 6 0 2
gB/ZTT(MHZ) gB/2rr MHz
(a) (b)
! : mzn [ 1 min
[ o dB
10 10, b 1( )
N 5
I T [ 0
S 6 2 g
K E
N ]
& &, R
2_
-2
0 .‘ ———
0 2 4 0 2 4 6 8 10
gsl2rt (MHz gs/2rt (MHz)
(c) (d)

Figure 37: Measured single-mode squeezing on modes a (a) and b (b).
Squeezing parameter 77" in dB is plotted as a function of pump
coupling rates gp and gr determined from noise measurements
(see Fig. 20 and Fig. 29a). (c) Corresponding predicted single-

mode squeezing from input-output theory for the mode a and
(d) for the mode b.

It is shown in Fig. 38, as a function of coupling rates gp and ggr of
the two pumps. When only the conversion pump is turned on, the
variance remains constant as both modes are in vacuum. When the
amplifying pump is turned on, there is more noise added to the mode

b than to the mode a, because it is more coupled to the transmission
line.
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Figure 38: Measured single mode anti-squeezing on modes a (a) and b (b).

Antisqueezing parameter r

5% in dB is plotted as a function of

pump coupling rates gg and gr determined from noise measure-
ments Fig. 20 and Fig. 29a. (c) Predicted antisqueezing from
input-output theory for the mode a and (d) for the mode b.
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3.2.7.2  Two-mode squeezing

Two-mode squeezing can be characterized by considering the vari-
ance of collective variables such as X, — X3, X, + Xy, P, — P, and
P, 4+ P,. Measured variances of the total momentum and relative posi-
tion are shown in Fig. 39, together with expected variances calculated
in the quantum Langevin equation formalism. Similarly, measured
variances and their expectations for the complementary antisqueezed
collective quadratures, that is relative momentum and total position,
are shown in Fig. 40.

10 <(Pa + Pb)2> (X Xb
0
8
¥ -0 N
S 6 1 é 6
& 02§
T 4 1 T 4
-0.3
2
0 -0.4
0 2 4 6
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5 (P N B T (X — X0)?)
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S g s 5 |
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Figure 39: (a) Measured variance of the total momentum and (b) of the
relative position. (¢) and (d) Expectation values for the variances
of the collective squeezed variables calculated using the input-
output theory. Note that there is more squeezing in the total
momentum than in the relative position.

The determination of a squeezing parameter is highly sensitive to
gains G, and Gp of the amplification setups. The uncertainty on
their exact values at high pump amplitudes thus leads to a large
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Figure 40: (a) Measured variance of the total position and (b) of the relative
momentum. (¢) and (d) Expectation values for the variances of
the collective antisqueezed variables calculated using the input-
output theory.

uncertainty on the squeezing parameter. In practice, the calculated
squeezing parameter takes imaginary values for some high values of
the pump amplitudes. We have checked however that even with the
least favorable values for G, and Gy, the variance of the squeezed
collective variables goes bellow that of the vacuum fluctuations.
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3.3 QUADRATURE RESOLVED SPECTROSCOPY

In this section we present an improvement on the measured power
spectral density as shown in Fig. 29b, where the noise is measured
separately for each quadrature of the field as a function of frequency.
Characteristic features are predicted for the dependence of the sin-
gle mode squeezing parameter as a function of frequency, which this
measurement aims at demonstrating.

In order to measure the noise on a particular quadrature at a given
frequency dw in the simulation frame (w, + d 4+ dw in the lab frame
for port a), we first numerically demodulate the signal on a port
at the level of the ADC at frequency A — dw (see Fig. 35) for two
orthogonal quadratures, say x and y. With a varying frequency, the
phase reference is ill defined but it is possible to calculate the variance
o(0) = (cos(0)x +sin(f)y)? for any phase 6. In Fig. 41, we show the
maximal and minimal variances o(f) as a function of frequency re-
ferred to the variance obtained with the pump turned off (0 dB). We
have checked that minimal and maximal variances are obtained for

orthogonal quadratures as expected for Gaussian states. This proce-
dure is equivalent to calculating the eigenvalues of the full covariance
matrix in the measurement basis x4 and ¥, for a and b modes.

In Fig. 41, we show the measured and predicted variances as a
function of frequency for two values of the blue pump amplitude
in a regime where gp < §/2. Below vacuum squeezing (omin < 1)
can be observed over a range of frequencies comparable to 2§ and
a characteristic bump can be observed over the same bandwidth for

the antisqueezing component (omax)-
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Figure 41: Measured minimum and maximum variance i, and omqez as
a function of frequency dw in the proximity of the origin of the
rotating frame, corresponding to w, + ¢ in the laboratory frame.
Figures (a) and (b) correspond to two different values of the
coupling rate of the blue pump gg. Full line corresponds to the
expectation values calculated using the input-output theory.

3.4 CONCLUSION

The main results of this chapter are:

e Spectroscopic detection of frequency splitting as a function of
coupling rate, with demonstrated coupling rates g of the order
of the effective frequencies 4.

¢ Measurement of quadrature statistics for the emitted radiation
in the effective ultrastrong coupling regime and detection of
both the single mode and the two mode squeezing that go below
the variance of the vacuum fluctuations.

e Measurement of single mode quadrature squeezing and anti-
squeezing as a function of frequency.
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Part 11

QUANTUM NODE






QUANTUM NODE FOR QUANTUM
INFORMATION PROCESSING

"The day science begins to
study non-physical
phenomena, it will make
more progress in one decade
than in all the previous
centuries of its existence."

Nikola Tesla

Building a large scale quantum computer capable of performing
fault tolerant quantum information processing requires long coher-
ence lifetime of quantum bits. To extend the lifetimes, the best solu-
tion known up to date is the quantum error correction (QEC) [85, 86].
It requires errors to be sparse, below a certain threshold, so that they
can be identified and corrected. This threshold and thus the efficiency
and complexity of QEC depend on the circuit architectures.

One of the most popular architectures, inspired by that of classi-
cal processors, are stabilizer codes. The idea here is to redundantly
encode information in a register consisting of many qubits and thus
offering a large Hilbert space. A particular stabilizer code, called a sur-
face code, is commonly adopted with superconducting circuits [87, 88].
The main challenge with this architecture consists in building a pro-
cessor with 100 or even 1000 qubits, which is beyond the current state
of the art, as well as monitoring all the decoherence channels brought
by every qubit in order to detect the error syndromes.

An alternative is a modular architecture consisting of smaller in-
terconnected registers. Each register should contain a memory qubit
that stores the signal and performs local error correction, and commu-
nication qubits that interact with other modules [7]. Modular quan-
tum networks are expected to have reduced undesired cross-talk and
minimize error propagation [89]. Theoretical work has shown that
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relatively high threshold for error rates within each module can be
tolerated even with noisy quantum communication channels [90].

A promising implementation of modular architecture for a future
quantum network is based on quantum nodes connected through pho-
tonic channels [91]. Thanks to their rapid propagation and the ability
to be guided through optical fibres with limited loss, optical photons
are good candidates for communicating quantum information over
long distances. Superconducting qubits on the other hand, have much
smaller energy level separations, so that they couple to microwave
photons. This qualifies them as a candidate for building a microwave
quantum network.

In such quantum network composed of many quantum nodes and
channels, quantum interconnects are essential to reversibly convert
quantum states from one physical system to another [89]. A mi-
crowave quantum node should generate and distribute microwave
entangled fields while enabling control of their emission and recep-
tion over time [22]. This second functionality is that of a quantum
memory.

In this chapter we will first review different existing implementa-
tions of a microwave quantum node with various long lived hybrid
systems and we will in particular focus on the use of microwave res-
onators as quantum memories. Then, we will explain how coupling
such a memory resonator to a qubit can enable preparation of arbi-
trary quantum states, as well as their readout. Finally, we will show
how a microwave quantum node can be implemented using microwave
resonators coupled through a Josephson ring modulator, a device
called Josephson Parametric Converter.

4.1 MICROWAVE QUANTUM NODES: STATE OF THE ART

Coupling of microwaves to various systems has been demonstrated
over the past few years. By consequence, different hybrid systems
have been developed by coupling Josephson circuits to highly coherent
systems for quantum state storage. Some examples are summed up
in Table 5. We will briefly review the most promising ones.
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system experiment ts
NV centers ~ 200 ns
. Stgtic field
magnons VIG sphere Fheatic : » ~ 700 ns
mechanical
93 ~ 90 us
resonator [ ]
AIN (piezoelectric)
phonon h =420 um
mode — >
l ’ I qubit electric field
piezoelectric s
94 17 us
resonator [ ]
coaxial
N4 [95] 1.33 ms
resonator

Table 5: Examples of experimental realizations of a microwave quantum
memory with different physical systems.
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4.1.1 Spin ensemble memories

Spin ensemble based quantum memories for superconducting qubits
were built both at CEA Saclay [35] and Atsugi in Japan [36] by cou-
pling a superconducting qubit to a spin ensemble of Nitrogen Va-
cancy (NV) centers in diamond. Although the coupling rate g of one
individual microscopic system, such as a single NV spin, to a super-
conducting circuit is too weak for quantum information applications
1 ensemble of N such systems is enhanced by collective effects and
coupled at a rate v/ Ng. In the low excitation limit this collective
variable behaves as a harmonic oscillator, which enables coherent ex-
change of a single quantum of energy between the qubit and the
macroscopic ensemble of NV centers. Any arbitrary quantum state of
the microwave field can thus be mapped on the coherent state of the
spin ensemble. However, the storage time of this memory is limited
by two phenomena. On one side the electronic spin of the NV cen-
ter is coupled through the hyperfine interaction to the nuclear spin
of 1Y N. This hyperfine structure causes an interference effect result-
ing in short spin dephasing times, ultimately limiting the fidelity of
the memory storage-retrieval process. On the other side, each indi-
vidual spin experiences a different local magnetic environment which
results in an inhomogeneous broadening of the spin ensemble reso-
nance. Clever manipulations can however use these effects to realize
multimode storage [97].

Finally, although the collective coupling in enhanced with the num-
ber of spins N, when this number becomes important, the spin-spin
interactions degrade the coherence time. A trade off thus needs to be
made on the number of spins between large coupling and long coher-
ence times. An alternative and counterintuitive approach consists in
introducing a strong exchange between the neighboring spins and is
adopted with ferromagnetic magnons.

4.1.2  Ferromagnetic magnons memories

Magnons are quanta of collective excitation modes in ordered spin
systems such as a ferromagnets. In ordered systems, the spin dynam-

Although works in this direction are very promising [96].
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ics is dominated by the strong spin-spin exchange and dipolar inter-
actions. This results in narrow linewidth magnetostatic modes which
are thus good candidates for high quality long lived quantum memo-
ries. In the Tokyo group, strong coherent coupling has been realized
between a single magnon excitation of a yttrium iron garnet (YIG)
ferromagnet and a superconducting qubit, mediated by the virtual
photon excitation of a microwave cavity [92].

Recently, a big step was made towards encoding the state of a
qubit into a superposition of magnon coherent states in a magne-
tostatic mode, when strong dispersive regime was demonstrated in
quantum magnonics [98]. Moreover, bidirectional conversion has been
realized between microwave and optical photons in macroscopic YIG
sphere [99]. This opened the path towards the transfer of quantum
states between superconducting qubits and photons in optical fibers,
even tough the maximum achieved photon conversion efficiency was
quite small, of the order of 10719, As a matter of fact, frequency con-
version of electromagnetic field requires some nonlinear interaction,
such as X(2) nonlinearity in ferroelectric crystals like LN and KTP, or
Josephson nonlinearity in parametric amplifiers based on Josephson
junctions. In the case of the conversion from microwave to optical
photons, the difficulty is that the nonlinearity is often small.

The YIG based converter consists of a microwave cavity and a mag-
netostatic mode called the Kittel mode, that are strongly coupled.
An itinerant microwave field mode is then coupled to the converter
through the microwave cavity mode, whereas a traveling optical field
mode is coupled to the converter through the Kittel mode. The lim-
iting factor for the conversion efficiency is the small magnon-light
coupling.

In the following section, we will review the currently most efficient
and promising platform for quantum transducers between spectrally
distant frequency domains, that is based on optomechanical devices.

4.1.3 Hybrid Optomechanical Quantum Node

Since the quantum ground state cooling of mechanical resonators
has been demonstrated in 2011 at Boulder [100] and at Pasadena
[101], optomechanical systems have entered the scene of possible
building blocks for quantum information processing networks.
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Figure 42: Hybrid optomechanical quantum node is composed of a mechan-
ical oscillator that is simultaneously coupled to an optical and
a microwave cavity, thus allowing entanglement distribution and
quantum states conversion across the through different ranges of
electromagnetic spectrum.

Optomechanical coupling is mediated by the radiation pressure ex-
erted by the light on a mechanical resonator. The interaction is thus
proportional to the number of photons in the cavity and to the me-
chanical displacement, such that the interaction Hamiltonian reads

Hipy = hgata(b+ b1, (103)

where @ is the annihilation operator for microwave cavity photons
and b is the annihilation operator for mechanical phonons, such that
the position of the mechanical resonator is defined as & = a:zpf(I; +
BT). The strong coherent field @ can be split in the average coherent
amplitude (d) = « and the fluctuating term da

a = (a) + da, (104)

so that the Hamiltonian can be linearized

Hipe = hg(a+6a)(a + 6a)(b+b) (105)

and then expended in powers of a. The |a|? term is an offset coming
2

from the average radiation pressure (F) = %. Assuming that

a = /N is real and neglecting the second order term in daféa, the

Hamiltonian finally reads

Hiny = hgV'N (60" + 6a) (b + bY). (106)
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The cavity is driven at w, + A, where w, is the resonance frequency of
the optical cavity and A is the detuning of the laser to the cavity. If the
detuning is set to the frequency of the mechanical mode, A = wy, the
interaction Hamiltonian simplifies to the parametric down-conversion
Hamiltonian

e = TigV'N(6aTb + 5ab), (107)

equivalent to the parametric amplification Hamiltonian of the Joseph-
son Ring Modulator. Similarly, by setting the detuning to A = —wy,
the beam-splitter Hamiltonian is obtained

Hys = hgV'N (64" + sab"), (108)

equivalent to the parametric conversion of the Josephson Ring Mod-
ulator.

The two necessary requirements for a quantum node are thus ful-
filled and their implementation was experimentally demonstrated, the
entanglement distribution [74] and the coherent state transfer be-
tween the microwaves and the mechanical resonator [93, 102]. Fur-
thermore, as mechanical oscillators combine high quality factors with
low resonance frequencies, they are a promising candidate for long
lived quantum memories.

Similarly to magnons, phonons in nanomechanical devices are spa-
tially extended collective excitations that interact coherently both
with microwave and optical degrees of freedom. The Boulder group
demonstrated record conversion efficiency of 0.1 between microwaves
and optical photons on a bandwidth of 30 kHz [103].

Finally, piezoelectric materials can be used to achieve strong cou-
pling between single electrical and mechanical excitations. Recently,
the Yale group has demonstrated strong coupling between a supercon-
ducting qubit and the phonon modes of an acoustic wave resonator
using an aluminum nitride (AIN) piezoelectric transducer [94].

4.1.4 Microwave cavities
A straightforward approach for a quantum node design is a full mi-

crowave architecture, where a superconducting microwave resonator
is used for quantum state storage. Indeed, superconducting resonators
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have a very weak Kerr effect nonlinearity and are orders of magni-
tude more frequency tunable then mechanical resonators. They are
also routinely coupled to superconducting qubits and have small in-
trinsic losses.

There are two broad categories of superconducting microwave res-
onators, 2D planar on chip resonators and 3D cavities. They will
be analyzed in more details in the section 4.2. Quantum memories
have been realized with both 2D and 3D microwave resonators. Pla-
nar microwave resonator memories were realized at UCSB [104] and
at Chalmers [105]. In both cases, tunable coupling was integrated
through a superconducting quantum interference device (SQUID),
whose inductance can be controlled by an externally applied mag-
netic flux bias.

The Yale group has recently developed a robust 3D architecture
based on a A\/4 coaxial section [95]. Thanks to a design that does
not involve connecting parts with seams, which were identified as the
main source of losses and decoherence, it has enabled reaching record
storage time of a ms. Note that in another context, microwave cavities
reach a fraction of a second lifetime in CQED [106].

4.2 MICROWAVE RESONATORS
4.2.1 Planar microwave resonators

In planar resonators, photons are confined in one dimension and
travel along a transmission line. The transverse dimension can be
much smaller than the wavelength, which enables very strong cou-
pling to mesoscopic objects.

Planar resonators come in several geometries. For the samples used
in the experiments described in this thesis we used microstrip and
coplanar waveguide (CPW) geometries. Microstrip transmission lines
consist of a conductive strip of width w and thickness ¢ and a wider
ground plane, separated by a dielectric substrate of height h and
relative permittivity €., as shown in Fig. 43 (a). When w < h, an
approximate expression for the characteristic impedance of microstrip

transmission line [107] is

T 1n(8h+0.25w>, (109)
Veerf w h
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Figure 43: (a) Schematic of the microstrip geometry. Side view is shown
on the left and the top view on the right. White area is the
substrate and red areas are superconducting films. (b) Schematic
of the CPW geometry. These systems are microwave analogs of
a Fabry-Perot cavity, where the cuts in the central conductor
play the role of mirrors. The size of the cut, that is the value of
capacitance, determines the transparence of the mirror.

where the effective dielectric constant is

e+1 e —1

w
eeff: 9 + 9 -

2 (110)

[(1+ 12%)—% +0.04(

As some of the field lines are in the dielectric region and some are
air

ar =1, the effective dielectric constant satisfies

in the air, and €
1 <eéepr <er. (111)

CPW transmission line consists of a conductor separated from a
pair of equidistant ground planes on the two sides, all on the same
side of the substrate. The substrate should be thick enough so that
electromagnetic fields die out before they get out of it.

For both microstrip and CPW, the resonator is created by inter-
rupting the transmission line which creates the impedance discontinu-
ities. This causes microwaves to reflect, like in a Fabry-Perot cavity.
The fundamental mode is a A/2 mode, corresponding to the length
of the resonator equal to half of the wavelength. These are thus dis-
tributed resonators, their size is comparable to their wavelength.

By opposition, lumped or compact resonators are much smaller
then the resonance wavelength. Typically they consist of a largely
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inductive region in parallel with a largely capacitive region. Induc-
tance can take shape of a very thin wire, while compact capacitor
can be build of two large plates separated by a dielectric, or by two
interdigitated comb structures.

The main limitation of all the planar architectures comes from
the fact that they concentrate the electromagnetic energy near the
surface of the dielectric substrate which induces losses and limits the
coherence times [108, 109, 110, 111]. Various defects in amorphous
dielectric material act as macroscopic two-level systems and induce
discrete dissipation mechanisms. To increase the quality factor of the
resonator, one strategy is to store the energy in the air. This can be
done with three dimensional rectangular waveguide resonators.

4.2.2  Rectangular waveguide microwave resonators

Alternatively, microwave resonators can be realized as cavities in
bulk metal such as copper or aluminum. The electric and magnetic
fields are then stored inside of the cavity and coupling is realized
through a small aperture in the cavity wall. The resonant modes of
a rectangular cavity are transverse electrical TE,,,; and transverse
magnetic TM,,,,,; modes, where the indices m, n, [ refer to the number
of variations in the standing wave pattern in directions x,y, z. For
a cavity of dimensions a X b x d, as in the Fig. 44, the resonance
frequency for TE,,,; mode is

fonmt = W¢(T>2+<T)2+<Z>2. (112)
If d < b < a, the lowest frequency resonant mode will be TE;1¢, which
is typically chosen to be the memory mode in our experiments.

The 3D resonators have the advantage of reaching very high qual-
ity factors, enabling storage times almost of the order of seconds
[106]. However, their coherence was observed to decrease by orders of
magnitude when they are coupled to planar superconducting circuits
[112, 6], which introduce additional dissipation mechanisms such as
substrate loss and mechanical instability. Most importantly, 3D cavi-
ties have to be assembled from parts in order to allow for integration
of Josephson junction based circuits on chips. This introduces dissi-
pative seams that have been identified as a main source of dissipation
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Figure 44: TE119 mode of a rectangular waveguide cavity.

[113, 114]. Our experiments have confirmed this, as it will be discussed
in Section 5.6.

4.2.3 FEquivalent LC resonator

Independently of their planar or 3D implementation, the fundamen-
tal mode of microwave resonators can be represented by the equiva-
lent LC circuit shown in Fig. 45. The Hamiltonian of the equivalent
dissipationless LC circuit reads

~2 22
Vot q o

_ [ 11
5c Tar (113)

where flux operator ¢ and charge operator § are conjugate observables
and satisfy the commutation relation

[6,4] = ih. (114)

Thus by defining the annihilation operator

1, %
o= i g 115
0=\ gmz i (115)

the Hamiltonian (113) can be quantized into the Hamiltonian of the

quantum harmonic oscillator

1

H = hwo(ala + 3): (116)

of resonance frequency wy = 1/+/LC and characteristic impedance

Zy = % as shown in Fig. 45.
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Figure 45: (a) LC resonator equivalent of the microwave cavity mode. ¢ is
the magnetic flux threading the inductor and q is the charge on
the electrode of the capacitor. (b) The energy dispersion of this
system is that of a quantum harmonic oscillator.

As quantum harmonic oscillator has an infinite dimensional Hilbert
state, it can be used for redundant quantum information encoding
[24]. Using a microwave cavity mode for a microwave quantum mem-
ory, rather then a multiqubit register, presents other advantages as
well. Contrary to adding more qubits to a register, the number of de-
coherence channels does not increase when more photons are added
to the cavity.

On the other hand, a linear system such as a harmonic oscillator
allows only the preparation of coherent states using classical drives. In
the following section, we will explain how resonantly coupling a qubit
to a microwave resonator allows to gain controllability over it and
prepare arbitrary quantum states. We will also present two models
used to describe the system of a qubit coupled to a cavity mode and
make predictions of the system parameters relevant for the design of

the experiment.

4.3 COUPLING A QUBIT TO A CAVITY
4.3.1  Transmon qubit

Superconducting qubits are based on Josephson junctions, made of
two superconducting electrodes separated by a thin insulating layer,
that allows the Cooper pairs to tunnel through. In our experiments,
we use aluminum that is a superconductor at temperatures bellow 1K
and whose oxyde, AlyOg3, is an insulator used for the tunnel barrier.
For fabrication details, see section 8. Transmon is a type of super-
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conducting qubit that consists of a single small Josephson junction

between two capacitive antennas. It is described by the Hamiltonian

A

H = 4Ec (7 —ny)* — Ejcos), (117)

where § = % is the dimensionless superconducting phase difference

and 7 is the excess number of Cooper pairs on one of the electrodes.
The charge energy reads

Ec = (118)

2C"
where C'is the total capacitance between the electrodes and ng is the
offset pair charge. This Hamiltonian can be expanded to

. 52 .
H:4Ec(ﬁ—ng)2—|—EJ5+Hl, (119)
where H, is the purely nonlinear perturbation that reads to the fourth
order
N EJ 24
Hy = ——0". 12
=7 (120)

Josephson junction is equivalent to a nonlinear inductor of induc-
tance Ly = %2;7 where E; is the Josephson energy. Transmon qubit
can thus be represented by an equivalent LC circuit shown in Fig. 46.
It is the electrical equivalent of the harmonic oscillator, but the non-
linearity of the inductance makes its energy levels anharmonic, i.e.
not regularly spaced.

Hamiltonian (117) describes a general Cooper Pair Box (CPB)
qubit. Coherence times of qubits are limited by either dissipation
Ty or dephasing Ty. Dissipation sets the limit 75 = 277 on coherence
time, but supplementary decoherence channels coming from charge,
flux or current fluctuations prevent this limit from being reached, so
that in general T%) = ﬁ + T%. The main source of decoherence for
CPB qubits is the charge noise coming from the fluctuations of the
charge offset ny. A transmon is a CPB qubit with a significantly in-
creased ratio of Josephson energy and charging energy g—C’ ~ 40— 100,
which results in drastically decreased sensitivity to the charge noise
and improved coherence time [115, 116], making it one of the favorite
qubit flavors for quantum information applications.
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Figure 46: (a) Equivalent LC circuit of a Josephson junction. Transmon
qubit is obtained by shunting the junction with a large capaci-
tor formed by two big superconducting antennas. (b) Transmon
energy levels in its electromagnetic phase potential.

However, the gain in the charge noise insensitivity is paid by the
loss of anharmonicity. The anharmonicity of the qubit, o = wey — wye
is essential to reduce the many-level system to a quantum two level
system that can be selectively addressed.

It stems from the perturbative treatment of Hamiltonain (117),
that the anharmonicity to the leading order is given by the charge en-

&)—l

a 3.

ergy, ha ~ E¢ and the relative anharmonicity o, = By ™ ( o

The loss in anharmonicity is thus described only by a weak power law

in g—é, so that there is an attainable regime where the anharmonicity
is much larger then the linewidth given by the dissipation. This is the

transmon regime.

4.3.2 3D transmon

The integration of a transmon in a 3D resonator was done simi-
larly to the design developed by Paik et al. [117]. The so called 3D
transmon has become very popular as its coherence time is increased
by an order of magnitude compared to a qubit coupled to a planar
resonator. This is due to the fact that 3D cavities have larger mode
volumes than the planar ones, which results in reduced energy stor-
age in lossy materials such as dielectric substrates. By consequence,
the qubit is less sensitive to the poor dielectric quality of the surfaces
and material interfaces.

On the other hand, the electric field created by a single photon
is reduced compared to the more confined planar architecture, which
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makes it more challenging to reach the strong coupling. This is solved
by making the electrodes of the qubit significantly larger than in a
conventional 2D transmon qubit, so that the dipole moment of the
qubit is increased. Usually the qubit is placed in the center of the
cavity, at the antinode of the TE 19 mode, so that their coupling is
maximized. This minimizes the coupling to the mode TE9y as well,
as it has an antinode in the center of the cavity.

4.4 TRANSMON COUPLED TO A CAVITY

Strictly speaking, transmon in a cavity is a weakly nonlinear mode
coupled to a continuum of cavity modes. Whereas the CPB Hamil-
tonian (117) is exactly solvable in terms of Mathieu functions [115],
approximations have to be made to find solutions when it is coupled
to a discretized environment. Traditionally, the approximation that
is made is single mode Jaynes-Cummings method.

4.4.1  Jaynes-Cummings method in the strong dispersive coupling

limit

Jaynes-Cummings method consists in considering an infinitely an-
harmonic transmon, such that it can be modeled by a pure two-level
system, coupled to a single cavity mode. In other words, a supposi-
tion is made that all the other cavity modes are far detuned and can
be neglected. The system is then described by the Jaynes-Cummings
Hamiltonian (10), that in the dispersive limit [115], wa —wq > g
simplifies to

A = hwaala+ h%&z — hxalale) (e|, (121)

where w, is the frequency of the fundamental cavity mode, wq is the
qubit frequency, g is their coupling rate and x is the dispersive shift
or cavity pull. For a true two-level qubit,

2

g
=< 122
X A’ (122)
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where we have introduced the detuning A = wg —w,. On the other
hand, for the transmon qubit which is only weakly anharmonic [115],
the dispersive shift reads
B 2¢° 20
XT A Ao

Qubit and cavity modes are entangled through the cross-Kerr term

(123)

—hxa'ale) {e| in the Hamiltonian (121), which can be rewritten as
w A

7‘102, (124)
where the first term shows that the cavity frequency depends on the
state of the qubit,

A = hala(ws — xle) (e]) + R

wd = w, for qubit in state |g)

(125)

wE =w, —x for qubit in state|e) ,

and can be used for the purpose of qubit readout. Furthermore, by
putting Hamiltonian (121) in the form

A = hwdla+ 1=l |g) (9] = h(=L + xa'a) le) (el (126)

we can see that the frequency of the qubit as well depends on the
mean number of photons in the cavity (afa), which can be used for
the photon number counting or cavity state readout. For instance,
when the cavity is in the Fock state |n), frequency of the qubit is

Wy = wg — nX. (127)

The qubit and cavity lifetimes are related as well through the Pur-
cell effect, that corresponds to the relaxation of the qubit by the
emission of a photon in the cavity, that is afterwards emitted in the
cavity dissipation channels. In the perturbative treatment of Hamilto-
nian (121), expanding in powers of , the Purcell rate for dispersive
decay is found to be

g2
N, Purcell = H?a (128)

where k is the average photon loss rate of the cavity. The Purcell rate
sets the bound on the relaxation time 7} of the qubit

1
T =

V1, Purcell + V1,non radiative
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where Y1 non radiative cOrresponds to other decoherence channels of the
qubit. This approximation gives an excellent estimation in the case
of a single-mode cavity, but 3D cavity has many independent spatial
modes that can couple strongly to the qubit and induce its decay. In
particular, the single mode approximation was shown to break down
at qubit frequencies larger then the cavity frequency where measured
times T deviate considerably from those predicted by Eq. (128) [118].

We can conclude that for strong couplings, the interaction with the
higher excited states of the transmon and other cavity modes has to
be accounted for.

4.4.2 Black Box Quantization (BBQ)

An alternative method, called the Black Box Quantization method
(BBQ), was developed at Yale by Nigg et al. [119]. Within this ap-
proach, the electromagnetic environment of the qubit is treated as
a linearized system of harmonic oscillators. The impedance of the
linear part of the circuit, including the linear part of the Josephson
inductance is

M 1 1\
Z(w) = (ij 4+ —+ ) , (130)
pz_:l b JjwL, R,
where M is the number of modes and j = —i. Resonance frequencies

of the linear circuit are then found as the real parts of the zeros of
the admittance Y (w) = Z(w)~!. The Hamiltonian of the total circuit

including the Josephson junction is

N R R 1 R
H= Z hwpiy + Z Ay, + 3 Z X ppr Top Ty (131)
p P pp’
where 7, = &;&p is the number operator for the mode p and A,

is the correction to the Lamb shift for the mode frequencies. The
oscillators inherit some anharmonicity from the Josephson junction,
so that presence of photons in the mode p shifts the frequencies of
the modes p’ through dispersive shift

Xpp' = 2/XppXp/p's (132)

where X,y = o, is the anharmonicity of the mode p given by

L,Cy
Qp = Xpp = _fiFEC- (133)
P
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The qubit frequency can be found as

1
wg = %\/SEJEC. (134)
The lifetime of the mode p is given by
Zp
Kp = Wp——, (135)
P pRp

where the losses R, and the capacitances C), of the mode p can be
found from the linear environment admittance Y at the frequency of
the mode

_ 1
By = Ry (136)

Cp = 2 Im[Y'(wp)].

We can then deduce the relationship between qubit T} due to spon-
taneous emission and admittance of the linear environment is
1 Cy

= T Rl ()]

(137)

This method is suitable for weakly nonlinear circuits, such as those
coupled to a transmon, for which the normal modes of the linearized
classical circuit provide a good basis in the quantum case. In section
10.1 we will discuss how both of these methods, the single mode
Jaynes-Cummings method and the Black Box Quantization, can be
used to predict the relevant parameters of the system, design the
experiment and calculate the geometrical constraints.

4.4.3 Arbitrary quantum state preparation with a coupled cavity-
qubit system

In this section we will explain how a system of two parametrically
coupled harmonic oscillators, one of which is also coupled to a qubit,
allows preparation of an arbitrary quantum state.

Parametric coupling between the two oscillators, buffer ¢ and mem-
ory m, that can be realized using a Josephson ring, allows preparation
of an entangled EPR state

|[EPR) = ¢y |k, k), (138)
k
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Figure 47: Quantum state preparation protocol.
where ¢, = tanh(r)kcosh(r)_1 and r is the squeezing parameter.

Then using the entanglement between the qubit and the memory
field, an arbitrary set of selective 7 pulses can be performed on the
qubit, conditioned on the number of photons in the cavity k, such
that the state of the system becomes

> cklk, k,0) = [en |n,n) + e mm) | @ [1) (139)
k

+ Z Ck|kak70>
k#n,m

Finally, by post-selecting on the measurement outcomes where the
qubit is found in the excited state |1), the state ¢, [n,n) + ¢, [m, m)
is prepared with probability |c,|? + |cm|?.

Interestingly, the buffer mode a can be strongly coupled to a trans-
mission line, so that its field rapidly leaks to the propagating mode.
The effective EPR state is then between the stationary memory mode
and the mode propagating in the transmission line. By performing lo-
cal operations on the qubit, the propagating mode can remotely be
prepared in an arbitrary quantum state.

A variation on this protocol is entanglement concentration from
continuous to discrete variables [120]. The purpose of entanglement
distillation is to extract a maximally entangled state from a collection
of less entangled states. In the case of continuous variables, it can be
for example a conversion from EPR to a Bell state. This protocol
can be used as an entanglement resource for repeaters in quantum
communication.
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4.5 QUANTUM NODE BASED ON JOSEPHSON PARAMETRIC
CONVERTER

Two main required functionalities for a quantum node are genera-
tion and distribution of entanglement and time control of field recep-
tion and emission. Both of them are enabled by the parametric in-
teraction such as the one provided by the Josephson Ring Modulator
(JRM). As already discussed in Chapter 2, entanglement distribution
can be obtained by applying the amplifying pump on the coupled res-
onators in the ground state, which results in an EPR state (Eq. 29).
If one of the resonators is strongly coupled to a transmission line, the
field can continuously leak out to it, such that the final state is an en-
tangled EPR state between the field propagating in the transmission
line and the stationary field in the second resonator isolated from the
environment.

Time controlled field reception and emission to and from a high
quality resonator enables realization of quantum information storage.
It requires coherent state conversion of the propagating field to the
stationary memory mode. As first demonstrated at Yale [121], such
a lossless frequency conversion can be performed by a JRM between
its two modes.

We have seen in section 2.2.1 that in a device such as Joseph-
son Mixer or Josephson Parametric Converter (JPC), two planar res-
onators are coupled through a JRM. The equivalent LC circuit for a
JPC is shown in Fig. 48. To realize a quantum memory device, low
quality resonator a, of resonance frequency w, is strongly coupled to
the transmission line, and we refer to it as a buffer resonator. The
high quality memory resonator m, of resonance frequency w,, is de-
coupled from the environment, such that its losses are decreased and
storage time maximized.

The Hamiltonian of this circuit reads

1.
S = wadl @ + w4+ x(p* +p) (@' +a) (' +m), (140)

where @ and M are annihilation operators for the buffer and memory
modes.
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Figure 48: Equivalent LC circuit for a JPC. Buffer mode with a resonance
frequency w, and memory mode with resonance frequency wy,
are coupled by a ring of four Josephson junction that realizes
the three-wave mixing. An external pump tone is applied at fre-
quency wy.

When the pump is applied at the difference of the frequencies of
the two resonators w, = wg — wn,, the three wave mixing interaction
Hamiltonian simplifies to the parametric conversion Hamiltonian

1
7

where x|p| corresponds to the conversion rate between modes a and

f{conv = X’p|(&mT + dTﬁ]’)? (141)

m. This rate can be time controlled through the pump amplitude [p|,
such that the coupling can be turned on and off on demand. If the
buffer mode is strongly coupled to the transmission line, the itinerant
field a;;, can be captured to the memory and retrieved at a later time
in the output mode ayy;.

With coupling and dissipation rates . and x°%* for the buffer mode
and Kk, and /-@f%ss for the memory mode, we can write the Langevin
equations

A . A loss
5 = flH,a] - "0+ Radin

loss

R R

(142)

which for the conversion interaction Hamiltonian Eq. (141) become,

o4 __ Iﬁa—‘rﬁ
37? - hwa T ‘Xp‘ - CL + vV Ralin (143)
%T = _%Wmm - %|Xp|& KerH m + mmm
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Then using the input/output relation \/kqd = @i + Gout, the com-
plex reflection coefficient on the buffer mode a can be deduced

row] =

&
(W = wa ) (10— wy — i) — [xp]?
(

w— wa—i—z%)(w wa+zw)—|xp|2
(145)

The amplitude and phase of the complex reflection coefficient on
the buffer resonator bring information on the coupling strength to the
memory mode. The coupling between the two resonators can then be
parametrized by cooperativity

4 2
¢ = t|>t<pw|t ¢ (146)
Kq' K
where mt(’t = Ka,m + /ff{’f?:f , which is the ratio between the conversion

rate and total environmental decoherence rate. It can be controled
through the pump amplitude |[p|. Using cooperativity as coupling
strength parameter, we can distinguish different regimes [60]

» For C < 7, resonators are effectively decoupled.

e (C =1 corresponds to the critical coupling regime, where all the
signal that enters in the buffer resonator gets converted to the
memory mode.

Ka

o For o < (C, the two resonators are in the strong coupling

regime and their fundametal modes are hybridized.

Efficient signal capture to the memory mode, as well as its storage
and release back to the transmission line, require the two resonators
to be in the strong coupling regime. In the following chapter, I will
present few experimental implementations of this system that I have
realized during my PhD.
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4.6 CONCLUSION

The main points of this chapter are:
¢ Review of the state of the art in microwave quantum nodes.

e Description of the quantum node with a transmon qubit em-
bedded in the memory mode.
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BUILDING A QUANTUM NODE

"Another flaw in the human
character is that everybody
wants to build and nobody
wants to do maintenance."

Kurt Vonnegut

In this chapter I will present an implementation of a quantum node
based on a Josephson Parametric Converter. For this realization, we
have built up on a design for the quantum memory experiment by
Flurin et al. [6]. In the first part of this chapter I will explain the
functioning principle of the quantum memory, discuss the limiting
factors for its lifetime and possible solutions to improve it.

As already discussed in section 4.4.1, dispersively coupling a qubit
to a cavity offers controllability over the cavity state. Preparation
of non-Gaussian states such as Fock states or Schrodinger cat states,
that are of interest for quantum computing, requires introducing some
quantum non-linearity that can be provided by the Josephson junc-
tion of the qubit. In the second part of this chapter, I will explain
how we integrated a transmon qubit in the 3D storage resonator and
worked towards protected quantum computing with microwave fields
[122].

5.1 MICROWAVE QUANTUM MEMORY

5.1.1 Ezperimental design

The quantum memory we have built is based on the Josephson
Parametric Converter (JPC), a device consisting of two microwave
resonators coupled through an unshunted JRM. JPC is an extremely
versatile circuit. It is commonly used as a quantum limited amplifier,
typically for the qubit readout in quantum information experiments
with superconducting circuits. For this purpose, the circuit is designed
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such that the two resonating modes a and b are strongly coupled to
the transmission line, so that the product y/gain x bandwidth of the
amplifier is maximized. The couplings k, and k; of the resonators a
and b to their corresponding transmission lines are then of the order
of 200 MHz.

For the analog quantum simulation of the USC, presented in Chap-
ter 2 and Chapter 3, a Josephson Mixer, which is a tunable derivative
of the JPC with a shunted JRM, was used as the quantum hardware.
For this use, the coupling to transmission lines was decreased below
the frequencies § of the effective modes, such that k,, Kk < d in order
to have high quality modes.

In the quantum node experiment, the mode a, that we will refer to
as buffer mode, is strongly coupled to the transmission line, so that it
can efficiently catch the propagating field a;,. The memory mode m
on the other hand is weakly coupled to a transmission line, in order
to limit the dissipation channels to the environment and increase its

coherence time (Fig. 49). The coupling and dissipation rates of the

loss
a

loss
Ky~ > KEm-

loss loss
Ka 2, Em, 5

. o= m
Ka

buffer mode x, and s and of the memory mode k,, and fii?fs thus

loss
a )

satisfy ke > K

Mout

Figure 49: Schematic of the quantum memory.

In order to further ensure high coherence time for the memory
mode, it is realized as the fundamental TE 19 mode of a 3D super-
conducting bulk aluminum cavity. The 3D cavity is mounted from
three parts, shown in Fig. 50, from left to right, the lid, top and
bottom of the cavity. When closed together, the top and the bottom
parts form a cavity of dimensions (27.4 x 14.2 x 27) mm.

The buffer mode on the other hand is a planar A/2 microstrip res-
onator, shown in Fig. 51. The difficulty thus consists in coupling an
on chip mode to a 3D mode through a Josephson ring. Furthermore,
the ring requires a magnetic flux bias, so that the chip cannot be
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Figure 50: Three parts constituting the 3D memory cavity, from left to right,
the lid, the top and the bottom part. The top part contains two
chimneys with apertures on the top that allow for the coupling
to the buffer resonator. The cylindrical whole that can be seen
in the lid allows for insertion of a coil that provides the magnetic
flux bias for the Josephson ring.

placed inside of the superconducting aluminum which expels the ex-
ternally applied magnetic field due to Meissner effect (see Ref. [123]
for another design).

_ Jp

5pm

Figure 51: (a) Picture of the sapphire chip hosting the aluminum circuit
consisting of the Josephson ring, buffer resonator and the anten-
nas. (b) and (c) Optical microscope images of the Josephson ring
coupling the horizontal buffer mode to the vertical antenna.

Buffer resonator and Josephson ring are realized on a sapphire chip
that is placed outside of the memory cavity, between the top part
and the lid. The 3D cavity is not convex, it has two chimneys with
apertures on the top. The coupling is mediated by planar antennas,
that are symmetrically aligned on the apertures above the chimneys,
as can be seen in the left picture in Fig. 52 and Fig. 53. Field is more
strongly confined in the smaller volume of the chimneys, enabling the
strong coupling to the antenna mode. To determine the capacitive
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coupling k. through the antennas, we use Ansys HFSS simulator, as
shown in Fig. 53.

Figure 52: Left : Picture of closed top and bottom parts of the 3D cavity

with the sapphire chip inserted on the top. Josephson ring cou-
ples the on chip 2D buffer resonator to a 3D memory resonator
via symmetric antennas. Right : Picture of the entire device ready
to be mounted in the cryostat. A copper lid containing a super-
conducting coil for magnetic flux bias is placed on the top of the
chip with the Josephson ring. It is also used to attach the device
to the base temperature stage of the dilution refrigerator.

(a)

Figure 53: (a) Vectorial representation and (b) amplitude of the electric
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field of the TE;19 mode, used as a memory mode, simulated us-
ing Ansys HFSS software. The field is concentrated in the chim-
neys which enables for the strong coupling to the planar buffer
resonator.



The effective input/output coupling rate to the memory then reads

[60]

Kq 4
B T I s
2 w2 T aor)

(147)

m o __
Yio =

A direct access to the memory mode is realized by drilling a hole in
the side wall of the cavity and inserting an SMA connector whose pin
dips into the cavity and interacts capacitively with the cavity mode.
The length of the pin determines the coupling to the transmission
line and it is chosen such that the coupling is smaller than the in-
trinsic losses, so that the quality factor of the memory mode is not
degraded. The memory cavity field can then be probed by measuring
the complex reflection coefficient on this direct undercoupled port

Ko — K958 4 24 (w — W)

rmlw] = (148)

Km + K955 — 2i(w — wy,)
From the amplitude and phase of the measured reflection coefficient
we can determine the resonance frequency of the memory mode, as
well as coupling and dissipation rates. As we will see in the following
section, all of these depend on the surface quality of the cavity walls
but also on the presence or not of the transmon and its substrate in
the cavity.

5.1.2  Conversion to the memory mode

Parametric conversion from buffer to memory mode is character-
ized by measuring the reflection coefficient on the buffer resonator us-
ing a Vector Network Analyzer (VNA), while tuning the amplitude of
the conversion pump. From the reflected signal with the pump turned
off, we determine the coupling and dissipation rates for the buffer res-
onator K, = 27 x 16.8 MHz and «!°** < 2 x 1 MHz. Similarly, from
the reflection on the memory port, we measure k,,, = 27 x 60 kHz
and k9% = 27 x 170 kHz. This loss rate is higher then expected for
the 3D bulk aluminum cavities. In a later measurement run, after an
acid clean of the surface, x/%%° = 271 x 40 MHz was measured.

Measured complex reflection coefficient for increasing conversion
pump amplitude |p| is shown in quadrature phase space in Fig. 54,
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together with the theoretical reflection expected from the Langevin

equations.
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Figure 54: (a) Measured reflection coefficient for increasing pump ampli-
tude that is color encoded. (b) Corresponding reflexion coefficient
from input-output model Eq. (145) for cooperativity going from
0 to 16.7. The big loop corresponds to the resonance of the buffer
mode and the small loop of increasing size to the resonance of
the memory mode.

When the pump is turned off, there is just one big loop in the
quadrature phase space, corresponding to 27 phase shift coming from
the resonance of the buffer mode. When the pump is turned on, the
coupling to the memory resonator is activated and a second loop, cor-
responding to the memory resonator, appears in the quadrature phase
space. The size of the second loop indicates the coupling strength. For
instance, the smaller loop that goes through the origin corresponds
to the critical coupling C' = 1. Finally, the strong coupling regime is
reached when the size of the smaller loop approaches the size of the
bigger one. The maximum cooperativity we reach is C' = 16.7.

5.1.3 Mode identification using Kerr shift
A certain number of other pump frequencies induce conversion to

various modes. These modes can be identified by analyzing the cross-
Kerr shift between the pump and buffer modes. This procedure is
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summarized in Table 6. The pump is applied at frequency w, and the
reflection coefficient is measured on the buffer mode as a function of
frequency, in the proximity of the buffer resonance frequency w, =
27 x 10.863 GHz. If the pump tone is applied in the proximity of
a conversion frequency to an eigenmode of the system, a cross-Kerr
shift is induced on the buffer mode. Then if we increase the pump
frequency by Aw,, the shift of the buffer frequency Aw, indicates the
relation between the frequencies of the pump w,, buffer w, and the
mode to which the signal is converted w.

52 (GHz) 2:": frequency relation | 52 (GHz) mode
6.565 1 Wp = Wq — We 4.298 antenna
4.09 1 Wp = Wq — We 6.77 common mode
9.292 -1 Wp = We — Wq 20.155 3rd cavity mode
1.573 -1 Wp = We — We 12.436 2nd cavity mode

7.5 —1 | wp = L(we—wa) 25.86

Table 6: Mode identification using Kerr shift

Interestingly, this method allows identification of higher oder inter-
actions as well. A frequency shift ratio ﬁ—gz = —% indicates a process
where two pump photons and one buffer photon are invested to create
one photon in the conversion mode, i.e. Hyn: x ppaét, where &' is the

creation operator of the mode in which the signal is converted.

5.2 ADDING A TRANSMON QUBIT TO THE MEMORY

In the previous section, we have shown that strong coupling can be
obtained with this unconventional hybrid 2D/3D architecture. The
design is thus promising for efficient memory storage. However, the
realization of a fully controllable quantum node still requires a qubit.
In this section I will explain how we integrated a transmon qubit in
the previously described quantum memory device.
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Figure 55: Schematic of the 3D architecture for the quantum node experi-
ment. Transmon qubit shown in green is capacitively coupled to
the memory resonator.

Figure 56: Photo of the bottom part of the 3D aluminum memory cavity
with a pocket hosting the transmon qubit on a sapphire chip.

5.2.1 Aluminum cavity with qubit

The coupling of the transmon qubit to the memory mode is realized
by inserting the sapphire chip hosting the qubit between the top and
bottom parts of the 3D cavity. The bottom part has a pocket that
can host the chip as shown in Fig. 56. The cavity is cut in the middle,
so that the qubit lays in the antinode of the fundamental cavity mode
and their coupling is maximized. A bisected cavity is shown in Fig. 52,
with a qubit on a sapphire chip laying across the plane of cut. An
indium seam used to quench the connection can be seen surrounding
the cavity.

We begin by measuring the reflection on the direct port to the mem-
ory mode, whose amplitude and phase are shown in Fig. 57. We can
first observe that there is not one resonance but three, corresponding
to the memory mode dressed by a thermally excited qubit. This is
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Figure 57: (a) Amplitude and (b) phase of the reflection coefficient on the
aluminum memory cavity. The red line correspond to Eq.(149).

due to the fact that the effective temperature of the qubit’s environ-
ment is comparable to its transition frequency, so that we find it with
finite probabilities in its ground, first and second excited state. These
probabilities, p; = 1 —p. — py, pe and py, for the qubit to be respec-
tively in the ground, first and second excited states, are determined
by matching the measured reflection coefficient with

Ko, — K958 + 24 (w — wp,)
Ko + K195 — 2i(w — wyy )

Tm = Pg

Ko, — K958 + 24 (w — wp, + Xmq)
“Kom + K255 — 2(w — Wiy + Ximg)

+p

Ko, — K195 + 2i(w — Wiy + 2Xmg — @)
K + K955 — 26 (w — Wiy + 2Xmg — @)

+ Dy (149)

where X4 is the pull between the qubit and the memory mode and
« is the anharmonicity of the qubit. We find p, = 0.17 and py = 0.06.
Furthermore, we can determine from this measurement the coupling
and dissipation rates of the memory resonator, k,, = 27 x 76 kHz
and k!9%% = 271 x 207 kHz. Similarly, by measuring the reflection on
the buffer resonator, we find k, = 2rx 8 MHz and xl%* = 2wx 31
MHz.

We can first notice that the losses of the memory resonator have
increased compared to the measurement without the qubit. However,
there is an important uncertainty attached to this number. Indeed, it
was not reproducible from one cooldown to another and even during
one measurement run it has been observed to fluctuate up to 20%.
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There are few reasons for excessive 3D cavity dissipation. For clarity,
they are summarized in Table 7. First, surface can get contaminated
during the insertion of the sapphire chip. We have already seen that
an acid clean of the surface can improve its dissipation rate by a fac-
tor of 4. Second, a mechanical instability due to a large number of
components and connects can cause fluctuations both of the cavity
frequency and its dissipation rate. Finally, different isolated compo-
nents are thermalized at the base cryostat temperature using highly
thermally conducting copper lines. However, in superconductors such
as aluminum, the main mechanism for heat transfer is phonon-phonon
scattering. When aluminum is cooled down, its thermal conductivity
decreases abruptly when it transits at its critical temperature. As bulk
aluminum cavities contain large amounts of superconductor, it takes
longer to thermalize them to cryogenic temperatures. Badly thermal-
ized pockets are thus suspected to cause frequency and dissipation
fluctuations as well.

memory losses buffer losses

surface polution 2D /3D connectors
mechanical instability | ground plane continuity

Al thermalization impedance mismatch

Table 7: Sources of dissipation in the hybrid 2D /3D quantum node with an
aluminum 3D memory cavity.

More importantly, the dissipation rate of the buffer resonator is
found to exceed its coupling rate to the transmission line. This rate
is not reproducible from one cool-down to another and it is found to
vary by almost two orders of magnitude. There are few explanations
for such excessive losses.

First, the buffer resonator is differentially biased by the microwave
launchers at the 3D/2D interface. The outer shell of the SMA con-
nectors that are used to connect the transmission lines to the circuit
is made in brass. The connectors are inserted into the brass pock-
ets in the holes made in the aluminum cavity and soldered to insure
the ground plane continuity. However, the contact between these two
materials appears to be prone to losses and mechanical instability.
Second, the ground plane of the microstrip buffer resonator is real-
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ized as 500 nm thick layer of silver on the back side of the sapphire
substrate. The ground plane continuity can be damaged by a bad
metallic contact between the silver and aluminum surfaces. Finally,
we suspect that there is an impedance mismatch between the SMA
connectors and the base stage circulators that causes a spurious re-
flection that is manifested as a frequency independent offset in the
phase of the reflection coefficient. This would have the same effect
to the reflection coefficient as intense losses of the buffer resonator,
but we cannot distinguish between these two effects during a single
measurement run.

Due to the excessive losses of the buffer resonator, the resonator
is undercoupled, which is undermining the realization of an efficient
quantum memory. In order to circumvent this problem, we replaced
the aluminum cavity by one in copper.

5.2.2 Lead plated copper cavity with qubit

The primary motivation for replacing the aluminum cavity by the
one in copper was to decrease the losses of the buffer resonator. From
the previous experience in our group, soldering brass connectors on
copper revealed itself much easier and less prone to losses than in the
case of aluminum. Furthermore, we expected the continuity of the
ground plane to be better with a copper surface.

Additional motivation comes from the qubit thermalization. One of
the consequences of the bad thermalization of superconducting bulk
aluminum is that the effective temperature of the qubit environment
can be increased. A normal metal such as copper would insure better
and faster thermalization of the qubit environment and of the qubit
itself.

Although it is advantageous to have a normal metal bulk, the inte-
rior of the cavity should be superconducting in order to avoid losses
due to the finite conductivity of the metal and maintain the high
quality factor of the resonator [124].

This issue is resolved by electrodepositing a thin layer of lead, which
becomes superconducting below 7.2 K, on the interior of a bulk copper
cavity, as shown in Fig. 58b. The lead plating process that we use is
described in Section 8.2.
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Figure 58: (a) Photograph of the copper cavity with a JPC on its top. JPC
is connected through PCBs on left and right to the SMA connec-
tors that insure its connection to transmission lines and a hybrid
coupler. (b) Top and bottom parts of the lead plated copper
cavity. Sapphire chip hosting the transmon qubit is inserted be-
tween the two cavity parts that are afterwards screwed together

and quenched using an Indium seal.

Amplitude and phase of the reflection coefficient measured on the
direct access port to the memory cavity are shown in Fig. 59. Contrary
to what we expected, the thermal population of the qubit excited
states is not negligible. It can be explained by the transmission lines
that were not well thermalized between the cryostat stages or by a
bad mechanical anchoring of the transmon chip.

Similarly, by measuring the signal reflected on the buffer mode,
we find the resonance frequency w,, coupling and decoherence rates
Kq and k1% of the buffer resonator. From these measurements, we
find the conversion pump frequency w, = w, —wp, = 27 x 1.12 GHz.
System parameters determined from these reflection measurements
are summarized in Table 8 in comparison to the same parameters
for the aluminum cavity. Both dissipation rates for the buffer and
memory modes are improved by an order of magnitude. Thermal
population of the excited qubit levels is not improved tough.
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Figure 59: (a) Amplitude and (b) phase of the reflection coefficient on the
lead plated copper memory cavity. The red lines correspond to

Eq. 149.

cavity Al Cu/Pb
Wa 27 x 9.401 GHz 27 x 8.68 GHz
Kaq 2 x 8 MHz 2w x 5 MHz
Kloss 2mx 31 MHz 27 x 3 MHz
wm | 2mx 7.69866 GHz | 2mx 7.56412 GHz
Km, 27 x 76 kHz 27 x 59 kHz
Kloss 2mx 207 kHz 2mx 70 kHz
Dy 0.77 0.75
De 0.17 0.19
Df 0.06 0.06
Xmgq 27 x 3.3 MHz 27x 5.3 MHz
« 2mx 0.2 MHz 2mx 0.4 MHz

Table 8: Comparison of the system parameters determined from reflection
measurements for the aluminum cavity coupled to a qubit and a
lead plated copper cavity coupled to a qubit.

We then measure the reflection on buffer resonator with the con-
version pump turned on. It is plotted in polar coordinates for the
maximum cooperativity C' we could reach in Fig. 60c. There are two
small loops which correspond to the memory mode dressed by a qubit
in the ground state and in the excited state. Qubit being in thermal
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Figure 60: (a) Amplitude, (b) phase and (c) quadratures of the average mea-
sured reflection coefficient for the memory containing a qubit.
The two small loops correspond to the memory dressed by a
qubit either in the ground state or in the excited state. This
measurement corresponds to the maximum cooperativity C' ob-
tained with the lead plated copper cavity containing a transmon
qubit.

state, average conversion is not efficient and we do not reach the
strong coupling regime. This is due to the fact that for 30% of real-
izations, pump, which is applied at frequency w, = w, — wj,, is not
resonant with the transition frequency.

Following experiments described in this chapter are done using the
lead plated copper memory cavity.
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5.3 QUANTUM MEMORY

In this section we demonstrate the first task that the quantum
node is required to execute, which is the on demand data storage,
with time controlled capture and release of the propagating field.

The pulse sequence used for this experiment is shown in Fig. 61a.
It consists in sending a 500 ns pulse signal on the buffer mode and
applying the conversion pump for 1 us to let the signal go into the
memory mode. The pump is then turned off for the time duration At
which is the storage time of the signal. Finally the pump is turned on
a second time for 1 us to release the signal out of the memory to the
buffer mode and consequently to the transmission line. The output
field from the buffer mode a is measured during 1 us using a fast data
acquisition card with sampling time of 2 ns.

Amplitude of the measured signal is shown in Fig. 61b for At = 500
ns. Most of the incoming signal gets reflected on the buffer resonator
and only the small exponentially decaying signal measured 500 ns
later corresponds to the field that has been stored in the memory
and released after 500 ns. This low capture efficiency is due to the
fact that the signal pulse in this measurement was square shaped. It
can however be improved by temporally shaping the signal [6].

The exponential envelope of the signal released from the memory,
shown in Fig. 61d, reveals the access time of 136 ns. The access time
determines the duration of writing and reading operations in the mem-
ory, that should be as fast as possible compared to the memory life-
time in order to allow a maximum number of operations. Memory
lifetime is determined by performing the capture and release pulse
sequence for different storage times At. We define the capture effi-
ciency as the ratio between the total integrated amplitude of the
output field after the storage for time At and the total output field
without storage

to+At+T 2
to+At |Gout |“dt

to+T ’
to |Gout |20Fth

(150)

where |aout|orF is the measured amplitude of the output field with
the pump turned off. It is integrated from the time ty when the signal
from the microwave source arrives to the sample at the base tempera-
ture stage of the cryostat, until the time tg 4+ 7', where T = 500 ns is
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Figure 61: (a) Pulse sequence for the signal capture and release measure-
ment. (b) Time trace of the measured amplitude of the output
field for At = 1us. (c) Time trace of the measured amplitude of
the output field with the pump turned off. (d) Time envelope
of the measured amplitude of the signal released from memory.

t—tg—At
The full line corresponds to |agy|(tg + At)e™ © the access
time 7 =136 ns. (e) Efficiency as a function of the storage time At.

At
Full line corresponds to (At = 0)e” 7m with the initial efficiency
n(At = 0) = 0.015 and the memory lifetime 7,, = 1.52 pus.

the duration of the square pulse that we send. From the exponentially
decaying efficiency we find the memory lifetime 7,,, = 1.52 us.

This lifetime is shorter than what can be achieved with supercon-
ducting resonators where a 3D cavity coupled to a qubit has been
observed to reach the lifetime of 1 ms [95]. As discussed in section 5.6,
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it was limited by the non-convex architecture of the 3D cavity and
the presence of cuts and apertures for the chip integration.

5.4 CHARACTERIZING THE QUBIT
5.4.1 Transmission through frequency conversion

The frequency conversion opens up a new possibility to probe the
qubit-cavity system. The signal at frequency w. is injected on the
memory resonator on a range of frequencies in the proximity of the
buffer resonance frequency w,,. Then by continuously applying the
conversion pump wy, = W, — W, one can monitor the field transmitted
from the memory to the buffer at the buffer output, at frequency
We + Wyp.

The complex transmission coefficient through frequency conversion
expected from the Langevin equations Eq. (142) reads

<&out>

tw] = (151)

i|xplv/KaFm

(w0 — i — 152 (10— 0, — e

— |xp|?
The measured amplitude of the transmitted field is shown in Fig. 62b.

To determine the transition frequency of the qubit, we make use of
the fact that the cavity transmittance is dependent on the qubit state.
We do a continuous wave measurement with Vector Network Analyzer
(VNA) as shown in Fig. 63. We measure the signal transmitted from
the memory to the buffer mode through frequency conversion just as
in Fig. 62b, but we add a supplementary drive at frequency wy that
we sweep in the range of frequencies around the resonance frequency
of the qubit expected from its geometrical characteristics.

For few different drive frequencies we observe hybridization of the
dressed cavity resonances. This measurement enables us to deduce
the qubit frequency wy = wey = 27 x 5.204 GHz.

In order to probe the qubit, we realize a heterodyne setup shown in
Fig. 64, that allows the measurement of the field transmitted from the
memory to the buffer mode by the parametric frequency conversion.
The signal is now injected on the buffer resonator, while the conver-
sion pump is applied on the JPC so that the signal is converted from
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Figure 62: (a) Schematic of transmission through frequency conversion mea-
surement. The signal is sent to the direct memory port at fre-
quency w, in the proximity of the memory resonance frequency
wm and the outgoing field from the buffer mode a is measured
at up-converted frequency we + wp. (b) Measured amplitude of
the signal transmitted through conversion from memory to buffer
resonator as a function of memory probing frequency. Red line
corresponds to the Eq. (142) with the fit parameters summarized
the table on the right.

the buffer to the memory resonator. Finally the signal outgoing from
the memory mode is down-converted and digitized using an analog
to digital converter (ADC).

We use the qubit state dependent cavity transmittance to measure
the qubit. We apply a tone at the frequency of the cavity dressed
by the qubit in its ground state wg, and measure how much of the
signal is transmitted. If we get a relatively large transmission, we can
infer that the qubit must be in the ground state, while a relatively
small signal indicates that the qubit is excited. In order to increase
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Figure 63: Measured amplitude of the signal transmitted through conversion
from memory to buffer resonator as a function of memory probing
frequency w,. and continuous qubit drive frequency wy.
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Figure 64: Schematic of the heterodyne measurement of the signal transmit-
ted through frequency conversion from the buffer to the memory

o

mode.

the contrast, we initialize the measurement by forcing the warm qubit
from the thermal equilibrium state to the ground state using a reset
protocol detailed in section 5.4.2.
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Figure 65: Amplitude of the signal transmitted by conversion from buffer
to the memory as a function of frequency, for the qubit initially
prepared in the ground state using the cooling protocol (red) and
in the excited state (black).

The qubit state measurement using cavity transmission is demon-
strated in Fig. 65. Red plot corresponds to the measurement with
the qubit cooled into the ground state using the reset protocol. The
highest transmission peak is at the frequency wf,, even though there
is some residual transmission at the frequency of the cavity dressed
by the excited qubit w, due to the fact that the reset protocol is not
absolutely efficient. The black plot on the other hand corresponds
to the qubit prepared in the excited state with a m/2 pulse applied
at the end of the cooling sequence. The highest transmission peak
is then at w?,, although there is a finite probability for the qubit to
decay during the measurement, resulting in an additional peak for
the black curve at the ground state cavity frequency wy,.

The qubit lifetime measurement is shown in Fig. 66a. It consists
in performing a calibrated 7 pulse and measuring the qubit state
dependant transmission after waiting time At. For At = 0, the cavity
transmission measured at wf, corresponds to the qubit in its excited
state and for At — oo for the qubit in its ground state. From the
exponential decay of transmission coefficient with the delay time, we
find 77 = 10.5 us.

The decoherence time T5 is found from the Ramsey measurement
as shown in the Fig. 66b. The pulse sequence consists in a first §
pulse on the qubit, followed by the free evolution during time At and
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Figure 66: Transmon qubit characterization measurements. (a) The qubit
lifetime 77 is measured by performing a 7 pulse and measuring
the energy decay. The full red line corresponds to 77 = 10.5 us.
(b) Ramsey pulse sequence and the measured amplitude of the
transmission at frequency w;, = 7.558 GHz as a function of time
delay between the two § pulses. The full red line corresponds to
To =14 us

a second 7 pulse preceding the measurement of the state of the qubit.
From the exponential decay of the coherences, we find 15 = 1.4 us.

5.4.2 DDROP cooling protocol

When the thermal environment of the qubit is hot on the scale
of the transition frequency of the qubit, it is interesting to use an
active reset protocol to force the qubit into a known pure state or a
ground state. A protocol called the Double Drive Reset of Population
(DDROP) was proposed and demonstrated by the Devoret group in
2013 [125].

DDROP cooling pulse sequence consists in simultaneously applying

two microwave drives on the qubit-cavity system for a time of few x 1.

0
eg?
qubit when there are no photons in the cavity. The second drive is

One drive is applied at w;,, that is at the transition frequency of the

applied with amplitude €. at w9,, that is at the cavity frequency when
the qubit is in the ground state.

127



10ps
4F
—_ 37
S
22
1k
O,‘ . . . A
7.550 7.555 7.560 7.565 7.570
2m(GHz)
2n

Figure 67: DDROP cooling sequence and the measured cavity transmission
with the qubit in thermal equilibrium is shown in black, and with
qubit cooled by DDROP procedure in red.

The first tone drives the Rabi oscillations |0,g) <> |0,e) at Qg
in order to accelerate the dynamics of the qubit. The second drive
populates the cavity with photons when the qubit is in the ground
state such that |0, g) — |a, g). It prepares the state |«, g), that once
the drives are turned off relaxes to |0, g) in few 1.

Cavity transmission as a function of frequency is shown in Fig. 67
for the qubit in thermal equilibrium in black and for the qubit initial-
ized to the ground state using the DDROP protocol in red. The red
plot has higher transmission at wy, and decreased transmission at wy,
indicating that the probability to find the qubit in the ground state
is increased compared to the thermal equilibrium. We thus initialized
all the measurements that we have performed with this protocol in
order the contrast in qubit state dependent transmission and increase

the readout efficiency.

5.5 QUBIT AS AN ANCILLA FOR THE QUANTUM NODE
In this section we will look into the dispersive coupling of the mem-

ory mode and the qubit as a resource for the quantum state control
and measurement.
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5.5.1 Dressed qubit spectroscopy

Let’s consider the dispersively coupled system of the memory cavity
and transmon qubit, in the presence of driving fields for both the
qubit and the memory cavity modes. The Hamiltonian of this system
reads

N

A = hwpimim + h%&z — TixXmgin i |e) (el (152)
+ h(ece™™tal + ere™ela) + hege @ils, + hevils ),

where €. and €4 are respectively the amplitudes of the cavity and
qubit drives at frequencies w. and wy.

As the memory cavity-qubit pull is larger than dissipation rates of
both the qubit and the memory mode, Xuq > 71, £m, the system is
in the resolved photon number regime, as can be seen in Fig. 68. The
measured amplitude of the transmitted signal is shown as a function
of the frequency of the continuous wave qubit drive wy and the am-
plitude €. of the second continuous wave cavity drive at frequency w..
The memory cavity is probed at frequency w9,, such that the trans-
mission decreases when the probability for the qubit to be excited
increases.
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Figure 68: Spectroscopy of a qubit dressed with cavity photons.
The frequency of the qubit drive wy, represented in the horizon-

tal axis of the Fig. 68, is swept in the proximity of the bare qubit
frequency wy = 2m x 5.205 GHz. When there are no photons in the
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cavity, for €. = 0, the qubit is excited only when wy = w,;. When
the amplitude of the cavity drive is increased, such that there is k&
photons in the memory cavity, the resonances appear for qubit drive
frequencies wq = wy — kXgm. Furthermore, the resonances shift to-
wards the lower frequencies due to a non-linear effect induced by the
driving field.

Another interesting feature is the presence of transmission that is
even higher than that of the cavity dressed by the qubit in its ground
state, measured at wy = w, for large values of the cavity drive ampli-
tude €. It corresponds to the increased population of the ground state
of the qubit compared to that of the thermal equilibrium in which
the measurement is initiated. Indeed, this measurement involves the
same drives that are used for the DDROP protocol and they generate
cooling of the qubit.

This measurement has shown that as the system is in the sideband
resolved regime, by applying the drive at frequency wq = wy — kXmq,
transitions |g, k) <> |e, k), of the qubit dressed by k photons, can be
selectively driven. In the next section, we will use this regime to cali-
brate selective 7 pulses conditioned on the number of photons in the
cavity that are a necessary building block for quantum information
protocoles such as the remote state preparation protocol described in
section 47.

5.5.2  Fock state occupation probabilities for a coherent state

Let’s suppose that we want to know if there are n photons in the
cavity. A way to ask this question using the qubit as an ancilla, is to
apply a 7 pulse on the qubit at frequency wq; — n)Xmg, which is the
frequency of the qubit dressed by n photons. We can then measure
the qubit and if we find it in the excited state, we can deduce that the
7 pulse worked because there were n photons in the cavity. The pulse
needs to be long enough to be spectrally selective and not excite the
qubit dressed by n + 1 photons. We can also ask more complicated
and less restrictive questions, such as if there are either n or n 4+ 1
photons in the cavity and post select on the memory in the state
pm = |n) (n|+|n+1) (n+1|.
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In order to calibrate the conditioned m, pulses, we first measure
the probabilities P, for the memory field described by density matrix
pm to host n photons

Py = Tr(pu |n) (n]). (153)

In the case of the memory mode in the coherent state of amplitude
a, pm = |a) (|, these probabilities are

’a‘Qn

n!

Po(a) = el (154)
The pulse sequence used for the measurement is shown in Fig. 69.
First, the memory cavity is prepared in the coherent state |«) by
applying a 300 ns gaussian displacement pulse D(«) of amplitude €,
at frequency wy,, on the memory in vacuum state.

Second, a 7 pulse is applied to the qubit at frequency wy — nXmq
for n € {0,5}. In order to have the spectral pulse selectivity larger
than 902%, the bandwidth of the gaussian envelope is set such that

_Xmg
1—e 22 >0.9.

Finally, the cavity transmission is measured at readout frequency
wm, to deduce the state of the qubit. As in the previous cavity trans-
mission measurements, we measure the transmission through frequency
conversion from the buffer to the memory resonator. We thus turn on
the conversion pump 500 ns before we turn on the readout. The aver-
age transmission as a function of the amplitude of the displacement
field €. is shown in Fig. 69.

This measurement allows us to calibrate the amplitude of the dis-
placement tone €. in a number of photons. The amplitude for which
the transmission reaches the smallest value is the one for which the
probability to excite the qubit with the pulse 7, is the highest, so it
corresponds to n = |a|? photons in the cavity.

The red curve corresponding to no photons in the cavity reaches
higher transmission values for large e.. This is due to the fact that
qubit is initially not in the ground state but in a thermal equilibrium,
with probability pe = 0.17 to be in the excited state. With probability
pe then the system starts in the state |e, 0) and the displacement tone
does not displace the cavity. However the final mg pulse brings the
system to |g, 0). This is equivalent to DDROP cooling procedure and
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Figure 69: Pulse sequence and measured amplitude of the transmission coef-
ficient at readout frequency wy, and 7 pulse applied at wg — nXmq
for color encoded Fock states n € {0,5}, as a function of the cav-
ity displacement rate e.. Black reference curve corresponds to the
measurement without any qubit pulse drive.
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Figure 70: Fock state probabilities deduced from measured transmission, as

a function of the amplitude of the coherent displacement «. Full
2n
lines correspond to the Poisson distribution P, (a) = e~lo1* %

increases the population of the ground state, so that the transmission
is higher.

Fock state probabilities deduced from the transmission measure-
ment with 7 pulses conditioned on the number of photons in the
cavity are shown in Fig. 70, plotted as a function of the amplitude of
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the coherent cavity displacement @ = /n. The full lines correspond
to the Poisson distribution Eq. 154.

5.6 LIMITING FACTORS OF THE HYBRID 2D/3D QUANTUM
NODE

In this chapter we have presented a hybrid architecture of the quan-
tum node, based on a Josephson Parametric Converter coupling a low
quality 2D buffer mode to a high quality 3D memory mode. Although
we have successfully coupled a qubit to the memory mode and demon-
strated cavity photon number dependent qubit rotations, there are a
few limiting factors that make this device not suitable for the quan-
tum node.

First, the qubit readout in this architecture can be done either
by qubit state dependent transmission through frequency conversion
from buffer to the memory mode, or by qubit state dependent reflec-
tion on the direct port to the memory. However, both of these are
slow as they are limited by the coupling of the direct memory port.
This port is undercoupled in order not to degrade the quality factor
of the storage mode, and as the coupling is small, the 7 pulses have
to be long. As we will see in the next chapter, this can be solved
by adding a supplementary resonator, strongly coupled to the qubit,
whose only purpose is to measure its state and reinitialize it to the
ground state.

Second difficulty is obtaining the frequency tunability. The main
disadvantage of the 3D architecture is the rigidity of its design. Fre-
quency tunability is most commonly obtained using the flux modula-
tion of a squid or Josephson ring. Magnetic flux is commonly applied
either through fast on chip DC lines or using an external magnetic
field. In the case of 3D cavities both of these are challenging. In-
tegrating fast flux lines necessarily involves making holes or cuts in
the cavity walls, which decreases its quality factor. External magnetic
field on the other hand is expelled from the cavity as they are realized
in superconducting material. We have opted for the second solution,
with the external magnetic field produced by applying a voltage on
a NbTi superconducting coil that is fixed above the superconducting
cavity and the Josephson ring that was situated outside of the cavity
and coupled to it through apertures in the cavity walls.
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metal Al Al Al Al Cu/Pb
JRM yes no no yes yes
qubit no no no yes yes
5 (KHz) | 50-200 | 30-100 1 50-200 70
Q 45x10* | 8 x10* | 6 x10° | 3.5 x10* | 10°

Table 9: Measured dissipation rates and quality factors for different test
3D cavities coupled or not to superconducting circuits. Ranges of
values obtained during different cool-downs are shown for the non-
reproducible values. JPC chip is represented in yellow and qubit
chip in green.

In order to identify the limiting sources of losses in our device,
we have done a series of tests summarized in Table 9. By putting
two cavity bottoms together, that do not include any chimneys nor
apertures, losses comparable to those of compact convex 3D cavities
are obtained. This result points out that the main sources of losses
are different cuts and seams needed to integrate the JPC and the
transmon, although the presence of sapphire substrate is evidenced
to introduce further losses as well.

We can conclude that hybrid 2D /3D architecture is prone to exces-
sive losses. To address this problem and increase the lifetime of the
storage mode, we have thus adopted two different strategies, that will
be presented in the following chapter.
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5.7 CONCLUSION

The main results of this chapter are:

o Demonstration of a qubit in the photon number resolved regime
coupled to the memory of a quantum node.

e Characterization of a lead plated copper cavity.

o Population reset protocol for the 3D transmon qubit of the
quantum node.

¢ Characterization of losses in 3D microwave cavities and deter-
mination of the limiting factors for the hybrid 2D /3D quantum
node architecture.
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QUANTUM NODE ARCHITECTURES

"One’s destination is never a
place but rather a new way of
looking at things."

Henry Miller

In the previous chapter we have seen that transitions between 2D
and 3D resonators in the hybrid architecture engender dissipation
and uncontrolled losses. In this chapter we will present two differ-
ent solutions that bypass the 2D/3D interconnects, first a fully 3D
waveguide architecture and then a fully 2D CPW geometry.

6.1 FULLY 3D WAVEGUIDE ARCHITECTURE

3D cavities have been demonstrated in multiple experiments to
improve coherence times by orders of magnitude, both of the cavity
itself and of the 3D transmon qubits embedded inside of them. This
is why the first strategy we adopt consists in a fully 3D architecture.

6.1.1 Separate photon storage and qubit readout modes

As discussed in the previous chapter, counting the number of pho-
tons in the memory cavity consists in selective, photon number condi-
tioned excitation of the qubit, followed by the qubit readout. However,
the qubit measurement requires the cavity to be in an empty state,
which necessitates waiting for few lifetimes of the memory mode for
the cavity to empty out. It is thus interesting to completely decouple
the detection setup from the system by adding a third resonator that
is strongly coupled to the qubit and whose unique role is to efficiently
measure and reset it [126]. A scheme with separated photon storage
and qubit readout modes is represented in Fig. 71.
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1014

Figure 71: Schematic of the three resonators architecture with buffer res-

onator a and memory resonator m coupled through a JRM, and
a separate cavity r for the qubit readout.

The Hamiltonian of the system reads

A = hwadla 4+ hwpilm + hopie (155)
w,
+ hg‘]&z — hxmg 1 |€) (e| — hxrqP17|e) (e],

where X4 is the pull between the memory mode and the qubit and
Xrq between the readout mode and the qubit. These parameters have
to satisfy a few contraints in order to enable both the dispersive
readout and arbitrary state preparation. While the photocounting
requires the qubit-memory cavity pull to be large enough such that
system is in the photon number resolved regime, X;mq > Km, kg, it
should still be sufficiently small so that a 7 pulse spectrally large
enough to address the qubit dressed by the first ~10 photon states can
be performed. Similarly, qubit-readout cavity pull should be larger
than the cavity linewidth x,q 2 K to optimize the readout strength.
In the following section we will see how the system is designed to
respect these requirements.

6.1.2  Fully 3D design

Both the memory and the readout resonators are implemented as
3D cavities, with a transmon qubit located in the tunnel in the bulk
metal between the two, similarly to the architecture developed by the
Yale group [112].

For a 3D cavity coupled to a planar JPC, the main source of de-
coherence are the interconnects that transition between the coaxial
microwave environment of the transmission lines, and planar and 3D
microwave environments of the resonators. In this full 3D design, the
JPC is wirelessly embedded inside of a cavity, similarly to the wire-
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less Josephson amplifier implemented by the Yale group [127]. The
bottom half of the device is shown in Fig. 72.

(a)

Figure 72: (a) CATTA drawing and (b) photograph of the bottom half of the
three-cavity cQED device with the left cavity hosting the buffer
resonator a, the memory cavity m in the middle and the readout
cavity r on the right. Two sapphire chips are placed between the
top and the bottom parts. The left chip carries a microstrip buffer
resonator a with a JRM in the middle, coupling it to a planar
antenna that dips through the left tunnel into the memory cavity.
The right sapphire chip hosts the transmon that couples to the
memory cavity on its left and to the readout cavity on its right.
Josephson junction of the qubit is located in the tunnel in the
bulk metal.

The three cavities are machined in copper and the plan is to ul-
timately electroplate the memory cavity with lead in order to get a
high Q factor. The left cavity has the dimensions of a rectangular
WR62 waveguide and its top part contains an iris whose dimensions
were chosen to enable strong coupling of the buffer resonator situated
in this cavity to the transmission line. The iris is backed by a waveg-
uide to SMA adapter, that connects the device to the input coaxial
transmission line.

Buffer mode a is a planar resonator realized in microstrip architec-
ture on a sapphire chip with a gold ground plane strip on its back.
The HFSS simulations that we have done, showed that the microstrip
ground plane is necessary because due to the ground plane defined by
the walls of the waveguide cavity, the buffer mode impedance would
be very large, which would result in the buffer mode resonating at
a frequency too high and too detuned from the qubit to obtain the
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strong coupling, even if the resonator extends on the whole width of
the cavity. Furthermore, as we will see in the next section, the buffer
resonance would be too high for the bandwidth of the waveguide cav-
ity. The width of the ground plane is 10 times larger than the width
of the buffer antenna, but is chosen small compared to the length of
the cavity to avoid spurious reflection of the incoming field a;, on
it. The buffer mode is coupled directly to the propagating mode of
the rectangular waveguide through dipole antennas, which eliminate
the need for PCB and wirebonds. This is a great simplification in the
impedance perceived by the device compared to the hybrid 2D/3D
architecture. The coupling is maximized by setting the distance be-
tween the bottom wall of the rectangular waveguide cavity and the
sapphire chip to the quarter wavelength of the lowest propagating
mode. The bottom wall is an effective shorted termination, such that
the buffer resonator is at an electric field antinode of the standing
wave.

The signal propagating down the rectangular waveguide cavity ex-
cites the differential mode across the buffer resonator which elimi-
nates the need for hybrid couplers used in previous experiments to
distribute the field with differential polarization. Hybrid couplers are
lossy and cumbersome elements which makes the design where they
are not necessary very appealing. In this design however, a hybrid
coupler is still used for the pump tone. Full cryostat wiring is shown
in Fig. 95. Pump field is applied through two symmetrical pins that
dip on the two sides of the rectangular waveguide cavity aligned with
the dipole coupling antennas of the buffer resonator. One of the SMA
cables for the pump excitation can be seen on the closed device in
Fig. 73b.

Josephson Ring Modulator (JRM) is located in the middle of the
buffer resonator. As the cavity is made of copper, the JRM can be
unobstructedly flux biased with an external magnetic field. JRM cou-
ples the buffer mode to an antenna, which extends through a tunnel
in the bulk metal to the memory cavity. Memory cavity, in the mid-
dle in Fig. 72 has no direct ports to the environment. Before the
final cool down, it can be selectively lead plated using the electrode-
position technique developed for the previously studied architecture.
As the lead oxydizes quickly and its oxyde is not superconducting,
the lead plating is not done for the calibration measurement runs.

140



Figure 73: (a) Top and bottom halves of the three-cavity cQED device. (b)
Closed device with waveguide to SMA adapter used to differen-
tially excite the buffer mode. One of the two pump ports is visible
on the front side.

The difficulty compared to the previous design is that the coupling
between the antenna and the memory mode is done asymmetrically,
with only one arm of the antenna coupling to the memory field on one
side of the JRM. By consequence, JRM does not perceive the same
impedance on both sides. To remedy this, we have made one arm of
the antenna longer than the other one. The optimal length difference
was simulated using HF'SS software by maximizing the quality factor
of the memory mode. This issue will be discussed in more details in
section 6.1.6.

Finally, the cavity on the right in Fig. 72 is the qubit readout cav-
ity. The junction of the qubit is located in the tunnel between the
memory and readout cavities, and couples to them with two antennas
whose lengths were determined in electromagnetic HFSS simulations
to ensure strong dispersive coupling. An iris in the bottom of the
readout cavity connects it to the transmission line through a waveg-
uide to SMA connector. The size of the iris was determined in HFSS
simulations to allow for strong coupling.

Both the buffer and readout modes are addressed by waveguide
transmission lines. In the following section, we will explain how waveg-
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uides can be used as a filtering tool to extend the lifetimes of the
qubit and the memory cavity without compromising on the readout
efficiency.

6.1.3 Waveguide filtering

The 3D architecture has the advantage of being compatible with
microwave waveguides. Microwave waveguides are metallic transmis-
sion lines used at microwave frequencies. The maximum wavelength
a rectangular waveguide can support is given by twice the length of
the longer dimension of the cross-section, labeled d in Fig. 74a. Close
to that cutoff, they thus act as high-pass filters with a lower cutoff
frequency f. = 5, where c is the speed of light.

- 10} |tw]|(dB)

[rlw]|(dB)

(V) [RSH
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w/2n (GHz)
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Figure 74: (a) Cross-section of a waveguide with largest supported wave-
length mode TEq. Planar % buffer mode is represented in yellow.
(b) Measured transmission and reflection coefficients for WR62
waveguide with cutoff frequency f. = 9.5 GHz.

By designing the readout cavity and buffer resonators such that
their resonance frequencies satisfy w,,w, > 27 X f., we ensure that
they can propagate in the waveguide without dissipation. On the
other hand, waveguides can be used to filter out the qubit and mem-
ory modes that are designed to resonate bellow the cutoff frequency
Wg, wm < 27 X fe. In this experiment we use the WR62 waveguides.
Reflection and transmission coefficients for this waveguide measured
at room temperature are shown in Fig. 74b, with the cutoff frequency
fe =19.5 GHz.
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In fact, rectangular waveguides behave rather like bandpass than
high pass filters. The accepted limits of operation, where losses are
negligible, are approximately between 125% and 189% of the lower
cutoff frequency, that is 12.4 GHz to 18 GHz for WR62 waveguide.
This sets an additional constraint for the frequency of the buffer mode,
which made it necessary to realize it as a compact, lumped element
resonator.

6.1.4 Lumped buffer resonator

Planar buffer resonator is oriented in the direction of the shorter di-
mension of the waveguide cross-section as shown on Fig. 74a. It is thus
differentially polarized by the fundamental TE;y mode propagating
in the rectangular waveguide. The minimum resonance frequency a
distributed % buffer mode can take is given by the maximum possible
length of the resonator, that is % = % (see Fig. 72). The minimum

buffer frequency is then twice the lower cutoff frequency

min _ A% - g = 2f. > 189% f., (156)
which places it outside of the waveguide bandwidth.

Having the buffer resonance frequency outside of the waveguide
bandwidth would attenuate the propagating signal and make strong
coupling to the buffer mode unattainable. One possible strategy to
reduce the resonance frequency of the buffer mode is to increase the ef-
fective length of the distributed resonator by creating meanders. This
approach has an important drawback which is the spectral crowding
coming from the multiple spurious modes due to the signal reflections
at bending points which induce impedance discontinuities in this ge-
ometry without an infinite ground plane. An alternative approach is
concentrating the inductance and capacitance of the buffer mode in a
smaller region by making a compact or lumped resonator. As a clean
spectral environment reduces the number of unwanted decoherence
channels, we opt for the second approach.

The size of the lumped buffer resonator is reduced to the size of
the Josephson ring. Most of the buffer inductance L, comes from the
wires of the ring, which is shunted by four identical capacitors Cs,
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Figure 75: Equivalent circuit of the lumped buffer resonator with four large
shunting capacitors Cs. Josephson ring couples the buffer mode
to an asymmetric antenna mode, that capacitively couples to the
memory resonator. L and Loy are inductances of the two arms of
the antenna. Capacitors C. couple the compact buffer resonator
to the dipole antennas that couple it to the incoming signal field.

as shown in the Fig. 75. The differential eigenmode of this circuit is
given by

1
\/(La + LJRM)CS

: (157)

Wq =

where L jras is the effective inductance of the Josephson ring. Cou-
pling capacitors C. couple the buffer resonator to the antennas, that
mediate the coupling to the waveguide. Both the shunting and cou-
pling capacitors are realized in the interdigitated architecture as shown
in Fig. 76a.

Unlike the microstrip resonator, the lumped buffer resonator does
not have higher harmonic resonances. By consequence, the pump ap-
plied at frequency w, + w., can be considered stiff to a good approxi-
mation. Furthermore, lumped resonators have higher internal quality
factors than the microstrip ones likely due to the absence of the dipole
radiation on the edges.

On the other hand, capacitances larger then 0.5 pF are difficult
to achieve using the interdigitated configuration, which makes some
frequencies unattainable [128]. Furthermore, the interdigitated ca-
pacitors present some parasitic capacitances and inductances, which
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Figure 76: (a) Electron lithography drawing of the Josephson ring shunted
by four large capacitors an coupled through two smaller capaci-
tors to the antennas. (b) Optical microscope image of the lumped
buffer resonator with the four shunting capacitors in the corners.
(¢) Optical microscope image of the Josephson ring shunted by
meanders that acts as linear inductors.

makes their scaling to match a given frequency not straightforward.
This is why we use a microwave simulation tool called qucs [129]. In
a simulation explained in more details in section 10.2, we have fixed
the buffer resonance frequency to a value of w, = 27 x 13.1 GHz
within the waveguide bandwidth and for fixed length of wires and
thus fixed buffer impedance, we have done a parametric optimization
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on the shunting and coupling capacitances Cs and C,.. We determine
Cs =145 fF and C, = 71.5 {F.

To a good approximation, the capacitance of an interdigitated ca-
pacitor is given by [130]

€

— 1
C==5, (158)

where S = [, x [, is the surface of the capacitor, € is the electric
permittivity and A = d + w where d is the distance between two
neighboring fingers and w is the width of an individual finger, as
shown in Fig. 77. This enables us to roughly determine the size and
number of fingers for the capacitors.

h

o~
I8

l

Figure 77: Schematic of an interdigitated capacitor. The total surface S =
lz X 1, the width of one finger w and the distance between two
neighboring fingers h — w to a good approximation determine the
total capacitance.

For the sample used in this experiment, there are N = é—zh =38
fingers for each plate of both the shunting and the coupling capacitor.
Their dimensions are [, x w = (220 x 5) pm for the shunting capaci-
tors and (110 x 5) pm for the coupling capacitors, as can be seen in
Fig. 76.

6.1.5 Vanishing Kerr shift

We have created an atypical Josephson mixer, where a Josephson
ring couples one lumped resonator to a 3D resonator. We characterize
this device by measuring the signal reflected on the buffer resonator
while sweeping the current through the magnetic coil I.,;. From the
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reflected signal dependance in frequency, we determine the buffer res-
onance frequency as a function of flux bias, see Fig. 78.
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Figure 78: (a) Measured buffer resonance frequency as a function of the cur-
rent in the magnetic coil. Red dots correspond to a measurement
with high probe power P = 5 dBm and black dots to a mea-
surement with low probe power P = —40 dBm. They intersect
at "sweet flux points" where the cross Kerr shift induced by the
pump tone is vanishing. (b) Frequency shift due to the self-Kerr
effect as a function of the current in the magnetic coil.

As explained in the section 2.2.2 on the Josephson mixer, there is a

critical flux at which a shunted Josephson ring switches from the sym-
metric to a broken symmetry flux configuration in the ring subloops.

147



The two flux configurations correspond to two sizes of the arches that
are observed in the flux dependance of the eigenfrequencies. The ir-
regularity of the pattern is due to imperfections in the areas of the
subloops of the Josephson ring and inequality of the junction sizes
[122].

The measurement is done at two different probe powers shown
in black and red in Fig. 78a. For no bias current I.,; = 0, and at
probe power P = —40 dBm referred to the output of the signal
generator, resonance frequency of the buffer mode is found to be
wqe = 27 x 13.164 GHz, the coupling rate is k, = 27 x 30.5 MHz and
the dissipation rate is f@floss < 2w x 1 MHz. At high probe power, the
resonance frequency shifts due to the self-Kerr effect. For the Joseph-
son ring shunted by inductances though, the Kerr term in Hamilto-
nian has a cosinusoidal dependance on the external magnetic flux
Yext, See Table 3. There are thus certain "sweet points’, correspond-
ing to eyt = 2w, at which this term goes to zero and the Kerr shift
vanishes, as can be seen in Fig. 78b. This is an important advantage
of the Josephson mixer employed for the quantum node, compared to
other simpler sources of nonlinear interaction such as a single Joseph-
son junction of a transmon qubit [131], that were used to perform
efficient release of multiphoton quantum states, but not yet the sig-
nal capture.

Vanishing Kerr shift presents few benefits for quantum node re-
alization. First, operating the quantum node requires fast switching
between the amplification and conversion regimes. As the pump tones
used in these two regimes are spectrally far from each other, they re-
quire powers that can differ by orders of magnitude. By consequence,
if the Kerr term is non zero, frequencies of the modes coupled to the
nonlinearity shift between the amplification and conversion regimes.
Few feedback steps are thus needed to adjust the frequency and the
amplitude of the pump tone. Working at the "sweet flux" where the
Kerr shift vanishes greatly simplifies this routine.

Furthermore, capture efficiency Eq. (150) of the signal incoming
to the memory mode is limited by the Kerr effect. Indeed, when
a gaussian shaped signal wavepacket starts entering the cavity, the
resonance frequency of the memory mode shifts due to the self-Kerr
effect. The pump amplitude and frequency would thus have to be
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adapted while the signal is entering in order to match its amplitude
and obtain the maximum efficiency n = 1.

6.1.6 Asymmetric coupling to the memory mode

The coupling between the buffer and memory modes is mediated by
an asymmetric antenna through a tunnel in the copper bulk between
the two cavities. The size of the tunnel is small, so that it doesn’t
introduce losses to the memory mode. However, buffer and antenna
are on the same chip and the chip needs to be wide enough to support
the large antennas for the strong coupling k. of the buffer to the
transmission line. This is why the chip has a nontrivial shape that
can be seen in Fig. 79. The chip is laser cut because dicing only
allows rectangular shape for samples. Laser cutting is made possible
by using a sapphire substrate that is only 150 pum thick. E-beam
lithography resists are deposited on the sapphire wafer previous to the
laser cutting because the shape of a single chip does not allow for the
spin coating. E-beam resists are protected from the contamination
during the laser cutting step by a thick UVIII resist that can be
selectively removed using the IPA.

Figure 79: JPC with a lumped buffer resonator on a laser cut sapphire sub-
strate.

Amplitudes of the electric field of the system eigenmodes, simulated
with the HFSS software, are shown in Fig. 80. The memory mode
shown in Fig. 80b is delocalized on the planar antenna that couples
it to the JRM. Simulated frequency of the memory mode is w,, =
21 x 8.14 GHz.
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(a) (b)

Figure 80: Amplitude of the electric field simulated using Ansys HFSS soft-
ware for (a) the buffer % mode and (b) the fundamental mode of
the memory cavity.

As there is no direct port that allows probing the memory mode,
we resort to an indirect probing technique that makes use of the Kerr
shift. We measure the reflection coefficient on the buffer resonator
while sweeping the frequency of a strong pump tone. When the pump
tone is resonant with one of the eignemodes of the system, a cross
Kerr shift is induced on the buffer mode, as can be seen in Fig. 81.
This measurement is an indirect way to determine the frequencies of
the eigenmodes of the system. Guided by the expected value from
the electromagnetic simulation, we find the memory mode at w,, =
21 x 8.106 GHz. These two measurements allow us to determine the
pump frequency for the parametric conversion between the buffer and
memory modes wy, = W — Wy, = 27 X 5.058 GHz.

6.1.7 Conversion pump

The pump tone is applied through symmetrical pins that dip into
the waveguide cavity right above the antennas of the lumped buffer
resonator in order to excite the common mode of the Josephson mixer.
However, the cutoff frequency of this waveguide being 9.5 GHz, the
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Figure 81: Measured buffer frequency as a function of the frequency of the
pump tone. When the pump frequency is resonant with an eigen-
mode of the system, noticeable Kerr shift is induced on the buffer
mode.

conversion pump frequency is well below the waveguide bandwidth
and there is a considerable attenuation of the signals propagating at
lower frequencies. During the first measurement run, we understood
that even at the maximum pump power that we could send using a
microwave source backed by a room temperature amplifier, we could
not succeed in inducing the conversion to the memory mode. In an-
other measurement run, the pins for the pump tone were made much
longer and curved such that they come to the immediate proximity
of the buffer resonator. However, in this configuration, the incoming
signal gets reflected on the pins resulting in a Fano resonance on the
buffer mode.

On the other hand, for a pump tone at frequency w, = 2w x 7.927
GHz, a phase roll of 47 at buffer frequency shown in Fig. 82 indicates
a conversion to a high frequency mode, w, = Wpode — wWq. This is an
encouraging result because it means that by changing the dimensions
of the memory cavity in order to lower its resonance frequency such
that wy, — wy, 2 2 x 7.9 GHz, the problem of pump tone attenuation
would be solved.
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Figure 82: Phase of the measured reflection on the buffer mode with the
conversion pump turned on at a frequency corresponding to a
conversion from the buffer to a high frequency mode. The phase
roll of 47 indicates the strong coupling regime.

6.1.8 Conclusion on the full 3D geometry

Most of the building blocks of this complex device were demon-
strated to operate as expected. The memory mode has been indirectly
observed at the resonance frequency expected from the electromag-
netic simulations, but the conversion to memory mode couldn’t be
attained because the pump tone was filtered out by the waveguide.
However, a signature of frequency conversion to a high frequency
mode in the strong coupling regime has been observed. This shows
that the architecture could be modified to enable quantum node im-
plementation by setting the memory mode at a lower frequency.

In parallel with this design, we have realized another solution which
is a full 2D architecture.

6.2 2D COPLANAR WAVEGUIDE ARCHITECTURE

An alternative strategy to disposing of 2D/3D interconnects and
the dissipation that comes with them is going full 2D. Even though
this approach lacks the clean electromagnetic environment that comes
with the 3D cavity, it has a lot of other advantages.
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First, nanofabrication recipes are well known and changes in the
design can be incorporated much more readily than in the case of
3D cavities that have to be machined in the bulk metal. Second, the
devices are much less cumbersome, especially with the new proposals
of integrating on chip microwave components such as circulators and
microwave switches [5, 132]. Finally, a great progress in the under-
standing of sources of decoherence has been made, in particular iden-
tifying the locations of the TLSs as metal-substrate and substrate-air
interfaces [133]. This has lead to emergence of techniques to reduce
their impact that enabled achieving quality factors of 10°.

During the writing of this thesis, the full 2D quantum node project
is still in a stage of preliminary measurements. Few considerations
concerning the circuit design and simulations prior to the experiment
will be detailed here.

6.2.1  Clircuit design

In the previous experiments described in this thesis, planar res-
onators were fabricated in a microstrip architecture. This architec-
ture is convenient for the Josephson mixer, however, when it comes
to optimizing the resonator lifetime, it is not the most competitive
one. Indeed, microstrip resonators have large radiation losses due to
the large electric dipole induced between the strip and the ground
that is radiating at the extremities of the resonator. In the CPW ar-
chitecture on the other hand, the dipole moment vanishes due to the
ground plane that is surrounding the resonator on both sides.

Figure 83: Cross section of CPW resonators with different gap widths. Par-
ticipation ratio of the surface of the dielectric substrate is more
important for smaller gaps.
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The quantum node circuit described in this section is realized in
CPW architecture. The schematic of the experiment is the same as
the one described in Fig. 71. Buffer mode is strongly coupled to the
transmission line through the port that can be seen on the top left
in Fig. 84. Frequency tunability of the device is ensured by a large
participation ratio of the variable inductance of the Josephson ring,
controlled by magnetic flux, in the total inductance of the buffer
resonator. The tunability can thus be increased by decreasing the
geometric inductance of the buffer resonator, which is equivalent to
decreasing its impedance as Z = \/g . This can be done by decreasing
the size of the gap between the resonator and the surrounding ground
plane. The fabrication technique that uses a laser writer sets this gap
to the minimum value of 10 ym.

However, small gaps concentrate the electric field lines in the prox-
imity of the lossy metal-substrate and substrate-air interfaces, as il-
lustrated in Fig. 83, which makes them detrimental for the coherence
of the resonator [134]. Increasing the gap decreases the participation
ratio of the dielectric surface and by consequence increases the quality
factor of the resonator. In a recent systematic study at UCSB it was
found that quality factor saturates around the gap width of 50 pum
where the other loss mechanisms such as radiation become dominant
[135]. The gap for the memory resonator, for which the quality factor
needs to be maximized, is fixed to 60 pum.

A transmon qubit is capacitively coupled to the memory mode with
one antenna and to the readout mode with the other antenna. Geo-
metrical parameters that determine the coupling, such as the antenna
dimensions and the distance to the resonators were simulated using
the Sonnet software. It is an electromagnetic solver for high frequency
RF and microwave analysis. Simulated current distributions for four
eigenmodes are shown in Fig. 84.

154



()

Figure 84: Current amplitude simulated using Sonnet. (a) A/2 mode of the
buffer resonator, (b) A/2 mode of the memory resonator, (c) A/2
mode of the readout resonator and (b) common mode of the JPC.

6.3 CONCLUSION

Quantum node based on a Josephson mixer is an ongoing project in
our group. Its first experimental realization, where a single cavity was
used both for the photon storage and qubit readout gave encouraging
preliminary results for the arbitrary state preparation. In this chapter
we have presented two upgraded realizations.
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The main results of this chapter are:

o Josephson mixer with a JRM shunted by inductances was used
instead of a Josephson Parametric Converter, in order to enable
cancelling out the Kerr shift and increase the efficiency of the
quantum memory. A qubit readout mode separate from the
photon storage mode was added.

¢ Design and realization of a fully 3D waveguide quantum node.
A wireless Josephson mixer addressed by microwave waveguides
with a lumped buffer mode was integrated in this architecture.

e Design and simulation of a fully 2D CPW quantum node.

156



Part 111

PARAMETRIC OSCILLATION






PARAMETRIC OSCILLATION

"There’s a crack in
everything, that’s how the
light gets in."

Leonard Cohen

Parametric interaction in a Josephson mixer provides quantum lim-
ited parametric amplification, as well as noise squeezing and para-
metric frequency conversion between modes. All of these applications
are in the pumping regime of the linear resonator response. In this
regime the stiff pump approximation applies, and the pump tone can
be treated as a classical drive connected to a large classical energy
reservoir. As such a reservoir cannot be easily depleted, the pump is
unaffected by the amplification process.

However, for strong pump powers, a strongly non-linear high-gain
amplification regime is attained. This nonlinearity limits the gain
and squeezing at the threshold, and also saturates the parametric
instability such that above the parametric instability threshold a self-
oscillation regime is established. This regime is equivalent to the las-
ing regime in optics.

This transition occurs when the effective coupling rate, that is the
insertion rate of photons in the modes, equals the loss rate of pho-
tons from the cavity [136]. In this regime, the amplified signal power
becomes a considerable fraction of the pump power, so that the stiff
pump approximation breaks down. In the soft pump regime, the in-
teraction between the pump and the signal leads to pump depletion,
which gives rise to spontaneous oscillation.

Interestingly, the non linear evolution leading to the parametric
oscillation can also be provided by a strong Kerr effect instead of the
pump depletion.
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7.1 PARAMETRIC INSTABILITY

In this section we will be interested in the boundary between the
parametric amplification and the self-oscillation. We will define the
parametric instability threshold above which the linear response of
the oscillator tends to diverge at its resonance frequency.

As already seen in Chapter 2, when a Josephson mixer is pumped
at frequency w, + wp + 26, its Hamiltonian in the frame rotating at
Wq,p + 0 reads

0 = —hdsata — hob'b+ hx|ps|(ab+albh), (159)

where pp is the amplitude of the so called blue detuned pump, and
the Langevin equations can be put in the matrix form

O0) Zar [0 4 [Vrelin], (160)
ot \ pt bt NGNS

M= (25_ z _ZX’pB‘) . (161)

ixlppl —id — %

with

For zero mean input fields (a;n) = (bin) = 0, a trivial solution to this
system is the empty cavity state (a) = (b) = 0. In the linear amplifica-
tion regime this solution is stable, as the cavity quickly dissipates the
amplified input vacuum fluctuations. When the system is pumped so
strongly that amplification of the vacuum fluctuations creates more
excitations than the system can dissipate, new stationary solutions
emerge. The instability threshold can thus be found by studying the
stability of the empty cavity state. The stability condition can be
found by diagonalizing the matrix M

Det(M +iA) =0, (162)
which gives

.Rq K
[6+23+A][6—15—A] = |xp|*. (163)
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Stability condition reads ImA < 0 [137], so that the parametric insta-
bility threshold is given by ImA = 0. At threshold, Eq. (163) can be
solved independently for the real and imaginary parts, giving

A= hazms

KatKp (164)
PGP = ot 4 071 — (g2 )?).

Ka+Kp

The second equation defines the threshold pump amplitude |pt]§‘.

At zero pump detuning, § = 0, we find the minimum threshold
|XIU%1 2 = 4k,ky corresponding to the cooperativity C' = 1. Beyond

this threshold, an empty cavity state still exists as an instable solu-
tion, whereas self-sustained parametric oscillation emerges as a new
stable solution, with complex amplitudes given by a non-linear solu-
tion to Eq. 160

a = agela

165
b= boe', 1o

where amplitudes ag and by are well defined whereas phases 6, and
0, present a continuous degeneracy.

Using the same device as in part i, we first measure the power
spectral density of the emitted field from the mode a as a function of
the pump power for different pump detunings 6. We then determine
the self-oscillation threshold as a function of the detuning, as shown
in Fig. 85. There is an asymmetry for positive and negative values of
6 which comes from the Kerr effect. In fact, the effective detunings
renormalized by self Kerr K,, and cross-Kerr K, for the two modes
are

o = 6+ Kaalal® + Kqp|bJ?
af? + Kt (166

8 = 0 + Kip|b]*> + Kaplal®.

Indeed, Kerr effect stabilizes negative detunings such that there is a
region of bistability for the empty cavity and self-oscillating solutions
[137].

In the following, we measure the emitted quadrature statistics as
shown in Fig. 86 below the instability threshold and in Fig. 87 in the
parametric self-oscillation regime. The Josephson mixer, with zero
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Figure 85: Measured parametric oscillation threshold pump amplitude as a
function of the pump detuning §. Full red line corresponds to
Eq. (164) up to an attenuation factor. The pump amplitude is
measured at the output of the signal generator, which far exceeds
the one at the input of the Josephson mixer.

mean fields at the input, is pumped with zero pump detuning § =
0, at wp = wq + wp. The signal emitted from each of the modes a
and b is mixed with an external local oscillator and the resulting
quadrature components are digitized with a fast acquisition board.
In the parametric amplification regime, the output field is described
by a Gaussian distribution centered around the origin. The variance
of a single mode a or b is that of the vacuum fluctuations amplified by
the Josephson mixer and with the thermal noise added by the chain
of amplifiers, as shown in Fig. 86. In the cross-quadrature planes,
signature of two-mode squeezing can be seen [72, 73, 6]. Here we
have chosen a pump phase such that the correlations are only visible
in the X, — X}, and P, — P, planes. However this choice is arbitrary
and with another phase correlations would be visible in all the cross-
quadrature planes.

In the parametric oscillation regime, the emission amplitude abruptly
increases, as can be seen in Fig. 87. The amplitude is constant and
reveals the square root of the mean number of photons in the intra-
resonator mode, ag = v/N,. On the other hand, only the sum of the
two phases ® = 60, + 0 is constant, but each of the phases 6, and
0y can take a continuum of values. As we will see in the following
section, the phase of the emitted field can be locked by injecting a
small resonant signal.
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Figure 86: Field quadrature histograms of the output fields measured in the
linear amplification regime. They correspond to a stable empty
cavity state with a signature of two-mode squeezing that can be
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Figure 87: Field quadrature histograms of the output fields measured in the
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planes.
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7.2 INJECTION LOCKING

Injection locking is one of the techniques commonly used with op-
tical laser diodes to obtain narrow linewidths and increase frequency
resolution and stability [138]. This technique relies on the injection
of a tone at frequency wj,, which stimulates the emission of the atom,
natural or artificial, at this injected frequency. This results in the
narrowing of the emission spectrum.

Competition between spontaneous and stimulated emission sets a
lower limit on the laser linewidth, first calculated by Schawlow and
Townes (ST) [139]. In solid-state and semiconducting lasers, charge
noise fluctuations induce broadening of the emission peak such that
natural linewidths are 10-100 times larger than the ST limit.

Recently injection locking has been demonstrated with semicon-
ductor double quantum dot micromaser [27], as well as with an ac
Josephson junction laser [28] and trapped-ion phonon laser [29].

7.2.1  Injection locking theory

Time dependent complex amplitude of the cavity output field is
a(t) = X(t) +iP(t) = |alemtio®) (167)

where ¢(t) = ¢c(t) — ¢in is the relative phase of the emitted field ¢,
and injected field ¢;,, as shown in Fig. 88a. The time evolution of

the relative phase is described by the Adler equation

A mno .
Dt (i —we) =~ sing, (168)

where w, is the natural emission frequency and Aw;, is the range

of injection frequencies on which the emission field can get locked.
When |wi, — we| < A‘gi", there is a static solution to this equation,
that reads

2(we — wm)} ,

169
Ao (169)

¢ = arcsin {

so that the phase of the emitted field gets locked to the phase of the
injected field, as shown in Fig. 88b.

When the injection tone at frequency wy, is detuned by few linewidths
from the natural emission frequency we, this last one is pulled and
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locked to the injection tone if its amplitude is large enough. The fre-
quency range Aw;, over which the emission can be injection locked
increases with the power of the injected tone

as was first predicted by Adler [140]. At low injection tone powers,
mean number of photons in the cavity is smaller than 1 and the

emission is not affected by the injection.
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Figure 88: (a) In the unlocked regime, the phase of the natural emission
field at frequency we is fluctuating with respect to the phase of
the injection tone at frequency wj,. (b) In the injection locked
regime, the relative phase ¢ between the emission and injection
is fixed.

Outside of the injection locking range, i.e. for |wi, — we| > Ame’
solution of the Adler equation Eq. (168) is given by

t t Aw;
tan o(t) = a0 $, (171)
2 We — Win 2 2(we —win)
where wy, is the beating frequency and it reads
Awm 2
— s (2
wp = (we —win)y/ 1 (OJe = wm) ) (172)

In the transient regime, the emission frequency is pulled towards the

injection frequency

We = Wiy, + Wh. (173)
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General solution for the complex cavity field amplitude in the tran-

sient regime is

oo
o = |a’ei(wm+wb)t Z a%ei’rw.)bt7 (174)

n=—oo

where a,, are the expansion coefficients that can be analytically cal-
culated [141]. There is thus a set of emission frequencies w! given by

wg = win + (n+ 1)ws, (175)

where n = 0 corresponds to the pulled emission frequency and n =
41,42 etc. correspond to higher order distortion sidebands. Note
that n = —1 corresponds to the injection tone.

7.2.2  Standard injection locking of a Josephson mizer

The Josephson mixer is pumped above self-oscillation threshold at
the blue pump amplification frequency wp = 27 x 14.92 GHz and
power Pp = —16 dBm. A weak injection tone at frequency wj, is
applied on resonance on the mode a and its power is swept from -83
to -53 dBm referred to the output of the signal generator. Measured
quadrature statistics for four powers of injected signal are shown in
Fig. 89 which puts in evidence the transition from the phase unlocked
to the phase locked regime. Note that there is approximately 50 dB
of attenuation on the amplification pump line between the signal
generator and the device, and 70 dB on the signal line (see Fig. 93).

In the following measurement, the power of the injected signal is
fixed to P, = —35 dBm and its frequency is swept in the range
of 50 MHz in proximity of the resonance frequency w,. Measured
power spectral density of the field propagating from the mode a is
shown in Fig. 90c. Dashed red line corresponds to Eq. (175) with
the injection locking range Aw;, = 4.8 MHz. This range however is
predicted by the Adler theory to depend on the injected power. To
experimentally verify this dependence, we repeat the power spectral
density measurement as a function of the frequency of the injection
tone for increasing injected powers and for four different amplification
frequencies. Injection locking range determined by matching Eq. (175)
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Figure 89: Measured quadrature statistics for modes (a) a and (b) b for the
pump power fixed in the self-oscillation regime and for four differ-
ent powers of the small signal injected on resonance on the mode
a. Field quadrature axes are calibrated in number of photons. (c)
and (d) Average of the complex amplitudes of the field emitted
from modes a and b as a function of the injected signal power.

to these measurements is shown in Fig. 91. Full line corresponds to
power dependence Eq. (170).

Interstingly, JPC being a non-degenerate amplifier, emission of the
mode a can be locked by a signal injected on the mode b, as shown
in Fig. 90d. The slope of the emission peak in the injection locking
range is -1 as opposed to 1 in the case of locking with a signal injected
on the mode a. The effective injection locking frequency is then

(176)

Win — WB — Win.
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Figure 90: Measured power spectral density S, (w) of the radiation emitted
from the mode a, plotted as a function of the frequency w and
frequency wjy, of the locking tone injected on (a) mode a and (b)
mode b. The power and frequency of the amplification pump are
fixed, Pg = 16 dBm and wg = 27 x 14.93 GHz. Injection tone
power is Py, = —35 dBm. Red line corresponds to Eq. (175) for
(a) and Eq. (177) for (b).

and frequencies of the emission peaks read

Awin  \ 2
wy = Win +n(we — &'Jm)\/l - (;> . (177)

Wq — Win

Note that there is no conversion pump applied in this measurement.
The two intracavity fields of the resonators a and b interact only
through the downconversion of the amplification pump tone, which
results in phase locking of the cavity field of the resonator a to the
field of the resonator b.
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Figure 91: Injection locking range determined by matching Eq. (175) to
the measured power spectral density of the emitted radia-
tion, as a function of the injected power. Different colors cor-
respond to different amplification pump frequencies wp =
21 x 14.925,14.93,14.935,14.94 GHz. Full line corresponds to
Eq. (170).

7.2.3 Injection locking in conversion

In this section, we present an atypical injection locking scheme,
which makes use of four-wave mixing in a Josephson mixer.

As already seen in Eq. (63), when two pumps are simultaneously
applied at frequencies w, + wp and w, — wyp, two additional terms do
not vanish in RWA and contribute to the interaction Hamiltonian

Hiwo pumps = WKapppprata’ + hEky,ppphbidf, (178)

where pp and pr and annihilation operators for the blue parametric
amplification and red conversion pumps. The first process of Eq. (178)
corresponds to a coherent conversion of one pump photon at wg =
we + wp and one injected photon at w;, = w, —wp to two photons
in the resonator a at w,. Frequency of the effective injection locking
tone is then given by

G = 220 (179)

and frequencies of the emission peaks read

Awin 2
Wl = Win + n(wg — Din)\ |1 — <4> ) (180)

Wq — Win
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Figure 92: Measured power spectral density (a) Sg(w) of radiation emitted
from the mode a and (b) Sy(w) from the mode b, as a function of
frequency w and frequency of the locking tone w;, injected on the

pump port in the proximity of the conversion pump frequency.
Red dashed line corresponds to Eq. (180) with effective injection
frequency given by Eq. (179) for (¢) and (181) for (d). The power
and frequency of the amplification pump are fixed, Pg = 16 dBm
and wp = 27 x 14.9 GHz. Injection tone power is P;, = —28
dBm.

Similarly, the second process of Eq. 178 corresponds to a coherent
conversion of one pump photon at wg = w, + wp to one photon at
the injection frequency w;, = wg — wp and to two photons in the
resonator b at wy,. For the field emitted from the mode b, the effective
injection frequency is thus given by

Tin = _WWT—’_WB (181)

Measured power spectral densities of the fields emitted from modes a
and b as a function of frequency and frequency of the injection tone
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are shown in Fig. 92. Spectra similar to those for the standard injec-
tion locking scheme develop with few differences. As locking in con-
version requires two pump photons to create one signal photon, the
slope of the n = 0 harmonic is % for the mode a and —% for the mode
b. Moreover, the injection locking range Awe = AMT"". With these two
considerations taken into account, the positions of sidebands given
by Eq. (180) reproduce well the measured ones.

7.3 CONCLUSION

The main results of this chapter are:

¢ Determination of the parametric self-oscillation threshold for a
Josephson mixer as a function of pump detuning.

e Demonstration of phase locking of the radiation of both non-
degenerate modes of the Josephson mixer, by signal injection
on one of the modes.

e Demonstration of the injection locking of the emission of the
two modes of the Josephson mixer through a four-wave mixing
Kerr effect.

e Description of the emission spectra in the injection locking
regime and in its proximity using the Adler theory for lasers.
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Part IV

EXPERIMENTAL TECHNIQUES






DEVICE FABRICATION

"What is the shape of this
problem?"

Louise Bourgeois

8.1 NANOFABRICATION

All the samples discussed in this thesis contained Josephson junc-
tions made using the Dolan bridge technique, as we have used a 30 keV
Raith e-beam writer for e-beam lithography. Note that with a 100 keV
e-beam writer, a bridge free technique could be used [142]. Depending
on the experiment, samples were realized on sapphire or silicon sub-
strate. Thermal conductivity of sapphire being 5 times smaller than
that of silicon, baking time on a hot plate for the e-beam lithography
resist was longer for sapphire substrates, as indicated in Table 12.
Samples are summarized in Table 10. All the steps involving metal
evaporation, including the angle evaporation for the Dolan bridge
shadow technique, are performed in a Plassys e-beam evaporator in
the clean room of University Paris Diderot.

experiment substrate Ry
JM USC Si 300 - 400 Q)
transmon quantum node sapphire 5-10 kO

microstrip JPC | hybrid quantum node | sapphire | 300 - 400 Q)

lumped JPC full 3D quantum node | sapphire | 300 - 400 Q)

CPW JM CPW quantum node Si 300 - 400 O

Table 10: Samples, substrates and room temperature resistances R; of the
Josephson junctions.
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Most of the fabrication steps were the same for all types of samples,
with some additional steps for CPW samples compared to microstrip
ones. In order to avoid redundancy, processes for each type of sample
are summarized in Table 11, and then detailed one by one further in
the text.

176

Josephson
mixer, mi-

transmon CPW JM
crostrip JPC,
lumped JPC
substrate substrate substrate
cleaning cleaning cleaning

ground plane
deposition

Nb sputtering

positive resist
deposition

laser writer

lithography

development

etching

positive resist
deposition

positive resist
deposition

positive resist
deposition

electron beam

electron beam

electron beam

lithography lithography lithography
development development development
e-beam e-beam e-beam
evaporation evaporation evaporation
Al/AlO, /Al Al/A1O, /Al Al/AlO, /Al
lift-off in hot | lift-off in hot | lift-off in hot
acetone acetone acetone

Table 11: Fabrication steps for different samples.




Substrate cleaning

¢ 10 min sonicator in acetone
e IPA rinse

e 10 min oxygen plasma cleaning using reactive ion etching (RIE)

Ground plane deposition

e for microstrip samples: ground plane consists of 500 nm of
gold, evaporated on the back side of the substrate using an e-
beam evaporator. Before this step, a thick layer of PMMA resist
is deposited on the front side to protect it from dirt.

o for CPW samples: 150 nm of Nb are deposited on the entire
front side of the substrate using sputtering.

The next three fabrication steps, i.e. optical lithography, develop-
ment and etching are only performed for CPW samples in order to
etch the gaps for the resonators in Nb. The first two steps are per-
formed at College de France clean room facility. Development is done
after the transport between different facilities in order to avoid sur-
face contamination and in particular dirt deposition in the narrow

gaps.
Optical lithography resist deposition

e 1 drop of S1813, spin for 10 s at 1000 rpm, then spin for 30s at
2000 rpm

e bake for 1 min on a hot plate at 115°C
Laser writer lithography

e performed using microtech LW405-B+ laser writer in the clean
room facility at Collége de France

¢ 490 mJ/cm?

Development

o AZ726 for 90 s
o« H20 rinse

177



Etching

e dry etching with CF,4 for 60s using RIE

e remove the remaining resist using acetone and IPA

Positive electron sensitive resist deposition

Amplifiers, both shunted and unshunted, require junctions that are
weakly nonlinear compared to those of a transmon qubit. Josephson
inductance being inversely proportional to the surface of the junction
A, Ly x %, junctions need to be large ( ~ few pm?). This is ob-
tained by suspending the Dolan bridge over a larger height than for
smaller junctions, so that a larger area is in its shadow during the
angle evaporation. For amplifiers, two layers of MAA are deposited,
followed by one layer of PMMA so that the total polymer height is
~1200 nm. For transmon fabrication, one layer of MAA is deposited
prior to one layer of PMMA giving the total polymer height of ~ 700
nm. Baking time is the same for MAA and PMMA and is given for
different substrates in Table 12.

substrate | bake time

Si 3 min

sapphire 4 min

Table 12: Baking time for different substrates.

e dry for 2 min on a hot plate at 185°C

e 1 min cooling

e 3 drops of MAA, spin for 60s, speed 4000 rpm, acceleration 4000
rpm/s

e bake on a hot plate at 185°C

e 1 min cooling

e 3 drops of MAA spin for 60s, speed 4000 rpm, acceleration 4000
rpm/s

e bake on a hot plate at 185°C

1 min cooling
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e 3 drops of PMMA, spin for 60s, speed 4000 rpm, acceleration
4000 rpm/s

e bake on a hot plate at 185°C

Electron beam lithography

E-beam lithography is performed on a Raith e-beam writer. The
whole pattern is done in a single lithography step. Current is mea-
sured in the Faraday cage immediately prior to the lithography.

device aperture dose current
JRM amplifiers | 7.5 pm | 283 uC/cm? | ~ 25 pA
junction | transmon | 7.5 pm | 283 uC/cm? | ~ 25 pA

resonators | amplifiers | 120 ym | 283 uC/cm? | ~ 6 nA

antennas | transmon | 120 pym | 283 uC/cm? | ~ 6 nA

Table 13: Angle evaporation parameters for different samples.

Development

e 35sin a MIBK 1:3 IPA
o IPA rinse

Aluminum deposition

Josephson junctions are formed in two aluminum deposition steps
at two different angles, separated by an oxidation step. Evaporation
angles and heights of the layers depend on the sample and are sum-
marized in Table 14. The main steps of the process are

« pumping for 45 min until pressure p < 3 x 10~ mbar is reached
in the evaporation chamber

o Al evaporation of thickness hy at angle 61, at a rate 1 nm/s

« static oxidation for 7 min at 20 mbar in a O9 1:4 Ar atmosphere

o Al evaporation of thickness hy at angle 03, at a rate 1 nm/s
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JJ size resist 01 02 h1 ho
small MAA/PMMA -30° | 30° | 35 nm | 100 nm
large | MAA/MAA/PMMA | -35° | 35° | 100 nm | 130 nm

Table 14: Angle evaporation parameters for different samples.

Lift off

¢ 15 minutes in acetone heated to 40 °C

o IPA rinse

8.2 LEAD PLATING THE CAVITY

Coating copper cavities in thin layers of superconducting materials
has already proven to give exceptionally coherent resonators. In the
Haroche group in Paris, coherence time 7. = 130 ms at resonance
frequency w, = 27w x 51 GHz was obtained by sputtering a thin layer
of Niobium on copper mirrors of a Fabry-Perrot cavity, giving record
quality factor @ = 4.2 x 1019 at the single photon level [106].

However, due to their aspect ratio, sputtering technique cannot be
used on rectangular microwave waveguide cavities. Electrodeposition
on the other side can be used independently of the geometry of the
cavity and appears thus as a good solution for microwave cavities with
strong geometrical constraints. Lead has already been demonstrated
to give quality factors of @ = 3.7 x 10'° when electrodeposited on
copper cavities [124]. What is more, electroplating enables deposition
of thicker layers of superconductor, whereas thicknesses that can be
obtained by evaporation are limited to few hundreds of nanometers.
In this section we describe the protocol used for the cavity for the
quantum node experiment.

Surface preparation

e solvent cleaning: 10 min sonication in acetone followed by IPA
rinse and N» dry.

« acid cleaning: 10 min in nitric acid at 2 mol.17! at 40°C followed
by a water rinse.
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Solution

e 10g of PbO powder

e 100 ml of distilled water

e 28.6 g of methanesulfonic acid
e 70 ml of distilled water

o agitate the solution

e 0.5 g of polyethylene glycol

e 0.5 g of gelatine previously dissolved in 2 ml of distilled water
at 50°C.

A DC source is mounted in series with a 10 () resistance, lead
cathode and copper cavity anode. Cavity is placed in the solution
and lead cathode is placed inside of the cavity. A magnetic stirrer is
used to improve the convective transport of lead in the solution. The
whole process takes few minutes.

After being taken out of the solution, the cavity is rinsed with
water and dried using nitrogen flow. As lead oxidizes very quickly,
the cavity needs to be either immediately mounted in the cryostat or
kept in the vacuum chamber.
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LOW TEMPERATURE MEASUREMENTS

"Tt’s not just music, it’s
techno."

Laurent Garnier

9.1 CRYOGENICS AND WIRING

Typical resonance frequencies of superconducting qubits and res-
onators range between 5 and 10 GHz. In order to witness non-classical
behavior, and detect and process single microwave photons, the en-
ergy of thermal excitations of the environment has to be much smaller
than the energy of one photon. This condition reads

kT < hwy, (182)

where kp is the Boltzmann constant and w, is the typical resonance
frequency. Reaching quantum regime with microwave photons thus
requires environment temperature 7' < 200 mK. These temperatures
can be obtained using dilution refrigerators.

All of the experiments described in this thesis were realized in a
Cryoconcept dry dilution refrigerator with base temperature of 37 mK.
Full cryostat wiring for the ultrastrong coupling and injection locking
experiments is shown in Fig. 93, for the hybrid 2D /3D quantum node
experiment in Fig. 94 and for the full 3D quantum node experiment
in Fig. 95. Most of the wiring at higher temperature stages is identi-
cal. Input lines are attenuated using XMA attenuators to reduce the
thermal noise. For the input lines, cupronickel (CuNi) and stainless
steel coaxial cables with low thermal conductivity are used between
different temperature stages of the cryostat in order to minimize the
heat exchange. At the base temperature stage of the cryostat, cop-
per coaxial cables are used between different microwave elements. All
the microwave components are thermalized one by one using highly
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conductive copper wires. For the output lines, between the base tem-
perature stage and the HEMT amplifier, superconducting NbTi coax-
ial cables were used to minimize both the signal dissipation and the
temperature exchange between the cryostat stages. Above the HEMT
amplifier stainless steel cables were used up to the room temperature
stage.

A superconducting coil used for the external magnetic flux was
biased through a twisted pair strongly filtered using a homemade
Ecosorb filter.

At the base temperature stage, 180°-hybrid couplers are used to
distribute the signal with either differential symmetry from the port
A or common symmetry from the port X. The former one is used to
address the two resonators and the later one to off resonantly address
the common mode at the pump frequency.

Finally, a cryoperm magnetic shield is used to isolate the sample
from residual magnetic fields. For the optimum performance, a su-
perconducting aluminum foil is used to cover the cryoperm box both
from the outside and the inside.

9.2 ROOM TEMPERATURE MEASUREMENTS AND WAVEGUIDE
FILTERING

Microwave pulses are generated by mixing a continuous local os-
cillator (LO) tone with a square shaped or gaussian shaped pulse
generated by the Arbitrary Wave Generator Tektroniz AWG5014B.

Squeezing measurements being very sensitive to the leaking LO
signal, we use few stages of filtering after the mixer. Commercial
Mini-Clircuits filters are followed by micromachined cavity filters and
rectangular waveguide filters. Cavity filters consist of a cylindrical
cavity machined on purpose to be resonant with the signal and are
used in transmission to attenuate the high frequency leaking tones.
Rectangular waveguides are used as high pass filters.

The output signal is down converted by mixing with the LO tone
and then digitized using a 2 channel ATS9351 waveform digitizer by

Alazar.
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Figure 93: Cryostat wiring used for the ultrastrong coupling and injection
locking experiments. Microwave signals a;,, and b;,, are sent to the
sample through input lines attenuated with XMA attenuators.
Reflected signals aoy¢ and by are amplified by HEMT cryogenic
amplifiers from Caltech. Isolation is provided by two Pamtech
8-12 GHz circulators in series.
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ELECTROMAGNETIC SIMULATIONS

"Consistency is the
playground of the dull
minds."

Yuval Noah Harari

Few different electromagnetic simulation tools were used to design
the experiments performed during this PhD thesis. In this chapter we
will focus on Ansys HFSS software, used for 3D structures and qucs
software, used for planar samples.

10.1 HFSS

High Frequency Structure Simulator (HFSS) is a software from An-
sys that uses finite elements method to perform 3D electromagnetic
simulations. It can be used in two modes, the eigenmodal and the
driven modal regime.

The eigenmodal regime calculates the resonance frequencies of the
whole system and allows the visualization of the vector fields corre-
sponding to each resonance. All the metallic surfaces are defined as
perfectly conducting boundaries and the Josephson junction is ap-
proximated by a pure linear inductor.

The driven modal regime enables simulation of a reflection measure-
ment on a surface defined as a waveport or a transmission measure-
ment between two waveports. It can be used to calculate the coupling
of a resonator to a transmission line by fitting the phase roll of the
reflected signal.

10.1.1  Single mode Jaynes-Cummings method

One method that we used to predict the coupling between the
cavity and the qubit relies on the single mode Jaynes-Cummings ap-
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Figure 97: Frequencies of the first three eigenmodes of the system simulated
using HFSS, as a function of the Josephson inductance L ;. The
nonlinear qubit mode at frequency w, presents an anticrossing
with the fundamental cavity mode at frequency wc.

proximation. Even though computationally it is not the most efficient
method, it gives good predictions for a simple system of a transmon
coupled to a single cavity. Transmon is simulated by a purely induc-
tive lumped element, galvanically connected to two planar antennas
that are defined as perfect conductors. It is placed on a sapphire sub-
strate with a corresponding tangent loss, which enables including the
dielectric dissipation in the model. Finally the chip is placed in the
middle of a perfectly conducting box with the dimensions of the 3D
cavity. The eigenmodal regime is used to simulate the eigenfrequencies
of the qubit-cavity system for different values of the Josephson induc-
tance assigned to the lumped element. The first three levels are shown
in Fig. 97. Fundamental cavity mode is constant at w, = 27 x 7.9 GHz
and the second cavity mode at 12.3 GHz. The frequency of the qubit
is wy o ﬁ For a given Josephson inductance L;, the dispersive
detuning between the cavity and the qubit is

A(Ly) = we —wq(Ly). (183)
For a cavity-qubit system described by a Jaynes-Cummings Hamilto-
nian

H = hwee'e 4 hwydid + hg(efd 4 edh, (184)

where c and d are respectively cavity and qubit annihilation operators,
at resonance w. =~ wy, eigenvalues read w. ~ w. + g for the cavity-like
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mode and w, = wy — g for the qubit like mode. The coupling is thus
given by half of the minimum detuning at the anticrossing

g= %min[wm(LJ) —wy(Ly)]- (185)

Finally we can find the qubit-cavity pull

2
ch(LJ) = QECﬁ' (186)

This method requires finding the eigenmodes for ~ 10 values of L,
which makes is not efficient in terms of computation time. Further-
more, the validity of the Jaynes-Cummings approximations breaks
down when more cavity modes come into play, for instance when
qubit is strongly coupled to separate storage and readout modes.

We have also used another simulation method, based on the work
by Minev, Leghtas et al, in prep., that will not be described here. It
relies on the calculation of the participation ratio of the electromag-
netic energy stored in the Josephson junction and the total energy
of the mode. We found a good agreement with the predictions of the
Jaynes-Cummings method, while it is much more computationally ef-
ficient because it requires performing the eigenmode simulation only
for one value of the Josephson inductance L j.

10.1.2  Full 3D device design

Designing a complex device such as the full 3D quantum node
requires few simulation steps in different regimes. They are briefly
explained in this section.

1. Buffer resonance frequency is simulated as a function of the
shunting lumped element capacitors in the eigenmodal regime.

2. Iris size between the waveguide cavity and the waveguide-to-
SMA adapter is simulated in the driven modal regime to obtain
the buffer coupling rate x, ~ 27 x 100 MHz. The reflection
is simulated with the waveport on the SMA connector. The
coupling also depends on the size of the antennas.

3. Coupling of the buffer to the memory cavity is simulated as a
function of the antenna length in the driven modal regime.
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4. Quality factor of the memory cavity is simulated as a function
of the opposite antenna length in the eigenmodal regime.

5. Couplings between the qubit and the memory and readout cavi-
ties are simulated in the eigenmodal regime in Jaynes-Cummings
approximation and using the participation ratio of the Joseph-
son junction in the memory and readout modes.

6. Iris size between the waveguide and the readout cavity is simu-
lated in the driven modal regime to obtain the coupling rate of
the readout mode to the transmission line x, ~ 27 x 1.5 MHz.
The reflection is simulated with the waveport on the top of the
waveguide.

10.2 qQucs

For electromagnetic simulations of the 2D circuits and in particular
the lumped element buffer resonator, we have used qucs software.
Quite Universal Circuit Simulator (qucs) is an opensource electronic
circuit simulator. Among different analysis types that it supports,
there is the S parameter simulation as a function of frequency, that
can be used to determine the resonance frequencies of the circuit, as
well as the coupling rates to the transmission line.

We input in the simulator the equivalent circuit for the lumped
buffer resonator coupled to a Josephson ring shunted by central in-
ductances, as shown in Fig. 98.

Ring junctions are approximated to the first order by pure induc-
tors Ly = 0.12 nH. The ring is shunted by meander inductances
L = 30 pH. The inductances of the wires are estimated from the
length of the wire L = I x 1 nH.mm™!. In order to obtain the re-
sponse function, the circuit is differentially excited by a 180°-hybrid
coupler. Phase of the S parameter is shown in Fig. 99. From this
simulation, we were able to estimate the capacitances for the lumped
buffer resonator needed for its resonance frequency to be in the de-
sired range for the experiment.
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SUMMARY AND CONCLUSIONS

"Last words are for fools who
haven’t said enough."

Karl Marz

The potential of superconducting circuits for Hamiltonians built by
design, due to their high degree of control, has been recognized for
more than a decade now and is being actively exploited for quantum
information applications. During my thesis, I have used a particular
superconducting circuit called the Josephson mixer for few different
applications.

In the first part of my thesis I presented a scheme that maps a
three-wave mixing device, such as a Josephson mixer, simultaneously
driven with two pump tones, onto a system of two bosonic modes in
the ultrastrong coupling regime. We have theoretically demonstrated
that radiation emitted in the laboratory frame from the ground state
of such an effective ultrastrongly coupled system is characterized
by single-mode and two-mode squeezing. We have implemented this
scheme with a Josephson mixer which enabled us to experimentally
characterize the ground state of an effective system of ultrastrongly
coupled harmonic oscillators. By measuring the emitted radiation, we
have performed a spectroscopic detection of frequency splitting as a
function of coupling rate, with demonstrated coupling rates of the or-
der of the effective frequencies. Furthermore, we have measured the
quadrature statistics for the emitted radiation and detected both the
single mode and the two mode squeezing that go below the variance
of the vacuum fluctuations.

In the second part of this thesis, we have emphasized the possibility
to use the Josephson mixer for a quantum node of a potential future
modular microwave quantum network. We first compared the Joseph-
son mixer to the other existing quantum microwave nodes based on
various mesoscopic systems and then showed that a Josephson mixer
coupled to a transmon can perform any set of operations required
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from such a quantum node. We have experimentally realized such
a device in three different architectures, that we have characterized
and compared. In particular, we have presented an analysis of differ-
ent sources of losses in 3D microwave cavities and determination of
the limiting factors for the hybrid 2D/3D quantum node architecture.

Finally in the last part of this thesis, we have investigated the
regime of parametric oscillation for a non-degenerate parametric am-
plifier such as a Josephson mixer. We have studied the onset of this
regime as a function of pump detuning and compared it to recent
theoretical predictions. In this regime, we have demonstrated phase
locking of the radiation of both non-degenerate modes of the Joseph-
son mixer, by signal injection on one of the modes. Finally, we have
demonstrated a novel injection locking technique, characteristic for a
non-degenerate amplifier that relies on the four-wave mixing in such
a device.

In conclusion, although it is mostly used as a parametric amplifier
and frequency converter, the Josephson mixer is a highly versatile
tool that can be used as a quantum simulation platform as well as
a building block for a microwave quantum network. As illustrated
by the injection locking through four-wave mixing experiment, the
physics behind this device is extremely rich, and the higher order
mixing terms that it provides can be explored and used as ressources
for quantum information and simulation.
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Résumé

Les circuits supraconducteurs sont
parmi les technologies de l'information
quantique les plus avancées. Ils ont
aujourd'hui atteint la maturité qui offre
un grand degré de contrdle et une large
gamme d'interactions qui peuvent étre
précisément réalisées sur mesure. Le
mixeur Josephson est un exemple de
circuit supraconducteur qui effectue le
mixage a trois ondes aux fréquences

micro-ondes.

Dans cette thése, trois expériences, ou
le mixeur Josephson est utilisé pour
trois applications différentes sont
décrites. D'abord, nous avons réalisé le
couplage ultrafort effectif entre deux
modes bosoniques afin d'étudier les
propriétés de l'état fondamental de ce
systéme, tels que le squeezing a un
mode et a deux modes du champ radié.
Ensuite, nous avons construit un nceud
quantique, capable de créer et
distribuer de l'intrication sur un réseau
quantique micro-onde, alors que de
stocker et relacher de l'information
quantique a la demande. Nous avons
intégré un qubit de mesure dans ce
dispositif pour augmenter le degré de
contrdle sur son état quantique.

Finalement, nous avons poussé¢ le
mixeur Josephson au dela du seuil de
l'oscillation paramétrique, ou nous
avons démontré une technique
inhabituelle de verrouillage par
injection en conversion de fréquence

dans ce dispositif non-dégénéré.

Abstract

Superconducting circuits stand among
the most advanced quantum information
processing platforms. They have
nowadays reached a maturity that offers
a high level of controllability and a large
variety of interactions that can be
precisely designed on demand. The
Josephson mixer is one such
superconducting device that performs
three-wave mixing at microwave

frequencies.

In this thesis, we describe three
experiments in which the Josephson
mixer was used for different
applications. First, we have realized an
effective ultrastrong coupling of two
bosonic modes that allowed us to study
the ground state properties of this
system, such as the single mode and the
two mode squeezing of the emitted
radiation. Second, we have built a
quantum node, able to generate and
distribute entanglement over a
microwave quantum network, as well as
to store and release quantum information
on demand. We have integrated an
ancilla qubit to this device in order to
increase the degree of control over the
quantum state of the system. Finally, we
have pushed the Josephson mixer
beyond the parametric oscillation
threshold, where we have demonstrated
an atypical injection locking technique
that relies on coherent frequency
conversion in this non-degenerate

device.




	Contents
	1 Introduction
	1.1 Josephson Mixer
	1.2 Simulating the ultrastrong coupling
	1.3 Node for a microwave quantum network 
	1.4 Injection locking in conversion

	Ultrastrong Coupling
	2 Simulating Ultrastrong Coupling
	2.1 State of the art
	2.1.1 Light Matter Coupling
	2.1.2 Quantum Rabi Model
	2.1.2.1 Quantum Simulators

	2.1.3 USC of two bosonic modes

	2.2 Constructing an effective ultrastrong coupling Hamiltonian
	2.2.1 Josephson Mixer
	2.2.2 Amplification mode
	2.2.3 Off-resonant pumping
	2.2.3.1 Input - Output Theory

	2.2.4 Off-resonant amplification
	2.2.5 Two tone pumping
	2.2.5.1 Kerr effect
	2.2.5.2 Input-Output Theory with Kerr terms


	2.3 Ground state in USC
	2.3.1 Two mode squeezing
	2.3.2 Single mode squeezing
	2.3.3 Revealing the ground state correlations

	2.4 Conclusion

	3 Experimentally evidencing signatures of the ultrastrong coupling
	3.1 Spectral evidence of mode hybridization
	3.2 Characterization of entanglement and squeezing
	3.2.1 Homodyne detection
	3.2.2 Heterodyne detection
	3.2.3 ON-OFF measurements
	3.2.4 Calibration of the quadrature measurements
	3.2.5 EPR state
	3.2.6 Pulsed measurement of the USC ground state
	3.2.7 Emission radiation of the USC ground state
	3.2.7.1 Single mode squeezing
	3.2.7.2 Two-mode squeezing


	3.3 Quadrature resolved spectroscopy
	3.4 Conclusion


	Quantum Node
	4 Quantum Node for Quantum Information Processing
	4.1 Microwave quantum nodes: state of the art
	4.1.1 Spin ensemble memories
	4.1.2 Ferromagnetic magnons memories
	4.1.3 Hybrid Optomechanical Quantum Node
	4.1.4 Microwave cavities

	4.2 Microwave resonators
	4.2.1 Planar microwave resonators
	4.2.2 Rectangular waveguide microwave resonators
	4.2.3 Equivalent LC resonator

	4.3 Coupling a qubit to a cavity
	4.3.1 Transmon qubit
	4.3.2 3D transmon

	4.4 Transmon coupled to a cavity
	4.4.1 Jaynes-Cummings method in the strong dispersive coupling limit
	4.4.2 Black Box Quantization (BBQ)
	4.4.3 Arbitrary quantum state preparation with a coupled cavity-qubit system

	4.5 Quantum Node based on Josephson Parametric Converter
	4.6 Conclusion

	5 Building a Quantum Node
	5.1 Microwave quantum memory
	5.1.1 Experimental design
	5.1.2 Conversion to the memory mode
	5.1.3 Mode identification using Kerr shift

	5.2 Adding a transmon qubit to the memory
	5.2.1 Aluminum cavity with qubit
	5.2.2 Lead plated copper cavity with qubit

	5.3 Quantum memory
	5.4 Characterizing the qubit
	5.4.1 Transmission through frequency conversion
	5.4.2 DDROP cooling protocol

	5.5 Qubit as an ancilla for the quantum node
	5.5.1 Dressed qubit spectroscopy
	5.5.2 Fock state occupation probabilities for a coherent state

	5.6 Limiting factors of the hybrid 2D/3D quantum node
	5.7 Conclusion

	6 Quantum Node Architectures
	6.1 Fully 3D waveguide architecture
	6.1.1 Separate photon storage and qubit readout modes
	6.1.2 Fully 3D design
	6.1.3 Waveguide filtering
	6.1.4 Lumped buffer resonator
	6.1.5 Vanishing Kerr shift
	6.1.6 Asymmetric coupling to the memory mode
	6.1.7 Conversion pump
	6.1.8 Conclusion on the full 3D geometry

	6.2 2D coplanar waveguide architecture
	6.2.1 Circuit design

	6.3 Conclusion


	Parametric Oscillation
	7 Parametric Oscillation
	7.1 Parametric instability
	7.2 Injection Locking
	7.2.1 Injection locking theory
	7.2.2 Standard injection locking of a Josephson mixer
	7.2.3 Injection locking in conversion 

	7.3 Conclusion


	Experimental Techniques
	8 Device Fabrication
	8.1 Nanofabrication
	8.2 Lead plating the cavity

	9 Low Temperature Measurements
	9.1 Cryogenics and wiring
	9.2 Room temperature measurements and waveguide filtering

	10 Electromagnetic Simulations
	10.1 HFSS
	10.1.1 Single mode Jaynes-Cummings method
	10.1.2 Full 3D device design

	10.2 qucs

	11 Summary and conclusions

	Bibliography
	Bibliography


