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ABSTRACT

The association of a quantum bit and a harmonic mode dispersively
coupled is one of the most studied systems in the field of quantum
electrodynamics of superconducting circuits. It offers one of the most
reliable current methods for measuring the state of a quantum bit
in a non-destructive manner and has enabled numerous quantum
information experiments, studying the information obtained through
this measurement and the dynamics of the qubit when subjected to it.
It also provides the ability to prepare and manipulate the quantum
state of the harmonic mode via the qubit, allowing information to be
stored and processed in this mode, which is fundamental to building
a quantum processor. This thesis presents two experiments based on
this architecture.

The first demonstrates how to use qubit fluorescence to non-
destructively read the number of photons contained in a microwave
cavity in a single shot, that is, before the cavity has relaxed. This
makes it possible to measure photon number trajectories and observe
them leave the cavity one by one. The analysis of this experiment
relies on a fluorescence analysis in terms of propagating modes and
addresses a number of questions about the information that these
modes may contain.

The second is a demonstration of the use of a neural network for
quantum state preparation in the cavity. Here, the goal is to accelerate
the optimization of control electromagnetic pulses at the frequencies of
the cavity and qubit to create a quantum state in the cavity with high
fidelity, and this for a broad class of states. To evaluate the efficiency
of this new optimization protocol over this class of states, an optimal
method to assess the fidelity of the prepared states using a Wigner
function measurement protocol was experimentally implemented for
the first time.
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RESUME

L’association d’un bit quantique et d’un mode harmonique couplé
dispersivement est I'un des systémes les plus étudiés dans le do-
maine de I’électrodynamique quantique de circuits supraconducteurs.
Il offre un des moyens actuels les plus fiables pour mesurer I’état
d’un bit quantique de maniére non-destructive, et a permis nombre
d’expériences d’information quantique étudiant I'information obtenue
via cette mesure et la dynamique du qubit lorsqu’il y est soumis. Il
offre également la possibilité de préparer et de manipuler ’état quan-
tique du mode harmonique grace au qubit, ce qui permet de stocker
et de manipuler de l'information dans ce mode. C’est notamment
crucial pour des applications telles que la construction d’un ordinateur
quantique. Dans cette thése sont présentées deux expériences reposant
sur cette architecture.

La premiére démontre comment utiliser la fluorescence du qubit
pour lire le nombre de de photons contenus dans le mode de maniére
non-destructive et en un seul coup, c’est-a-dire avant que les photons
soient dissipés. Cela permet de mesurer des trajectoires du nombre
de photons, et de les voir quitter la cavité un par un. L’analyse de
cette expérience repose sur une analyse de la fluorescense en termes
de modes propageants, et permet d’aborder un certain nombre de
questionnements sur l'information que peuvent contenir ces modes.

La seconde constitue une démonstration de I'utilisation d’un réseau
de neurones dans le cadre de la préparation d’états quantiques dans le
mode. Il s’agit ici d’accélérer I'optimisation des impulsions électromag-
nétiques de contréle du mode et du qubit pour créer un état quantique
dans le mode avec une grande fidélité, et ce pour une grande classe
d’états. Pour évaluer 'efficacité de ce nouveau protocole d’optimisation
sur I’ensemble de cette classe, une maniére optimale d’évaluer la fidélité
des états préparés a partir d’'un protocole de mesure de la function de
Wigner du mode a été pour la premiére fois implémentée expérimen-
talement.
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INTRODUCTION

With the formulation of Heisenberg’s uncertainty relations in 1927
[1] came the revolutionary idea of a fundamental (quantum) limit
on the information an observer could obtain from a measurement.
It was first formulated as a limit in the resolution of the position
and the momentum of a particle, and generalized to every pair of
observables that do not commute. Since then, quantum limits have
been formulated in many different contexts. In this thesis, we will use
tools developed in the context of quantum measurements, quantum
communication, and quantum metrology to answer questions naturally
raised when implementing a measurement: what information do we
retrieve? How much is it possible to obtain? How could we get more?

We can give a more concrete idea of how such questions arise with
an example. Suppose that we have a basket of apples and that we want
to count them. Let us consider special apples that cannot be simply
looked at. Instead, we can weigh them. A solution consists in hanging
the basket to a string, which is going to resonate at a frequency that
depends on the number of apples. To count them, we hit the string
with a hammer and listen to the sound it makes. Depending on the
listeners’ familiarity with music and the weight of the apples, one hit
might be enough to determine this number. Formally, we encoded the
information of apples into the frequency of the sound emitted by the
string. This solution is not as simple as putting the basket on a scale
but has the merit of making explicit the weighing process, which is
necessary to fully model a measurement in quantum physics.

We can now think about what would happen if we hit the string
less and less strongly or if we keep lowering the weight of the apples.
The listener will have more and more trouble identifying the frequency
with enough precision. We can switch to more efficient measurement
tools, gather more signal by guiding the sound waves, cool down the
signal to mitigate the noise... However, at some point, if we hit it
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Figure 1.1: Scheme of a mechanical analogy of the photon counting experi-
ment. The frequency of the sound emitted by a string hit with
a hammer allows us to count the number of apples in a basket
hanged to it. This analogy illustrates the experiment of Chap. 4.

weakly enough, the information carried by the sound should simply
not be enough to know the number of apples in one go.

However, classical physics gives no fundamental bound to the amount
of noise added when performing a measurement. It would thus be
possible to have none, which poses a fundamental issue: at zero tem-
perature, without any noise in the measurement, we could perfectly
know the number of apples, whatever the strength of the kicks. The
information content of the pulse would then go from zero, if there is
no kick, to 100 % of the wanted information for any kick strength.
As a consequence, the concept of the intrinsic information content of
the emitted sound has no meaning in a classical theory without noise.
This hiatus is filled by a quantum description of the experiment. When
implementing an experimental measurement apparatus, the following
questions arise naturally:

1. What information do we get from the measurement (the mutual
information between the number of apples and the measurement
record)?

2. What information is available in the sound (the intrinsic acces-
sible information of emitted sound)?

3. Would we recover all the information if the measurement could
fully exploit all the emitted signals?
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4. How would other measurement apparatuses compare?

1.1 MONITORING THE NUMBER OF PHOTONS IN A CAVITY

This analogy describes well the experiment conducted in Chap. 4.
Instead of apples, we count photons in a superconducting resonator.
The string is replaced by a dispersively coupled qubit and emits an
electromagnetic wave into a waveguide instead of sound after each
kick in the form of a sharp electromagnetic pulse. This experiment is
conducted in a dilution refrigerator, which sets the thermal noise on the
signals to approximately zero. Furthermore, since this wave is emitted
by the relaxation of a qubit, it contains at most one photon, enabling
us to fully explore the limit of weak hammer hits and providing
non-classical subtleties in the measured signal. The measurement
performed on this wave is a well-known heterodyne detection. A series
of 12 measured trajectories of photon number is shown in Fig. 1.2.
After populating the cavity with a short coherent pulse, the qubit is
kicked every 95 ns for 1 ms. The estimation of the photon number takes
the form of a probability distribution P¢(n) for each number of photons
n between 0 and 9. This distribution is initialized to Po(n) = 1/10 at
t = 0 and updated using the Bayes rule every 2 us, which corresponds
to 21 hammer kicks. For most of these trajectories, after each photon
loss, we see that the estimation manages to converge again to the
number of photons immediately below, showing successful monitoring
of the number of apples-photons.

Using standard information theory tools, we extract the measure-
ment rate, characterizing the speed at which the information about
the number of photons is obtained. Doing this for each kick amplitude,
which is expressed as the angle 6 traveled by the qubit on the Bloch
sphere at each kick, we plot the measurement rate obtained with our
experimental technique (red error bars in Fig. 1.3a) as a function of
0. The Fig. 1.2 was obtained for § = 7/2. We compare it to a theo-
retical model (blue) and a simulation (orange) for a similar quantum
efficiency, which characterizes the portion of the emitted signal that is
exploited by the measurement. We obtain a good agreement, at least
for low kick amplitude. This provides the answer to the first question.
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Figure 1.2: Twelve photons number trajectories taken with the same initial
conditions using the fluorescence of a dispersively coupled qubit
(see Chap. 4).

The answer to the second question exploits one of the key features
of quantum mechanics. The information about the system that leaked
in the environment is directly observable in the system itself: the
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Figure 1.3: Experimental and theoretical measurement and dephasing rates
for different detectors monitoring the fluorescence of the qubit.
(a) Red dots: observed average measurement rate I'y, as a func-
tion of drive amplitude, expressed as the qubit expected rotation
angle 6 per kick. Orange shadow: measurement rate obtained
using a stochastic master equation with detection efficiency 7
spanning the range [0.17,0.20]. Blue shadow: theoretical bound
for instantaneous kicks and heterodyne measurement with efli-
ciencies n € [0.17,0.20]. Gray shadow: theoretical measurement
rate for instantaneous kicks obtained with a Frequency-Resolved
Photon Detector (FRPD) with efficiencies n € [0.17,0.20]. (b)
Red dots: observed cavity dephasing rate I'y as a function of 6.
Orange: simulated measurement induced dephasing rate. Black:
theoretical accessible information rate with instantaneous kicks.
Blue: theoretical maximal (7 = 1) measurement rate obtained by
heterodyne detection and instantaneous kicks. Grey: theoretical
maximal (7 = 1) measurement rate obtained using an FRPD
and instantaneous kicks. These results are presented in Secs. 4.1
and 5.2.2.

dephasing induced by the entanglement of this system with its envi-
ronment. When interested in peculiar information, such as the number
of photons, we can perform a measurement on the environment. In the
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case where there are two possible photon numbers, the measurement
rate, defined as the speed at which information is gathered, is bounded
by the dephasing rate, defined as the rate at which the off-diagonal
components of the density matrix converge to zero due to its continu-
ous entanglement with the environment. The dephasing rate of the
cavity as a function of 6 is shown in Fig. 1.3b, both experimentally
(red error bars) and theoretically (black for a theoretical model, orange
for the simulation). The curve in blue shows the answer to the third
question: if our measurement could fully exploit the totality of the
emission of the qubit (which means unit quantum efficiency), it would
still not reach the maximal measurement rate (the dephasing rate).
For 8 = 7, it only extracts around a third of the available information
in the qubit emission. This is analogous to a standard dispersive qubit
readout performed with a homodyne detection with unit quantum effi-
ciency, but whose phase is non-optimal, which is the case discussed in
Sec. 3.3.6. This answers our third question. Finally, we (theoretically)
considered the most direct type of frequency measurement we could
imagine, using a frequency-resolved photon detector (FRPD), whose
principle is quite simple: perform a direct frequency measurement
on every detected photon in the qubit emission. The performance of
such a detector is shown in grey in Fig. 1.3a for the same quantum
efficiency as the experiment, and in grey in Fig. 1.3b for unit quantum
efficiency. We see that it can outperform the heterodyne detection
with the experiment settings, but that it does not reach the maximum
measurement rate either. That is part of the answer to the fourth
question.

Once these questions are answered for the experiment, another one
naturally comes: How do these rates depend on the experimental
parameters? The Chap. 5 deals with the number-resolved regime as
well as the opposite regime, where the qubit linewidths for each photon
number have an overlap close to unity.

Interestingly, the latter regime can be tackled by shifting from a
quantum communication point of view (how many bits of information
about the photon number are sent by the qubit, how many bits are
received by the experimentalist?) to a quantum parameter estima-
tion problem (how precise can we be in the estimation of the photon
number?), by considering the number of photons in the cavity (and
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so, the frequency of the qubit) as a continuous parameter. The quan-
tity of interest becomes the Fisher information [2]. The main result
(Fig. 1.4) is the theoretical comparison of four different measurement
schemes as a function of the excitation probability of the qubit p(1):
optimal homodyne detection, heterodyne detection, FRPD, and the
optimal measurement reaching the quantum Fisher Information (QFI).
Crucially, optimal homodyne detection works as well as the quantum
bound when the emitted qubit state can be assimilated to a coherent
state (p(1) < 1), as it is the case for a dispersive qubit readout, but
gets less and less optimal until it collapses to 0 when a Fock state
|1) (p(1) = 1) is emitted. However, it is still more efficient than the
two other schemes up to p(1) ~ 0.8. Interestingly, in this regime, the
heterodyne detection always performs better than the FRPD, thanks
to its ability to exploit the state coherence.

4 4
3 -
— Homodyne
S Heterodyne
e S FRPD
— QFI
1 -
0

00 02 04 06 08 10

Figure 1.4: Fisher information F' for the homodyne and heterodyne detec-
tion, for a Frequency-Resolved Photon detector (FRPD) and the
Quantum Fisher Information (QFI) as a function of p(1) the
excitation probability of the qubit after each kick (see Sec. 5.4.5).

This experiment can then be viewed in this thesis as a means to
explore various aspects of the field of quantum information, and it sets
an interesting starting point to explore the links between quantum
measurements, quantum communication and quantum metrology.
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1.2 NEURAL NETWORK-ASSISTED STATE PREPARATION

The second experiment presented here is a demonstration of neu-
ral network-assisted preparation of a family of states, called the
Schrodinger cat states, in a cavity. These states are parameterized by a
real number « and a phase . Once trained, a neural network associates
output pulses to each pair («, ¢). These pulses, when sent to the cavity
and its dispersively coupled qubit, prepare the cavity in the target
state and the qubit in the ground state. Compared to standard optimal
control methods such as Gradient Ascent Pule Engineering (GRAPE)
[3] or Krotov [4] methods, this neural network-assisted method has
the key advantage of providing near-optimal control pulses for a wide
range of parameters after being trained only once. This can lead to
potential applications needing fast changes of parameters, such as
feedback, adaptive techniques, or error correction.

The experimental work first consisted in calibrating the experiment
to prepare these states with a fidelity F(«, ) to the target state
as high as possible. Second, we had to estimate this fidelity as fast
and precisely as possible. Indeed, we had to estimate it for many
parameters, and the long lifetime of the cavity imposes a long reset
time between two experiments. This leads to a quantum metrology-like
question: how to estimate F(c, ¢) with the best accuracy and with as
few samples as possible? We experimentally implement the optimal
fidelity estimation strategy from the cavity Wigner function, which was
established in [5]. It consists in performing parity measurement after
displacement by a randomly picked amplitude § along the law p(f),
which is proportional to the absolute value of the Wigner function of
the target state Wg. The best estimator of F(«, ) is then, up to a
normalizing factor, simply given by a weighted average of all the parity
measurement outcomes. The Fig. 1.5a shows p(f) for an even cat state
of size 2, which corresponds to & = 2 and ¢ = 0. One can reconstruct
a Wigner function by pixel-averaging the parity measurements. This
is shown in Fig. 1.5b. It contrasts with the square sampling that
we usually see when performing Wigner tomography. The measured
fidelity for 20 values of « in [0.1,2] and 9 values of ¢ in [0, 7] using
this technique, and their theoretical counterpart are shown in Fig. 1.5¢.

10
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Each fidelity estimation was obtained with 10° samples, and the whole
map took 8 days.
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Figure 1.5: Optimal sampling of phase space and fidelity estimation of ex-
perimental cat states. (a) Optimal sampling density for a target
even cat state of size 2. (b) Measured Wigner functions of the
cavity with the sampling shown in (a) for « = 2, and ¢ = 0,
obtained by averaging the parity in each pixel (¢) Bottom: simu-
lated infidelity for a sampling of the whole half-disk (reflected)
in the parameter space (acos(p), asin(p)). Top: experimental
infidelities obtained with 10° shots sampled optimally.
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1.3 OUTLINE

Chap. 2 is dedicated to introducing the theoretical tools to describe
two-level systems and electromagnetic modes. The main tools to
visualize the state of harmonic modes are presented, with special stress
on Husimi and generalized Husimi Q functions. We also present a
quantum optics formalism that allows us to describe the propagating
signals as quantum states decomposed on a countable number of
propagating modes. Their interaction with usual quantum systems is
derived as well. The Chap. 3 is dedicated to linking this description of
the propagating modes to the outcomes of the standard measurement
setups in the field of superconducting circuits, implementing homodyne
and heterodyne detection of these propagating modes. This framework
is then used to analyze the standard qubit dispersive readout. The
notions of quantum efficiency, dephasing, and measurement rates are
introduced. Chap. 4 is, up to a few new appendices, a reproduction of
the paper [6] describing the experimental realization of the monitoring
of a cavity photon number. Chap. 5 uses the framework introduced
in Chap. 2 and Chap. 3 to further explain a few theoretical points
of this paper. It then uses the experiment as a starting point to
study possible generalizations of the experiment and new related
theoretical questions. Finally, Chap. 6 is a reproduction of our preprint
experimentally demonstrating the use of a neural network to prepare
a family of states in a high-Q cavity using a dispersively coupled qubit

17].
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QUANTUM MICROWAVE MODES

At its core, cavity quantum electrodynamics (CQED) aims to study
the interaction between confined light and matter. Linear cavities
exhibit resonant modes, which can be thought of as "photon boxes"
into which light can be stored and interact with other systems. The
first platform that demonstrated coherent interactions between a
few photons and single degrees of freedom of matter was the cavity
quantum electrodynamics with atoms [8], to which the photons in the
cavity coupled via the dipolar interaction. Superconducting qubits were
shown to act as artificial atoms [9], which founded the field of circuit
quantum electrodynamics. The flexibility of this approach as well as the
strong couplings enabled by this platform gave birth to a lot of diverse
experiments, both witnessing the fundamental aspects of quantum
physics and paving the way for more concrete applications: quantum
sensing [10], quantum communication [11], quantum computing [12],
quantum thermodynamics [13]...

The goal of this chapter is first to introduce two ubiquitous physical
systems in circuit quantum electrodynamics: the resonator and the
transmon. A more general description of the procedure used here
to quantize these two simple circuits is made in [14]. We will also
introduce the theoretical tools used to model these systems, visualize
their states, and build intuition about their properties and dynamics.
We will finally present the model of the transmission line, which is
central to modeling the quantum signals driving or emitted by these
systems, as well as the quantum Langevin equation, which describes
the interaction between a quantum system and a transmission line.

15
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2.1 CIRCUITS QUANTUM ELECTRODYNAMICS
2.1.1  Quantum LC oscillator

"Photon boxes" or harmonic oscillators take two main forms in super-
conducting circuits. The first is that of a linear resonant mode in a
distributed superconducting circuit, i.e. a circuit whose characteristic
size is that of the wavelength of the mode, like A\/2 or \/4 resonators.
Such modes are associated to a frequency w./2m and a characteristic
impedance Z, setting the ratio between the amplitudes of the voltage
oscillations and the current oscillations in the walls of the box (or the
ratio between the electric and magnetic field oscillation amplitudes
in the interior of the box). It can thus be modeled by an inductor
and a capacitor in parallel, forming an LC oscillator, with frequency
1/v/LC = w, and characteristic impedance Z, = \/L/C (sce Fig. 2.1a).
This gives the second way of building a harmonic oscillator, which
is by building this very circuit: a linear inductance L and a linear
capacitance C' in parallel. This is called a lumped resonator.

From the voltage V' (t) and the current I(¢) in the LC oscillator, we
can then define the flux ® and charge Q:

e (2.1)
Q1) :/ I(t)dt'.

—0oQ
The state of the oscillator is completely determined by the values
of ® and @, corresponding to a point in the plane ® and @ called the

(classical) phase space (see Fig. 2.1b). The Lagrangian of this system

reads
_Ciy 1 9
L= 5@ E(ID (2.2)
where ® and @) are conjugate variables:
oL .
i Q 2:3)

From this Lagrangian, we can obtain the Hamiltonian of the system
using the Legendre transform:
oL 1 .,

1 2
H=22—L=5a@ + 50" (2.4)

16



2.1 CIRCUITS QUANTUM ELECTRODYNAMICS

(b) © e
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Figure 2.1: The LC oscillator. (a) Schematic of the LC oscillator (b) Repre-
sentation of the state of the oscillator as a dot (here in red) in
the classical phase space. (¢) Energy spectrum of the quantum
harmonic oscillator represented in the quadratic potential U(®).
The levels are evenly spaced.

This is the Hamiltonian of a classical harmonic oscillator, with &
and ) characterizing a single degree of freedom. They play the same
role as the position and the momentum in a spring-mass system, the
mechanical analog of the L.C oscillator. To complete the analogy, one
is free to associate ® and () respectively to position and momentum
or the other way around. However, as we will see later, the main (and
almost only) non-linear element we can realize in the domain is a
Josephson junction, an inductive element. Thus, it is easier to think of
the variable ® as the position variable. Replacing the linear inductor
with a Josephson junction is then analogous to changing the potential
U(®) in the Hamiltonian for the Josephson potential.

We can now promote these conjugate variables into conjugate quan-
tum operators satisfying the canonical commutation rule:

d— P
Q—Q (2.5)
[®,Q] = ih.
The Hamiltonian now reads the same in terms of these newly defined
operators:
A 1 - 1 »
H=_—Q*+ 9 2.
29 Tar (2:6)
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To diagonalize this Hamiltonian, we introduce the annihilation and
creation operators, which are hermitian conjugate of each other:

1
2hZ,

i L G iz.0)
“ A

(® +iZ.Q)

Q>
Il

-

(2.7)

These operators verify the canonical commutation relations for bosonic
operators [a, af] = 1. They are dimensionless operators which carry the
essence of the physics of quantum harmonic oscillators. The operators
$ and Q can then be expressed as a function of the bosonic annihilation
and creation operators:

{(i) = (I)zpf(d + &T)

R 2.8
Q =iQpe(al — a). (2:8)

Here, ®,,r = 4/ hgc and Qpr = 4/ 2% are called the flux and charge
zero-point fluctuations. They link the physically measurable operators
& and Q to the bosonic field quadratures @ 4+ a' and i(a' — a). Their

. D . C
ratio Qz—pi = Z, is the characteristic impedance of the resonator, and
zp

their product ®,,;Q,pr = % sets the minimal uncertainty APAQ in
Heisenberg’s inequality.

Using the creation and annihilation operators, the Hamiltonian now
reads

). (2.9)

The ground state |0), called the vacuum state, can be found by solving
the equation a|1) = 0 in the flux representation, and the eigenstates
{|n) }nen of the Hamiltonian, called the Fock states, can be obtained
via successive applications of the creation operator a' to the vacuum
state: |n) = ﬁ[ﬂ" |0). These states also verify a|n + 1) = v/n + 1|n)
and a'a|n) = n|n), from which we can deduce the spectrum of the
Hamiltonian {iw(n + 1)},ew. This spectrum is discrete, with levels
evenly spaced by fuw (see Fig. 2.1c). This quantum of electromagnetic
energy is called a photon. The harmonic oscillator can then be thought
of as a box of photons. A Fock state |n) is then a state with a defined

number of photons, and any pure state i) can be written as a coherent

18



2.1 CIRCUITS QUANTUM ELECTRODYNAMICS

superposition of these number states: (1)) = > ¢, |n), with the ¢,
being complex numbers such that Y, |c¢,|> = 1. In particular, coherent
states, which will be presented in Sec. 2.2.2, are an example of states
obtained by a coherent superposition of Fock states. Unlike the Fock
states, which have no classical counterpart, these states are obtained
naturally when performing classical operations on a harmonic oscillator.
As for a classical harmonic oscillator, the state of a quantum harmonic
oscillator can be represented in phase space, but in several different
ways, which will be introduced in Sec. 2.2.2.

2.1.2 The transmon qubit

Harmonic oscillators driven with classical sources are not enough to
explore their full Hilbert space. The only accessible states are coherent
states, and their statistical mixturesFor example, it is impossible to
create a Fock state with only a cavity driven with classical signals.
Intuitively, this is due to the fact that the levels of the harmonic
oscillator are evenly spaced: any incoming light drives all the transitions
simultaneously. A solution to obtain other quantum states then consists
in modifying the harmonic potential to change this level distribution.
In the domain of the superconducting circuits, this is done using a
Josephson junction. This element consists of two superconducting
electrodes spearated by an insulating barrier, and its energy potential
depends on the superconducting phase difference operator ¢ € [0, 2]
between both sides of the junction:

U(p) = —E; cos(p) (2.10)

where F; is the Josephson energy of the junction. The phase ¢ is
also linked to a flux across the junction ® = g, with gy = % the
reduced flux quantum. This flux plays the same role as the magnetic
flux for an inductive element, but it is not associated to a magnetic
field: the energy is stored in the phase difference between the two sides
of the junction. The Josephson junction is then a purely inductive
element with a non-quadratic potential. To build a non-harmonic
oscillator, we connect it to a capacitor C. The circuit then consists of
a superconducting island separated from the ground by a Josephson
junction on one side and a capacitor on the other side. A schematic
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of the circuit is shown in Fig. 2.2. The electromagnetic environment
needs to be taken into account as well, as it generally applies an offset
voltage V; on the device through a gate capacitance Cy. The charge
on the island reads Q = —2ne with 7 the number of Cooper pairs, and
the total electrostatic energy E(f) = 4Ec(f — ng)? where E¢ ~ %

5
the offset charge taking into account the effect of V. This is valid in

is the characteristic charging energy of the capacitor, and ng ~

the regime where C; < C, which is almost always true, as circuits are
mostly designed to minimize the coupling to the environment. The

(b) A

25
(a) <20 \ 4

EZJS

A Ci15
90( i
E; |Ec <10 E15 ~ Eo1 — Ec
SR E()l
0 >
™ s
7I' 2 0 2 71'
12

Figure 2.2: A non-linear oscillator. (a) Schematic of the device. The Joseph-
son junction is symbolized by the cross. (b) Energy otential
and spectrum at ny, = 0 of a transmon with F;/Ec = 50 and

VRE,;Ec/h =5 GHz.

total Hamiltonian thus reads
H = E(n) + U(¢) = 4Bc(h — ny)? — Ejcos(). (2.11)

Here, n and ¢ are linked by the commutation relation [n, @] = i. We
can now diagonalize this Hamiltonian and plot its spectrum {E,(ng)}
as a function of ny. The result is shown in Fig 2.3 for four different
values of the ratio E;/E¢. These four plots are computed [15] for the
same E;E¢ product, such that /8E;FEc/h = 5 GHz. We can see that
the levels are not evenly spaced: with a drive at the right frequency, we
can then address only the transition between the ground state and the
first excited state. We get a periodicity in ng of 1, which can be seen
as the fact that the Hamiltonian is invariant if we set ny — ny+1 and
n — i+ 1. As n has integer eigenvalues, this is the smallest increment
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we can add to n. The first devices built in the domain were in the
regime Ej/Ec < 10 and named Cooper pair boxes. They were the
first demonstrated superconducting qubits [16, 17].

EJ 12 EJ
Ly _ =
~ 2 Ec ' W
S O 81— ~—_  _— ~_|
L? 15 S| 6
= ||
m: 10 m: 4
5 2
0 0
-1.0 —-05 0.0 0.5 1.0 -1.0 —-05 0.0 0.5 1.0
Ng Ng
(c) b (d)
\/\/ E
o 10 E; =20 12 FJ =50
o Ec =10 ¢
: g
=6 S| 6
&} 4 Ig =
S
2
0 0
-1.0 —-05 0.0 0.5 1.0 -10 —-0.5 0.0 0.5 1.0
Ng Ng

Figure 2.3: From the Cooper box to the transmon regime. (a) to (d): spec-
trum of the device for increasing ratio E;/Ec. A qubit is obtained
by selectively adressing the transition between the ground state
and the first excited state.

At zero temperature, the performances of a qubit can be measured
by two quantities. The first one is the decay time 77, which is the
caracteristic time during which the qubit remains excited after it was
prepared in the excited state. The second one is the coherence time
T5, which characterizes how long the qubit keeps its phase ¢ after
being prepared in the state (|0) + €™ |0))/+/2. The coherence time T
of these first Cooper pair box qubits, although measurable, was of the
order of 1 ns [17]. This coherence time was limited by the circuit used
to measure the qubit quantum state. Based on the Cooper pair box,
the quantronium was developed to introduce a single shot readout and
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mitigate the sensitivity to charge noise by introducing a sweet spot,
which allowed them to reach a few hundred ns T5.

However, these coherence times were typically not as good as they
could be compared to the decay time 77 of these systems. Indeed, it is
less than 1 us, whereas the T of the order of 2 us were demonstrated
[18]. This is due to the strong dependence of its spectrum on the
offset voltage V;. This voltage is typically very noisy, which leads to a
fluctuating frequency of the first transition of the device, thus inducing
a lot of decoherence [19].

The transmon was invented to mitigate this problem: as it can
be seen in Fig. 2.3, the higher the ratio E;/E¢, the smaller the
charge dispersion. We call the qubit a transmon in the regime where
E;j/Ec 2 10. There, the charge dispersion €,, defined as E,(ngy =
1/2) — En(ng = 0), reads [20]

24m+5 2 E ﬂ+§
€Ep = (—l)nEC \/>< J ) 2 46_\/ 8EJ/EC_ (212)
m! T \2E¢~

The charge dispersion is thus exponentially suppressed as a function of
\/8Ej/E¢. In practice, E;/Ec > 20 is enough to mitigate the charge
noise and reach decent coherence time (75 > 10 us), and FE;/Eqc > 40
is necessary to be almost completely insensitive to the full charge
dispersion. With this new device, decay times and coherence times
increased to now reach more than 75 = 100 ps [21], and 77 = 500 ps
[22]. Other designs of qubits, such as the fluxonium [23], demonstrated
even better results, but the transmon is still widely used because of its
performances that are good enough for a wide range of experiments
and its relatively easy fabrication.

In this regime, ny, = Ois irrelevant for the first excited states and
can be taken equal to 0. We can write the Hamiltonian in the form

. 1. 1. o 1.
= 5507 + 57— = [ cos| — | + 5797 2.13
¢ tar, st ) Tar, ) (2.13)
where Q = —2en and Lj = % is the characteristic inductance of

the Josephson junction. This Hamiltonian is then the sum of a linear
part (first part in Eq. (2.13)) and a non-linear part (second part). The

characteristic impedance Z = 4/ L—CJ =2 % then sets the ratio of the
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characteristic fluctuations of flux and charge. A high enough E;/E¢x
ratio means that A® /¢y < 1: the flux is then localized at the bottom
of the potential. Writing annihilation operators as in Eq. (2.7), we
have

. 1 - N 1/ Ej i . |2E¢
b= —(®+12.Q) = - ( — — 24/ ——n). 2.14
Tz @12 =3 (55) @2 @)

ST

2 E
In the ground state, (¢) = 0 and Ap = 2(%)
the phase is mostly localized around the origin. Writing ¢ = Ago(lAH—IA)T),

~ 0.27 for g—é = 50:

we can expand the cosine potential up to the fourth order in ¢:
N apa 1 1 A ~
H/h~ \/8E;Ec(b'b+ 3) —EJEA&(HH)‘*. (2.15)

We can here develop the term in (13 + ET)4 and perform a rotating wave
approximation (RWA) to keep only the resonant terms. Rearranging
these terms in normal order gives

H/h=\/8E,Ec(b'h + 3) Ecblh — 7CbT2b2. (2.16)

The non-linearity thus renormalizes the frequency of the transmon
by Ec/h. The transition frequencies fo1 = (E1 — Ep)/h and f13 =
(E2 — E1)/h thus differ by the so-called anharmonicity @ = E¢/h.
Typically, o >~ 200 MHz. This quantity sets the timescale of the fastest
gates that can be performed on a qubit, as the maximum bandwidth
of the pulses that can be sent on resonance to operate it [24]: if the
pulse is too short, then it overlaps spectrally with the fi2 transition,
which excites the transmon into its second excited state, outside of
the computational subspace. For a fixed frequency, E¢ cannot be too
large either to stay in the transmon regime. This is another reason why
other more anharmonic devices, such as the fluxonium, are explored:
higher anharmonicity potentially means faster gates.

2.2 REPRESENTATION OF QUANTUM STATES
In quantum mechanics, states are either an element |1)) of the Hilbert

space H, for pure states, or statictical mixtures of these states, which
can be represented by a density matrix p, defined on the operator
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space of H,. The most straightforward way to represent the state is
then by decomposing a pure state i) on an orthonormal basis {|¢y,)}
of H:

The set of 1, = (1, |1)) are a representation of [1) in the basis {|in)}.
We can perform the same kind of decomposition for a density matrix

A~

p

nm
Here, the Hermitian property of the density matrix imposes pJ,., = pPmn,
its normalization Tr(p) = 1 that > pnn = 1, and its positivity that
its eigenvalues are positive.

Although this matrix representation contains all the information
about the state, it is often more practical to work with graphical
representations. The most ubiquitous one for two-level systems (TLS)
is the Bloch sphere representation. Any state can indeed be represented
(up to a global phase) by a unique vector inside the unit ball of R3.
This representation is very useful, as any unitary operation performed
on the state can be viewed as rotations. Dynamics in the Bloch sphere,
governed by Bloch equations, are completely analogous to that of a
classical dissipative system. This renders qubit dynamics a lot more
intuitive.

The Bloch sphere can theoretically be generalized to any number
of dimensions, but it becomes a lot less convenient for any number
higher than 2, as the dimension of the sphere becomes larger than 3,
which is the human limit for graphical representations. For a harmonic
oscillator, the Bloch sphere representation and its infinite number of
dimensions then happens on an infinite-dimensional ball.

Alternative representations of states for the harmonic oscillator exist.
The most widely used are the so-called phase-space representations,
which we will here introduce for the density matrix of a harmonic oscil-
lator. They are quasiprobability distributions, which, despite not being
actual probability distributions, give intuition about the distribution
of actual observable outcomes. They are especially useful as means
to visualize the dynamics of quantum states. Besides, their features
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can give intuition about what we can define as the "quantumness"
of a state. Finally, as we will discuss more in chapter 3, they give
direct access to the probability distribution of measurement outcomes
obtained routinely with superconducting circuits.

2.2.1 Bloch ball

It is convenient to start defining the Bloch sphere with pure states
first before generalizing to mixed states on the whole ball. A state of
a TLS (or qubit) can be written in an orthonormal basis {|1),|0)}

) = al0) +b]1) (2.19)

with a,b two complex numbers. Using that | (1) |2 = 1 gives |a|? +
|b|> = 1, which means that we can parameterize a and b by an angle

0/2 € [0,7/2] and two phases g, ¢y € [0, 27[. The state 1)) becomes:

l1h) = €% cos(0/2) |0) 4 € sin(6/2) 1) (2.20)
= €' (cos(0/2) 0) + ' P =¥) sin(6/2) 1) ). (2.21)

As in quantum mechanics, a global phase factor such as e’?* does
not change any observable, we can safely take ¢, = 0. We now
parameterized our state by 0 € [0, 7] and ¢ = ¢y — @4 € [0, 27|, the
same way the unit sphere of R? is parameterized. We can then associate
to each [¢) a unit vector i, called the Bloch vector, parameterized
by € and ¢ on the so-called Bloch sphere. The state |0) is then on
the south pole of the Bloch sphere, while |1) is on the north pole. In
general, the coordinates of the Bloch vector (x,y, z) reads:

(z,y,2) = (] 6z [¥), (W] 6y [¥) , (W] 62 [¥) ). (2.22)

We introduce here the three Pauli operators 6, 6, 6, whose respective
matrix representations are the Pauli matrices 0,0y, 0. in the basis

{11),10)}

0 1 0 —i 1 0
ax:<10>;ay:<i 0>;O'Z:<0_1>. (2.23)
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This can be generalized to density matrices in a very simple and
convenient way. To p = )" Py [1n)(1n|, we associate

iy =Y Puily,). (2.24)
n

This association does not depend on the choice of the decomposition
of p. The Bloch vector of a density matrix is then the convex sum of
the Bloch vectors of its components. Eq. (2.22) generalizes to:

(2.y.2) = (Te(56), Te(p6), Tr(5.)) (2.25)

and in turn, (z,vy, z) gives the decomposition of p on the Pauli opera-
tors:

1
b= 5(]1 + 26, + Yoy + 262). (2.26)

We see that Bloch vectors of density matrices can live inside of the
sphere, in the ball. There is an equivalence between p being a mixed
state and 1, being strictly inside the sphere.

(a) z (b) z

Figure 2.4: The Bloch sphere. (a) Bloch sphere schematic. (b) Example of
trajectory on the Bloch sphere during a brief excitation (grey:
rotation by an angle § = 7/2) followed by relaxation of the qubit
(red) without any pure dephasing of the qubit.

Starting from a pure state, p generically becomes mixed because of
dissipation during its evolution, as the TLS gets entangled with its
unmonitored environment. When the interaction with the environment
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is Markovian, 7.e when it has no memory of the past interactions, the
most widely used equation governing both Hamiltonian evolution and
dissipation is the Lindblad equation. In its most general form, it reads:

D 0] + YT [ (2.27)

n

where H is the Hamiltonian of the system, D, [pt)] = AnpAl, —
%{ALAM’) + ﬁfl;rlfln} are the dissipators associated to the jump op-
erators A,, and the I',, are the associated jump rates. In the case
of a qubit coupled to an outside electromagnetic field at thermal
equilibrium at temperature 7T, we consider three main dissipation
channels: excitation at rate I'y = ng,I'o, associated to the jump opera-
tor 64 = (6, + i6y) = |1)(0], de-excitation at rate I'y = (1 + ng,) Lo
associated to 6_ = 1(6, — i6,) = |0)(1], and pure dephasing at rate
I',/2, associated to .. I't = I'y + I'| is the decay rate of the qubit,
and nyy, its thermal population of the qubit, i.e. its average number
of excitations in thermal equilibrium with the environment. Detailed

hw

balance relates the temperature T' to ng, through I'y = e 7T,
where kp is the Boltzmann constant. Although the temperature is
never zero for real systems, experimentalists work hard to make nqy,
as low as possible and negligible in practice. Setting niy, = 0, the
Lindblad equation then reads

dp (AP . r .

—— = ——[H, p(t)] + T1Ds_[p(t)] + —FDs. [5(1)], (2.28)

dt h 2
where we write H in the most general form for a qubit:

- Q. Q. 0.
H/h= — Oa + ?yoy + 50z (2.29)

2, and €, are referred to as Rabi frequencies and 0 to the drive
detuning. This is the general Hamiltonian of a qubit considered in a
Bloch ball frame rotating at a frequency detuned by ¢ from its resonant
frequency. Multiplying Eq. (2.28) by 64,6, and 6, and taking the
trace gives the optical Bloch equations for x,y and z:

x x Q (I'1/2+ Fcp)w
gl=1v| N || - | T/2+T0)y |- (2.30)
z z 0 (14 2)
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The dynamics of the Bloch vector are then decomposed into two
parts. The Hamiltonian part is the one materialized by the vector
product. It consists of rotations in the Bloch ball. This part is strictly
equivalent to that of a magnetic moment under a magnetic field
B Qu€x + Qy€y + d.€, such that the Larmor pulsation w is w =

Q2 + Q2 + 6%

The second part, representative of the dissipation and dephasing,
behaves like classical dissipation: the Bloch vector is linearly dampened
towards the bottom of the Bloch sphere at a rate I'y = I') and towards
the z axis at a rate 'y =11 /2 + T',,.

This representation thus allows classical intuition to work, which is
very useful to picture quantum operations on qubits. An example of
trajectory in the Bloch sphere is shown in Fig. 2.4. The qubit starts
in the ground state |0) and is strongly driven during a short time,
rotating around an axis close to the x-axis, During this time, we have
Qz, Qy > 0,11, T, (grey arrow). £, and €2, are then turned off, letting
the qubit free to rotate at an angular speed § while decaying back to
|0) under the effect of the dissipation. This is the kind of trajectory
experienced by the qubit in the experiment presented in Chap. 4.

2.2.2  Phase-space representations of a harmonic oscillator

As stated in the introduction of this chapter, there exist several different
representations for the state of a harmonic oscillator. We present here
the three main phase-space representations: the Glauber-Sudarshan P
representation, the Wigner function W, and the Husimi Q function.
Each of them represents, in some sense, the quantum version of the
classical phase space. These three representations are defined using
the coherent states and the displacement operators. Coherent states
are called quasi-classical states, as they are the states that resemble
the most classical states of a harmonic oscillator. A coherent state «

is defined as
a2 Oén
la) = el ”Zﬁ n) (2.31)

It is the eigenvector of eigenvalue « of a. It is called a gaussian state,

as all its phase-space representations are gaussian functions. Fig. 2.7
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shows schematics of each of them. It is obtained by applying the
displacement operator 15(@) to the vacuum state:

D(a) = @' —oa (2.32)
o) = D()[0). (2.33)

The displacement operator is the most classical operation we can apply
on quantum states. This is even the only quantum operation we can
implement on a harmonic oscillator using only classical resources [25].
Thus, if the oscillator starts in the vacuum state, the only states we
can create are coherent states. Fock states, although the most simple
states regarding the photon distribution, are inaccessible.

A first geometric property of the displacement operator is that it
conserves the vector structure of C:

D(a)D(B) = 8"~ A2D(a 4 B). (2.34)
Thus, up to a global phase factor (®#"~a"8)/2  the displacement op-
erator f)(oz) behaves like a translation in phase space along a vector
given by a.

Another useful operator is the squeezing operator S (¢). Tt is defined
as

8(¢) = ex(Car=a™), (2.35)

This operator is unitary and is of great importance, especially in the
field of quantum metrology [26, 27|, and for quantum measurement
in general. As we will see in Chap. 3, any amplification procedure
is intrinsically a squeezing procedure. This operator is called the
"squeezing" operator, as its effect is to divide the variance of one
quadrature by a factor el¢ | at the expense of the other which is
multiplied by the same factor. The quadrature amplified (and the
one deamplified) is set by 6 = Arg((). This operation becomes purely
geometrical when working with Wigner functions (see Fig. 2.7 shows
the Wigner function of a squeezed vacuum state). The properties of
these operators, as well as that of the P, Q, and Wigner functions,
are derived in [28]. We will use three main properties of the squeezed
states in what follows. The first one is that

ST =8(-¢). (2.36)

29



QUANTUM MICROWAVE MODES

The inverse of a squeezing operation is thus the opposite squeezing
operation. The second is that

S(=0)aS(¢) = cosh(r)a — sinh(r)e?al (2.37)
with ¢ = re®. This expression defines a transform on the annihilation
and creation operators which is called a Bogoliubov transformation.

The new creation operator S(—¢)aS(¢) builds squeezed Fock states.
The third is that

N

S(=OD(a)S8(C) = D(B) (2:38)
with
B = cosh(r)a + sinh(r)e?a*. (2.39)

This defines the commutation rules with the displacement operator,
and the change of variables @« — ( used to transform the Wigner
function under the squeezing operator (see Sec. 2.2.2.2).

2.2.2.1 The Glauber-Sudarshan P representation

The coherent states form an overcomplete set of states. Thus, there
exist a closure relation

_1 2
1= [ 1ol es. (2.40)

We use here the notation d28 = dRe(8)dIm(B). The factor 1/m
accounts for the overcompleteness: this ensemble is non-orthonormal
and redundant, thus not normalized. This overcompletness comes with
another interesting property: we can decompose any density matrix p
of the harmonic oscillator in a diagonal form on the coherent states as

b= / P1(8) 18YB] d25. (2.41)
C

The function P is unique and is called the Glauber-Sudarshan P
function and It constitutes our first phase-space representation. It
is defined on a complex plane and takes real values (in the sense
of the distributions). It is a quasiprobability distribution: although
normalized to unity ([ Pp(e)d?a = 1), it can take negative values.
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2.2 REPRESENTATION OF QUANTUM STATES

As for the Wigner function, such negative value the signtature of
a quantum state with no classical counterpart. Furthermore it can
generate moments the same way a probability distribution would. In
particular it directly generates any normally ordered moments of the
annihilation and creation operators [29, 30]. For any n,m € IN

(atram) :Tr<ﬁdT”&m) - /C BmA™ P (B)d2B. (2.42)

We can easily get the average value of G as (a) = [ 8P;(8)d?3. The
average number of photons (afa) is then directly given by (afa) =
S 1B12P5(8)d2B.

Displacement operators are very simple to implement on the P func-
tion. It is indeed easy to show that the P function of p/ = D(a)pD(—a)
is given by Py () = P;(8 — a). The displacement operator thus trans-
lates the P function.

The inverse transformation from p to P is given by [29]:

Py(re” =) =
Z(nlﬁlm>wer2—“"—m)9 [( - %)nercS(r)} . (2.43)

P thus contains the same information as the density matrix. However,
for pure states, this is a highly singular function. For a coherent
state p = [afal|, P|q)(8) = §(8 — a), with ¢ the 2D Dirac function.
For a pure Fock state |n), it becomes even more singular: P, (3) =

ﬁén)!eﬂ {(%) s (7’)] which involves derivatives of the Dirac function.

These reasons make it a quantity that is not convenient to visualize
and hard to manipulate.

2.2.2.2  The Wigner function

The most commonly used representation in the field of superconducting
circuits is the Wigner function. It is defined by the Wigner transform
of the density matrix, which reads

Ws(6) = = Te(D(-)pD(B)P), (2.44)

where P = (—1)@'@ is the parity operator. The value of W ;(B) is then
the average parity of p displaced by —f3. This expression is especially
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useful in experiments, as having a qubit dispersively coupled to a cavity
allows us to directly implement this measurement. This measurement
process is called Wigner tomography.

The Wigner function is linked to the P function by a very simple
relation:

Ws(B) = (Ps W) (B) (2.45)

where W o) (8) = %e‘2|5|2 is the Wigner function of the vacuum state.

It is also a quasiprobability distribution: fC Ws(B)d%8 = Tr(p) =1,
and it can be negative. However, it is already much more convenient
than the P function, as it is a smooth function in general (for states
with finite energy). Furthermore, negativity in the Wigner function
is fundamentally linked to the "quantumness" of a state, i.e. the
ability to exhibit non-classical behavior. For example, in continuous-
variables quantum computing, states that exhibit Wigner negativity
are necessary to get any speed-up compared to classical algorithms in
the field of continuous-variable quantum computing [31].

Its moments are the symmetrically ordered moments of the creation
and annihilation operators [30]:

(amatm) o) = /C B 6 5(8)d28 (2.46)
Here, (.)s stands for the symmetric ordering of the operators. As
an example, one can get the average number of photons (de> from
the Wigner function: the first step is to write it in a symmetric way:
a'a = J(a'a+aa’ —1). Then

ats ats 1 2 2g_ 1
i) = (@a)g) — 5 = [ BEW(9)E - 5. (2.47)

and as for the P representation, we also have

@) = [ Bwao)s. (2.48)

The Wigner function is a tool that goes beyond visualizing the
states, as the Wigner transform can also be applied on operators the
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2.2 REPRESENTATION OF QUANTUM STATES

same way as for density matrices. For any operator O, we define its
Wigner transform as

We(8) = - Tr( (~B)OD(B)P). (2.49)
The expectation value of O can then be obtained using
(0) = Tr(,sé) = /U Ws(B)W 5 (8)d?B. (2.50)
Wigner functions of frequently used operators are listed below:
Wa(B) = d (2.51)
T
a(8) = =(1B)? — = 2.52
WaTa(/B) 7T(|5’ 2) ( 5 )
2 _
Wil (B) = Wiy (8) = ()" 22 L, (82, (253)

where L,, is the n-th Laguerre polynomial. We also get W,y by

. 1 —i *
W@ +p) = = [ P 0nle+ D~ Dy, (251)

where ¥,, is the wavefunction of the Fock state |n):

W () = faln) = (2)F

with H,, the n-th Hermite polynomial. The W, are then all we

Hn(V22)e™ (2.55)

need to reconstruct a density matrix in the Fock state basis from the

Wigner tomography, using that (n|p|m) = Tr(p |n)(m|) and Eq. (2.49)
Another theoretical way of reconstructing the density matrix (or an

operator) from the Wigner function is by using the Weyl transform:

/ / / W (@ + ip)er= @0t ke 0=P) qrdpdk,dk,.  (2.56)

This formula, less convenient, is not used in practice.

Finally, for a pure state [1), we recover an actual probability density
by taking the marginal of the Wigner function along any quadrature.
In particular:

/Wlw (z +ip)dp = | (x|y) [ (2.57)
/Wlw (z + ip)da = | (plo) > (2.58)
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QUANTUM MICROWAVE MODES

Here, |x) and |p) have to be understood as the "eigenvectors" of the
#=(a+a"/2and p = (a' —a)/2i the two adimensional quadrature
operators. Note that they verify here [#,p] = i/2 1.

Experimental tomography of Wigner functions of Fock states |0),
1), |5) and |9) are shown Fig 2.5. Details about the way these Wigners
were obtained are given in Sec. 4.3.2 and 4.9.1.

(a) 2 (b) 1
) |0) 1) ™ 510) 1) m
o ® | © o R

g &S s

CIN s O E L{b) 19) S
0 "-_'.:3"' 0
_9 2 —9 .

— 0 2 -2 0 2 ™ -2 0 2 -2 0 2

Re(f) Re(8)

Figure 2.5: Experimental Wigner and Husimi Q functions of a few Fock
states. (a) Measured Wigner functions of Fock states |0), |1),
|5) and |9) that were prepared by heralding on the fluorescence
of a dispersively coupled qubit. (b) Corresponding Husimi Q
functions for the same states obtained using Eq. (2.67).

The displacement and squeezing operators correspond to simple
geometrical operations on the Wigner functions. It is straightforward
to see that the effect of the displacement operator D(«) is, as for the P

M Ws(B—a).

The effect of a squeezing operator S (¢) on the Wigner function is also

function, to displace the Wigner function by a: W ()

a change of coordinates:

W s(o) 5©, Wg = W (acosh(r) + are? sinh(r)) (2.59)

Other conventions for the definition of these operators exist, in particular £ =
(@4 a")/v2 and p = (a' — a)/+/2i, leading to [&, p] = i, which looks more natural,
given that [<i>, Q] = ¢h. This is the choice made in [32]. We prefer our convention,
as it gives the simple relation & = & + ip
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2.2 REPRESENTATION OF QUANTUM STATES

This amounts to transforming & and a' in Eq. (2.44) following

i — S(—¢)aS(¢) = cosh(r)a — sinh(r)e?al (2.60)
at = 8(=0)afS(¢) = cosh(r)al — sinh(r)e . (2.61)

We can illustrate this transformation by applying it on the vacuum
state. This gives a squeezed vacuum state:
W\C() ($ + ’L'p) — ge—QeQT(Cos(%)x-i—sin(%)p)z6—2@’2T(cos(g)p—sin(g)x)2
T

(2.62)

)

which has a very simple geometrical interpretation: the original Wigner
function is compressed by e” in the direction given by ei% and expanded
by €” in the orthogonal direction. This is the general way squeezing
acts on Wigner function. For 6 = 0, it gives

we

2 T —aT
0) (x +ip) = e (2.63)
m

It is then straightforward to compute A#? = (22) = ¢72"/2 and Ap? =
(p?) = €?/2. These states still saturate the Heisenberg inequality
AZAp > 1/2 but have reduced fluctuations in one quadrature. This
way of reducing the uncertainty in one direction is a standard tool
in quantum metrology [33]. These states are especially useful for the
detection of gravitational waves [26, 27].

2.2.2.3 The Husimi Q function

The expression of the third phase-space representation is the simplest:
this is the average of the density matrix for coherent states [34, 35|

Qp(a) = —(alp|a). (2.64)
We can rewrite this expression as

Qs(@) = {alpla) = Tr(|0)0] D(~a)pD(a)). (2.65)

We can interpret this expression as the probability of finding 0 photons
in the state displaced by a. Knowing that the Wigner function of a
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coherent state W, is Wq)(8) = W, (8 — ), we can use Eq. (2.50)
applied to O = D(a) [0)0| D(—a):

_ /CW0>(5 — Q)W (8)d2p. (2.66)

Thus, Q and W are all obtained from P by a convolution with the
Wigner function of the vacuum state:

Qﬁ = Wﬁ * W|0> = Pﬁ * W‘0> * W|0> = Pﬁ * Q|0> (2.67)

Plus, we now see that this representation does not miss any information
compared to the Wigner function and the P function, as the convolution
with a Gaussian function is a reversible operation. However, this comes
with an increased sensitivity to noise, which makes it hard to use in
actual experiments for state reconstruction (see Fig. 2.5).

On top of furnishing another geometrical representation of the states,
its importance lies in the fact that it gives the distribution the outcome
of a heterodyne measurement, which is the most widely used type of
measurement in superconducting circuits (see Sec. 3.1.2). The fact
that @ is positive also gives an intuition about the allowed negative
regions of the Wigner function: their extent needs to be small enough
so that convolving it with W, whose typical spatial extension is
1/2, makes them disappear. For pure states, the presence of negative
regions in the Wigner function is equivalent to the presence of zeros
of the Q function [36].

Another more constructive way of writing the Q function exists. Let

= 1) (1| be a pure state, and

V)= e lk) = Z w'“ -a™ [0 (2.68)
k

its decomposition on the Fock basis. We can define the stellar function
F* [37] as

Fy(a Z (2.69)
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2.2 REPRESENTATION OF QUANTUM STATES

In this notation, we simply have [¢) = Fﬁm(dT) |0). Eq. (2.64) then
gives

Qpy (@) = %(Mﬂ%(fﬁ) |00 By (@)] ) (2.70)
_ e*lalziqum(a*)\?. (2.71)

This expression is especially useful when the 1, are known, as it gives a
straightforward way of writing the Q function from the decomposition
in the Fock basis. It generalizes to density matrices by summing
up the Q functions in the same way as pure density matrices: if

p = >, Pnl|tn)thpn|, then Q = > PnQyy,)- For example, if the
oscillator is in a thermal state of temperature T defined as

pn=(1-v))_ v"|n)n| (2.72)

hwe

where v = e *87T is the Boltzmann factor, and w./27 the frequency
of the mode. The Husimi Q function then reads
1—-v ,_ 2
Qpu(a) = el Dlel”, (2.73)

™

The Q function of a thermal state is thus simply widened by a factor
1/4v/1 — v compared to that of the vacuum state:

Qp (@) = V1 —=vQpy (V1 —v). (2.74)

Writing Qz,, = Woy * W

Pth?
function of the vacuum state (which is easy as all the distributions

we can deconvolve @5, by the Wigner

involved are Gaussian) to also get the Wigner function of a thermal
state:

2(1 — I/) o 2(11;:) |o¢|2‘

Wﬁth(a) = m

(2.75)

Similarly, W, is then obtained by scaling the Wigner function of the
vacuum:

Wi (@) = \ 1o Wio (o) (2.76)
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The variance V of this Wigner function thus reads

Pth

14+v 1 v 1
Vo =———-=-4+—-== , 2.77
T oMy T2 1=y g 277)
where ng, = 125 is the average number of photons in the mode.
Deconvolving again by the Wigner function of the vacuum state, we

can even obtain the P distribution P;, of pi, as a Gaussian function

Pth
with variance ngy.
The moments of the Q function are the anti-normally ordered

moments of @ and af [30]:
@) = [ e Que)as (275)

In particular, we have (a) = [, 8Q;(8)d*B and (a'a) = [,(|B8]* —
1)Q;(B)d?B. Examples of experimentally measured Q functions for
Fock states |0), |1), |5) and |9) are given Fig. 2.5. They are obtained
from the corresponding Wigner functions using Eq. (2.67). Interest-
ingly, the experimental noise is almost invisible compared to the noise
on the Wigner function. We can illustrate how hard it is to experi-
mentally perform a proper state reconstruction from the Q function
by comparing the Q function of distant states. The first one is an odd
cat state |Cy ) « |o) — |—a), which is a superposition of two opposite
coherent states. The second is given by po = 3 (|a)a| + |—a)—a|),
which is a classical mixture of the same coherent states. We see in
Fig. 2.6 for a = 2 that the two Wigner functions exhibit very differ-
ent features: the Wigner function of |C) exhibits negative regions,
which is not the case for p,. However, these striking differences almost
disappear when comparing the Q functions on a linear scale. We can
distinguish some very faint structure between the two Gaussian com-
ponents for |C ), but that’s pretty much everything. To understand
where the key differences between the two Q functions lie, one needs
to visualize them in log scale (right panel Fig. 2.6). The Q function of
|C, ) exhibits zeros on the vertical axis, which is not the case for p,.
Actually, it has an infinite number of such zeros, one for each negative
region in the Wigner function [38|. These zeros are present in a region
where the @ function is already very close to zero and do not survive
any experimental noise, which renders very hard faithful experimental
discrimination between the pure |C; ) and 1-bit entropic state p,.
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Figure 2.6: Comparison between the Wigner function and the Husimi Q
function of coherent and incoherent superposition of two coherent
states. Top, from left to right: Wigner functions for an odd cat
state |CQ_ >, its Q function in linear scale and its Q function in
logarithmic scale. Bottom, from left to right: Wigner functions
for a mixture of coherent states po = 1 (|a}a| + |—a)—al), its
Q function in linear scale and its Q function in logarithmic scale.

2.2.2.4 Generalized Q functions

The notion of Q function can be generalized by replacing the vacuum
state [0)(0| in Eq. (2.65) by an arbitrary density matrix 4:

A

Q%(0) = %Tr(&f)(—a)[ﬂ)(a)). (2.79)

It is straightforward to generalize Eq. (2.67) to
Q5 =W;*Ws (2.80)

where W is the Wigner function of the state 4.

As both & and D(—«)pD(a) are density matrices, this is the trace
of the product of two positive operators, which is always positive.
This property can be seen as the fact that the average value of an
observable with only positive outcome (such as a density matrix) is

always positive. This gives a much stronger property to the Wigner
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function: its convolution with any Wigner function representing a
quantum state is positive.

For example, as in [39], generalized Q° functions for 6 = |n)(n|
can be measured in a cavity using a dispersively coupled qubit. With
these states, the measurement can be understood intuitively: it is the
probability of finding n photons in the state displaced by «, which
provides an experimental protocol to measure Q° functions.

The most interesting choice studied in this thesis consists in taking
loXo| = S(¢) [0X0] S(—¢) a squeezed vacuum state. This function is
crucial to understanding the statistics of the measurement outcomes
discussed in Chap. 3, in particular in the experimental implementation
of homodyne measurements.

The equation (2.80) simply gives

¢ _ ¢
Qs =Wyx W, (2.81)

Instead of taking the convolution with a symmetric Gaussian function,
we use a squeezed one. An example is shown in Fig. 2.7a. In black,
the P distribution P,y of a coherent state |a) = 1+4. In red, its
Wigner function W . It is a Gaussian distribution with quadrature
standard deviations Axy = APy = Ay = 1/2, with Ag that of
the vacuum state. In blue, its Husimi Q distribution, obtained by
convolution with the Wigner function of the vacuum state W qy. The
result is a Gaussian function with quadrature standard deviations
Azg = APg = (/Azd, + AL = 1/v/2. In green, its generalized Q
function obtained by convolution of the Wigner function W 3()[0) of
a squeezed vacuum state, plotted in fainter red. In this example, the
squeezing factor ¢ is ¢ = log(2). Qg is a Gaussian distribution, whose

quadrature standard deviations are Aa:Qg = \/Al‘%/v + (Age=¢)2 =
5

VB/4 and AP = \/AP%,V 1 (Aged)? = V52,
p
The properties given by Eq. (2.57) and (2.58) can be thought of as a
limit where 7 goes to infinity in Eq. (2.81) for # = 0 and # = 7: as one

quadrature gets infinitely squeezed, the Husimi Q function becomes
essentially a 1D distribution on the other quadrature, given by the
modulus square of the wavefunction expressed in this quadrature.
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Figure 2.7: P distribution P|,y, Wigner function W\,y, Q function Q|,) and
generalized Q function QCQ of a coherent state |a) = |1 + ) with
¢ = log(2). The latter is obtained by convolving W,y with the
Wigner function of the squeezed vacuum W SO0y

A second way of picturing this transformation gives an intuition
of what is measured with a phase-sensitive amplifier, as developed in
Sec. 3.2.3. The equation (2.79) gives, for a squeezed vacuum state:

Q5(8) = — T(S(0) 10401 S(-)D(-B)D(B) ). (2.82)

Using the invariance of the trace by permutation, inserting
S(O)S(=¢) = 1 and using Eq. (2.38) gives

Q5(8) =

= @s-opsi0(7)

(2.83)
with
~ = cosh(r)S + sinh(r)e® 5*. (2.84)
The inverse change of variable is given by
B = cosh(r)y — sinh(r)e~*. (2.85)

41



QUANTUM MICROWAVE MODES

Qg can thus geometrically be obtained by squeezing the Wigner func-
tion of p by —(C, (which gives the Wigner function of S(—¢)pS(¢)),
convolving with the Wigner function of the vacuum state (which gives
the Q function of S(—¢)pS(¢)), and scaling it back as a function of
with the change of variable v — 3 with 3 = cosh(r)y — sinh(r)e®~*.
The procedure is pictured in Fig. 2.8. Thus, the Husimi Q function of
the (inversely) squeezed states gives, up to a coordinate change, the

same distribution as the generalized QQ function.

(a) A (b) A

2 4 2 1
G
o
0 , >
0 1 2
Re(B)

® W, - Vs ) -QS(%)W

Figure 2.8: Alternative way of obtaining the generalized @ function Qfa>
from the Wigner function W,y with a = 1 and ¢ = log(2) as
an example. (a) First steps of the transformation. The state is
squeezed with parameter —(, which gives the Husimi Q function
QS(—g)\a> of this squeezed state. (b) Last step: the change of co-
ordinates 8 = cosh(r)y — sinh(r)e®~y* gives Q|CQ> from QS(*C)IM'
We plot again W, for reference.

2.3 PROPAGATING MODES

Resonant modes are the main systems studied in cavity QED. Control-
ling and measuring them requires sending them signals and measuring
what they emit back. In the domain of superconducting circuits, this
is done with transmission lines, generally in the form of coaxial cables
or coplanar waveguides. As these signals are non-classical in general,
a fully quantum description of the transmission line is needed. The
transmission line is a peculiar medium through which the photons
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propagate and can be thought of as the reduction to one dimension
and one polarization degree of freedom of the free electromagnetic
field. It leads to one-dimensional quantum optics, whose results can
be generalized to more degrees of freedom. The full quantization pro-
cedure described here for the transmission line can be found in [40-42].
We will here highlight the main steps leading to this quantization. We
will then present the mode structure of the transmission line, which
will be the basis of the analysis done in the next chapters. A very
detailed quantum optics review on the modal structure of light can be
found in [43].

2.3.1 Quantization of the transmission line

To quantize the transmission line, the approach is similar to that of the
LC oscillator. We can build a telegraph model for the transmission line
by seeing it as the continuum limit of a series of small LC resonators,
with inductance per unit length [ and capacitance per unit length c.
This line is characterized by its characteristic impedance Z, = \/%
1

le”

Following the infinitesimal model of Fig. 2.9, we define the local flux

and traveling wave velocity v =

¢(x,t) and the charge density q(x,t) relatively to the local current
I(x,t) and voltage V (z,1):

o(t) :/ V(z, t')dt

e o1 (2.86)
q(t) = %(:L',t’)dt’.

The voltage at a node can be written as the sum of two counter-
propagating voltage waves:

V(z,t) =V 7 (x,t) + V" (a,t). (2.87)
The right-and left-propagating voltage waves obey
v V= (,t) £ 0,V (x,t) = 0, (2.88)

where v is the light velocity in the line. The right- and left propagating
voltages are then entirely determined by either all the V=(0,t) or
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V= (x,0): they propagate at speed v without any dispersion. We can
write
VZ(z,t) = VT (x=0,t F %) =V (zFout,t =0)=V"(rT)
(2.89)

where we defined here 7F = t & 7 the only degree of freedom of
V& (z,t).

H
/
(]
} \
(4
Zo=/!
() q(x)dz oz + dx) ¢
«® D
I(z) I(z +dz) q(z + do)dx
P V(e + dz)
t t >
x x+dx

Figure 2.9: Telegraph model for a portion of transmission line.

In the canonical quantization of the transmission line, ¢(z,t) and
¢(x,t) are promoted to operators verifying the commutation relation

z,1) (2.90)

We can now express V= as operators V:, and define the standard
creation and annihilation field operators of the transmission line in

frequency

o= w] = V= [w] (2.91)
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where V= [w] = \/% fj;o V= (7)edr. The only non-zero commuta-

. . AT
tion relations for a™ [w] are:

(67 [w], 6~ [w']T] = sign[w]d(w — ) (2.92)
(6 [w], a" [w]T] = sign[w]d(w — o). (2.93)
It verifies @ [—w] = a7 [w]', which can be interpreted as the fact that
annihilating a photon? with negative frequency amounts to creating
a real photon with positive frequency. With these operators, we can

write the Hamiltonian of the line as tha Hamiltonian of a collection of
harmonic oscillators:

i = /Om % ({fﬁ[w], i W)’} + {at ], &“[w]ﬂ)dw.
(2.94)

The brackets {.} here stand for the anti-commutator. The voltage
operator as a function of a7 |w] reads

N Zch Feo o -
V() = = Vwa™ [w]e ™ dw
4 0
. B | (2.95)
+ Vwia™ [w]e“Tdw |.
0
We can define the time domain counterpart of ™ [w] as
= 1 too o ;
a (1) = —= a” [wle” ™ "dw 2.96
== i (2:96)

where the integral is taken only on positive frequencies, i.e. the domain
where G~ [w] is an annihilation operator: only positive frequency (or
energy) excitations can exist in the line. This is the time-domain
bosonic annihilation field operator, and its commutation relations read

0= (r).a= (M) = o (Zpv. (=) +alr ). (297

2 \im

T—T

The bosonic counterpart of the voltage is the real quadrature of 4= (7)
defined as

7 (1) = (d:(T) + d:(T)T). (2.98)

We loosely call photons the excitations of the line, even if it can also be described
as plasmons.
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This field is conceptually different from the voltage V=. As the latter
allows to directly write the Hamiltonian in the time domain

i Zl / ;OO (V=) + V() ar, (2.99)

the one described by 2= is linked to the bosonic field, which describes
the transmission line in terms of mode occupation. The photon number
operator reads

~ +OO
N = / (a7 (r)la~ (1) + &= (r)ia" (r))dr
+oo

-,

We can note here that because of the factor Aiw in the definition of
a~ [w] in Eq. (2.91), states that have finite energy can have an infinite

(2.100)

(a7 w]fa [w] + 6 [w]Ta™ [w]) dw.

number of photons, in particular close to zero frequency: a constant
voltage pulse has a diverging number of photons.

The two fields 2= and V= are related in a non-trivial way: we
cannot avoid going through a Fourier transform, scale it by w, and
coming back to the time domain to get #(7)= from V= (7). It means
that they are not related causally [44], i.e. we theoretically need the
values for all times of V= to compute each #(7)~. This non-causal
relation between these two fields leads to paradoxical ascertainments:
one cannot both localize the energy and the number of photons in time.
As shown in [45], if a microwave pulse has a perfectly localized voltage
shape, as it is typically the case in the experiment since they have a
finite duration, the bosonic field quadrature £~ cannot be localized.
In particular, it means that one can theoretically detect photons after
the end of a voltage pulse, or even more troubling, before it started.
This comes from the fact that the notion of position wavefunction
for a photon is not well defined in general [46]. The very notion of
time-resolved photon detector is thus ill-defined.

These effects are non-negligible only if the bandwidth of the signals
is comparable to their average frequency. In most of the experiments
performed in quantum optics, the signals are comprised in a bandwidth
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Aw centered around a frequency wg such that Aw < wy. In this regime,
we can approximate Eq. (2.95) by integrating only inside the bandwidth

. [Zohwo [ [=0+% .
V(r) ~ g 0 </ A; a” [wle™ ™ Tdw
wo— =57

(2.101)

In the context of the Wigner-Weisskopf approximation [40], we can
integrate again over the whole set of frequencies (equivalent to taking
the bandwidth Aw go to infinity again) to get

VE(r) = W@:(ﬂ- (2.102)

The voltage is now directly proportional to the bosonic quadrature. We
have to keep in mind that this is true only in the bandwidth set by Aw.
In standard microwave setups, the center frequency is typically defined
by the local oscillator and the bandwidth by the mixers, analog-to-
digital converter (ADC), and digital-to-analog converter (DAC) or
simply filters. The mixers convert the signals from an intermediate
frequency to a radio frequency and vice versa, so that the pulses
generated and measured fit in the bandwidth of the DAC and ADC.
Secs. 4.2.2, 6.10.2 detail a typical microwave setup. In these sections,
Figs. 4.5 and 6.9 show typical wiring schemes.

Furthermore, it is often convenient to work in a rotating frame at
frequency wg /27, which amounts to performing the transformation
a= (1) = a~ (17)e™°T and 4~ [w] — @~ |w + wp]. In this frame, 4= (7)

reads

a= (1) = 12 /+OO 4= [wle “Tdw
v 1” e (2.103)

“wle ™ dw.

~ a
V2T )

It is then common to approximate wq to infinity. In this approximation,
the zero frequency is set to wg. We thus recover

o L™

0" |w = — a= (r)e7d 2.104
== [ e @ear (2104

o R :

a= (1) = \/ﬂ/ a~ [wle ™" dw. (2.105)
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a= (1) and @~ |w] are thus proper Fourier transform of each other and
have the expected commutation relations

(67 [w], 6" [W]1] = 6(w — ) (2.106)
= (7),a= (7)1 = 6(r — 7). (2.107)

Within this approximation, all frequencies are equivalent, and the
symmetry around w = 0 does not exist anymore. It allows to recover
the notion of the wavefunction of a photon [47], which gives a lot of
intuition about the way quantum signals propagate in the line.

2.3.2  Mode structure of the transmission line

We now stick to only one direction of propagation and note & = a=. All
derivations made here can be applied to either direction of propagation.
We built a(7) and afw] the time and frequency domain annihilation
field operator. We can think of a(7)" as the operator "creating" a
photon at time 7 and of a[w]" as the operator creating a photon of
frequency w. However, in practice, a photon is created within a certain
linewidth: let f(7) be an element of L?(R, C), the space of complex
functions whose modulus square is integrable on R. We can build

R “+o0o +oo
A= [ feyramdr = / Flw]*alw]dw (2.108)

—0o0

where flw] = \/#27 fj;o f(7)e*7dr is the Fourier transform of f.
If fjoooo |£(7)|?d7 = 1, then A; is a standard bosonic operator:

[Ay, Al
[Ay, Ayl

1 (2.109)
0 (2.110)

We can build fl} |vac) a single-photon state in the transmission line,
and think of f(7) as the "wavefunction" of the photon [47]. This works
precisely thanks to the narrow-band approximation performed before.
In particular, |f(7)|? can be thought of as the probability density of
detecting a photon at time 7 with a detector placed at x = 0, or
conversely, the probability of detecting a photon at z = v7 at t =0,

which gives an intuition of what a propagating mode is. However, this
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concept has to be manipulated with care, as it is hard to extend it to
more than one photon [40)].

The value f(7) is then expressed in vHz and represents one prop-
agating mode of the transmission line. A multiphoton state with n
photons can be built by multiple applications of &T(T) on the vacuum

://.../f(tl,tQ,..., wal (t)al (t2)...a7 (t,)dtdts...dt,,

(2.111)

state:

or alternatively in the frequency domain:

= // .../f[wl,wg, ey wp)Fat fwy]aT [wa)...aT [wy]dwi dws...dw,,
(2.112)
where flw,ws, ...,wy] is given by the multidimensional Fourier trans-
form of f. Although f could theoretically be any distribution such
that |¢) is a normalized state, we stick here to f € L?(R", C), which
is enough to capture any state that can be produced experimentally.

f can be decomposed on the basis of L2(IR™, C) comprised of product
elements of an orthonormal basis {g,} of L*(R, C):

f(tl,tg, ...,tn) =
S kb [Tk (0000 (82) i, (8). (2 113)

(k1,k2,....,kn)€IN™

Here, v, ... k,) are discrete complex coefficients. We can now fac-
torize the integrals to write

) = ( > Vlky g,k H gkl> [vac) . (2.114)

(k1,k2,....,kn)€INT

Here, we have that for u,v € L*(R, C), A, and A, verify:
“+oo

Andl = ([

[Ay, A =0

) u(t)*v(t)dt)ﬂ = (u-v)1 o115)

Thus, if f- g =0, then A ¢ and Ag correspond to independent propa-
gating modes. In Eq. (2.114), |¢) is then expressed as a function of
the creation operators of n independent modes.
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In general, any state |¥) is an infinite superposition of such multi-
photon states [1,) with n photons each:

|\Il> = Z v, W}n> (2'116)

The study of the modes of the transmission line can thus be reduced
to that of a discrete number of modes. Formally, it amounts to writing
the Hilbert space H of the transmission line as

"= Hn (2.117)
n=0

where each H, is the Hilbert space of the mode represented by ¢,.
Thus, any state can be written as

k1,ka,...

These properties are summarized in Fig. 2.10. As an example, the
modes of the transmission line can be decomposed in the time-
frequency Hermite-Gauss basis, well known in optics. In the spatial
domain, they can be used in quantum metrology for optical source
separation [48-50], and allow beating the Rayleigh criterion. In the
time-frequency domain, they are a basis used to demonstrate quantum
communication protocols [51, 52|. In Fig. 2.10, they are shifted in
frequency to illustrate the fact that the signals of interest are centered
around a nonzero frequency.

The expansion given Eq. (2.114) depends on the chosen basis and
can be tedious to write in a basis that is not adapted. However, given
p a (possibly mixed) state of the transmission line, there exists a
way to find the sparsest way to represent the state. This is known in
statistics as the Karhunen-Loéve expansion, and it uses the first-order
correlation function defined as [53, 54]:

Gi(t1,t2) = (@' (t1)a(t2))- (2.119)
We can diagonalize this function and sort the eigenvalues in decreasing
order:
Gi(tr,t2) = > ngvi(ty) vi(t2), (2.120)
k
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H= Ho &

Figure 2.10: Description of the right-propagating transmission line as a dis-
crete collection of harmonic oscillators, each of them describing
a propagating mode, represented by g, of the transmission
line. Here, the gi are elements of the Hermite-Gauss basis. Real
parts are represented by solid lines, and imaginary parts are
represented by fainter colors. The Hilbert space of the system
‘H reads as the tensor product of the Hilbert spaces Hjy, of each
of these modes.

with ng > ny > ng > ... > 0 the eigenvalues, and {v}} the correspond-
ing eigenmodes. The value nj is the average number of photons in the
mode defined by v4. We call a state that verifies n>; > 0 a monomode
state. Coherent states and single-photon states are examples of such
states. A state that has n; # 0 cannot be expressed as a function of
a single mode and is called a multimode state. It comes out of this
analysis that the multimode character of the states of the transmission
line is not related to a peculiar choice of basis but is rather intrinsic.
The light scattered by a non-linear device is generally multimode. A
few examples are studied in Sec. 2.4.2.
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2.3.3 Time and frequency operators

The space of the mode functions is then the space of normalized ele-
ments of L?(R, C), which is a Hilbert space. Two important operators
in this space are the time operator and frequency operator, defined as

(7)) =7f(7) (2.121)
(@f)w] = wflw]. (2.122)

These two operators are the generators of frequency and time transla-

tion operators defined as

T A = e 89T (2.123)
Tar = €987 (2.124)

that act on L?(R, C) the following way:

(Tawhw] = flw — Aw] (2.125)

(Tawh) (1) = f(T)e 2T (2.126)
and

(Tar f)(1) = f(r — A7) (2.127)

(Tarf)[w] = flw]e™aT. (2.128)

We can also check that [7,&] = 1. The algebra on the functions of
the modes is the same as the standard algebra for the position and
momentum of a single (massive) particle. The mode functions can
then be seen as wavefunctions for a single photon [47]. Their modulus
square | f|?(7) gives the probability of detecting the photon at time 7,
and conversely | f|?[w] the probability of detecting it with a frequency
w.

The action of time and frequency operators on the states of the trans-
mission line is described by their corresponding quantum operators 7

and @ [55]
+o0
7 :/ ral(r)a(r)dr (2.129)
too
O = / wa [wlafw]dw. (2.130)

52



2.3 PROPAGATING MODES

Applying it on single photon states, one gets the observables associ-
ated to the arrival of the photon respectively on a time-resolved and
frequency-resolved photon detector. They are also the generators of
the frequency and time translation quantum operators

T aw = e 1097 (2.131)
Tar = 947, (2.132)

The effect of Ta, on a multiphoton state |¢) defined as in Eq. (2.111)
is such that

TAT WJ // /f tl AT t2 AT — AT) (2.133>
at(ty)al(ta)...al (t,)dt dty...dt,

which corresponds to the expected effect consisting of translating the
wavepacket in time. Conversely, we can see the effect of T Ao in the
frequency domain as

Taslir= [ /fwl Aw,ws — Aw, .., — Aw]

[ 1]a [wg} [wn]dwldwg .dwy,
(2.134)

which is the operation corresponding to frequency conversion.

The operators ¥ and @, when restricted to single-photon states,
follow the canonical commutation relation [#,&] = 1. Thus, they
generate the same algebra as the usual algebra obtained with the stan-
dard position and momentum operators. This formalism is developed
in the work of Descamp and coworkers [55] to explore the resources
offered by single photon propagating modes in quantum metrological
tasks. This approach is quite similar to the Wigner function approach
that was described in [56] for single electrons in quantum Hall edge
channels. It illustrates the fact that single photons can be treated
similarly to single electrons (up to their different fermionic and bosonic
nature) despite the theoretical difficulties arising when trying to define
a proper wavefunction for the photon. Some results obtained in [55]
will be used in Sec. 5.4.
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2.4 COUPLING STATIONARY AND PROPAGATING MODES

Quantum systems need to be opened to the environment in order both
to be manipulated and to be probed. In the context of the Lindblad
equation, the environment is traced out, which allows us to recover an
average quantum trajectory for the system. However, it gives up the
description of the environment, which is necessary to understand what
is measured and what back-action is performed on the system. The
Quantum Langevin equation offers a very convenient description of the
interaction between a high-quality oscillator and a bath. This equation
is central in our work, as it allows us to establish that any state
prepared in a linear cavity ends up completely transferred into one
mode of the transmission line. The framework that we just presented,
coupled with the theory of measurements presented in Chap. 3, allows
us to fully interpret the experiment presented in Chap. 4.

2.4.1  Quantum Langevin equations

The simplest way to open a closed system, such as a qubit or a cavity, is
to couple it to a transmission line. Standard coupling schemes are either
capacitive or inductive. Fig. 2.11 shows a typical capacitive coupling
between a transmission line and a harmonic oscillator. The goal here
is to give the main steps leading to the Quantum Langevin Equation,
which is an equation in the Heisenberg picture for a connecting it to
Qin and oyt -

The Hamiltonian of the system {oscillator + transmission line} reads

f{ = ﬁose + ﬁline + ﬁint (2135)
with
A +OO
Hyne = / h (af, [w)ain[w] + al 4 [W]dous [w]) dw, (2.136)
0

with @i, and aqy¢ the ingoing and outgoing time annihilation operators
of the transmission line. They correspond to the @~ of Sec. 2.3.1. The
Hamiltonian of the system is left unspecified, as this equation also
applies to a wide range of non-linear systems. The interaction is, in
general, a linear coupling between one quadrature of the oscillator and
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one quadrature of one of each mode of the line (including both field
directions "in" and "out"). Up to a phase, we can take as in [40] the
example of a coupling g(w), between quadratures of a — af, i, + diTn
and Gout + dlut, that we here take real.

Hint =

+oo
ih / 9(w) (@ — 1) (out 0] + i [w] + 85 [0] + ] v,
(2.137)

The first step here consists in making a rotating wave approximation.
flint becomes

Hint =

+oo
i [ @il + 8l = 8 (o] + il

—00

(2.138)

The second step is to make another Markov approximation: the cou-
pling g(w) is assumed to be constant over the relevant range of fre-
quencies of the system: g(w) = @ The Heisenberg equation for a
thus reads

N

owa(t) = ﬁ[HsyS, al — T(din(t) + Gous(1))- (2.139)

Boundary conditions at z = 0 give:
Gout — Gin = VKa (2.140)

which gives

Dya(t) = %[ﬁsys, )~ 5 6(t) — Vi) (2.141)

the Quantum Langevin Equation written as a function of the incoming
field ay,. It can alternatively read as a function of the outgoing modes

7 A

Hiyys, 6] + Sa(t) = VAo (). (2.142)

In the capacitive case described in Fig. 2.11, the coupling strength x
can be found from a (classical) equivalent circuit in the regime where
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Figure 2.11: Capacitive coupling of a harmonic oscillator to a transmission
line.

Z.Cy < 1 and C > Cj, where the capacitance and the transmission
line are replaced by a resistor with resistance Ry = m with
c~g™0

wy = % the frequency of the resonator. In this regime, we can get
the coupling strength x from [42]:
1 ZCCQQw(Q]

— — . 2.14
"= RoC C (2.143)

2.4.2 FEzxamples

Let us consider a simple case. At ¢t = 0, a state [¢) is prepared in a
linear cavity. As in Eq. (2.9), the Hamiltonian of the system reads

. 1
Heys = hwo(a'a + ) (2.144)

For t > 0, the system is left free to decay. The Quantum Langevin
Equation gives

Ba(t) = —iwoalt) — ga(t) — VrRain(t). (2.145)

Solving this ordinary differential linear equation for a gives

a(t) = e~ (EH05(0) — Vi / 2Hwo)t=s)g, (s)ds.  (2.146)
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Denoting  Ain(t) = V& [y e3T90%; (s)ds,  Aow(t) =
VE fg el=5Fiwo)sg (s)ds and plugging thls expression into
Eq. (2.140) gives

ot (1) = v/re— (50t (a(O) —Ain(t)) ¥ am() (2.147)
— Vre (5Hiwo)t (d(O)—f\in(t)+f\§n(t)/m> (2.148)

5+iwo)s

Demodulating by e(~2 and integrating gives for Aout(t):

t .
JE / e(—5+w0)35 (ds = (1 — e=*)a(0)
0
t ~ A
+/ e " (A{n(s)—/@/\in(s) ds
0

Row(t) = (1 — e=")a(0) + [e*“[\m(s)};

Aout (1) = (1 — e )a(0) + e " Ajn (t) —— a(0).

t—o00

We can thus define
= VK / —atiwolty L (b)dt. (2.152)

the bosonic creation operator of a photon in the temporal mode of
shape e 2 and frequency wp /2. Formally, we have A=A + as defined
in Eq. (2.108) where f(t) = /rel~3 %0},

We can either check that all the orthogonal outgoing modes are
defined as a function of a;, only (see Appendix B), assumed to be in
the vacuum state, or invoke the fact that this system conserves the
number of photons, as we can see from Eq. (2.138). It means that
the state of the cavity has been transferred to the mode defined by
f. Let [¥(0)) = Ey (&T) |0) be the initial state of the cavity. The free

decay thus corresponds to creating a state | V) = 7y (A1) Jvac) in the
transmission line. An illustration of this process is shown in Fig. 2.12.

This state is then monomode. Actually, a linear cavity with dynam-
ical coupling k(t) and frequency wy(t) can emit its initial state in an
arbitrary mode of the transmission line [57]. This also works the other
way around: one can perfectly "catch" an incoming mode and store
it in a linear cavity [58, 59]. Under the right conditions, one can use
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Figure 2.12: Scheme of the release of a state by a linear cavity. At ¢ = 0, the
state is prepared in the cavity. At short time ¢ < %, the state
becomes an entangled state between the cavity and a single
mode of the line. At ¢ > %7 the state has been fully transferred
to a mode of the line with envelope e~ 27.

a tunable cavity to store the content of an incoming mode into spin
ensembles [60-62], which is a way to build- and communicate with- a
quantum memory in a quantum network [63, 64].

Reciprocally, if the incoming wavepacket is not monomode, then it
is impossible to load the whole content of the wavepacket into such
a cavity. A simple example of creation of such a multimode state is
given in [53]. They compare the case of a linear cavity whose frequency
is chirped in time to that of a non-linear cavity, exhibiting a non-
zero self-Kerr coefficient. They show, by diagonalizing the first-order
correlation function Gy defined Eq. (2.119), that the first case is still
monomode, while the latter is intrinsically multimode.

Another example of multimode light is the light scattered by a
qubit. In [65], Masters and coworkers study the light scattered by a
qubit that is coherently driven. In such experimental setups, the light
scattered by the qubit has three distinct spectral components (the
Mollow triplet [66]) centered around the drive frequency. By removing
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the spectral component around the drive frequency, which corresponds
to the coherent emission, they managed to experimentally demonstrate
that the resulting light consists of pairs of frequency-entangled photons
with distinct spectral features. We can write the state |¢) of such a
pair as

) = / / Flon, walat [wn]at [wa]dwrduws [vac) . (2.153)

Entanglement in frequency then means that we cannot factorize
flw1,ws], which makes it impossible to write |¢)) in the form |¢)) =
[] filwi] folwa]a! [w]at [wa]dwr dws [vac) = fl}lfl}z [vac). As a single
mode two-photon state is necessarily in the form fl}i |vac), we can
conclude that the state is indeed multimode.

Note that, in general, multimode and entanglement are independent
notions. For example, if @ and b represent two independent modes,

di}'g is also a bosonic operator. Applied on the tensor product of

the vacuum state for the two modes |0) ® |0), it creates a Bell state

V) = w, which is a maximally entangled state in the

initial basis. Writing the state in the basis of the two orthogonal
at bt at—pt
modes represented by “\E ,aﬂ , we recover that |¢) = |1) ® |0),

with no entanglement. Conversely, multimode light can perfectly be

non-entangled in a certain basis. As an example, populating two
orthogonal modes with exactly one photon each gives a product state
|y = |1) ®|1) in the right basis. The notion of mode-intrisic or mode-
independent entanglement, or passive separability characterizes states
that are entangled in whatever mode basis [67]. Such states are crucial
to obtain a quantum advantage in bosonic quantum computation
[68]. A more general and detailed discussion about entangled and
multimode states of propagating light can be found in [43].
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QUANTUM MEASUREMENT OF MICROWAVE
MODES

Typical quantum measurements in the field of superconducting circuits
are essentially built on two key elements: voltmeters and amplifiers.
Voltage measurement is the most common measurement performed at
room temperature. The typical microwave setup essentially consists
of a digital-to-analog converter (DAC) to generate the controls of the
system and an analog-to-digital converter (ADC), which is essentially
a very fast voltmeter. Mixers and local oscillators are only here for
up- and down-conversion of the signals. The ADC, together with
quantum amplifiers, allow us to implement quantum homodyne and
heterodyne measurements, which are ubiquitous in quantum optics,
without the use of photon detectors. The goal of this chapter is to offer
a description of the full experimental measurement pipeline used in
the field of superconducting circuits and then to apply it to the most
standard measurement of the field, which is the dispersive readout of
a qubit.

3.1 QUANTUM MEASUREMENT OF SUPERCONDUCTING CIR-
CUITS

The goal here is to introduce the three main types of measurement
used in quantum optics: homodyne and heterodyne detection, and
photon detection. We will see that homodyne and heterodyne can be
considered as the same measurement performed in different regimes.
We will see that the standard measurements performed by room
temperature electronics can be viewed as heterodyne measurements,
whose outcome statistics are given by the Q function of the modes of
the line.
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3.1.1 Homodyne detection

A homodyne measurement at frequency w,, of a propagating field is
defined as the measurement of

() = @mT= O (r) + e mTR)al (7). (3.1)

with ¢ and arbitrarily chosen phase. Given fj a real-valued normalized
function of L?(R,C), and f(7) = fo(7)e~™°7, we can define:

o0
& = / ’ fo(r)a(r)dr = e Ay + e Al (3.2)
—0oQ

A homodyne measurement then measures the quadrature given by
e’ of each of the modes which can be written in the same form as f,
i.e. that have a hermitian symmetry with respect to wq: flwo — w] =
flwo + w]*. This amounts to measuring all the modes, as we can
always find a basis {g,} of L?(R, C) that has this property!. The &,
then fully characterize the measurement process. A scheme of such
decomposition is shown in Fig. 3.2.

As an example, if the line is in the vacuum state, then the outcome
x4, of the &, are uncorrelated Gaussian variables with the same

2
%6_22’ . The outcome

density of probability py given by po(xz) =
x(7) of the measurement of #(7) is then a white noise, which can be
expressed using a Wiener process dW:

_aw

x(r) = 3 (3.3)

In stochastic calculus, we can characterize a Wiener process by its in-
tegrals against L? functions [69]. In general, the transform & — {2, }
converts the continuous stochastic process corresponding to the homo-
dyne measurement into a discrete number of random variables. The

This property is the same as the one that allows to decompose any operator on
a two-level system on the Pauli basis {1, 64,5y, 6.} of hermitian operators. We
can see it from the fact that any function f can be decomposed as the sum of a
hermitian part and an anti-hermitian part: f = % + % An anti-hermitian
function is a hermitian function in disguise: % = W, where M
is a hermitian function. Thus, f can be decomposed as a complex sum of two

hermitian functions.
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Karhunen-Loéve expansion is a particular case of such an expansion,
for which the basis {g,} is optimal in some sense [70].

We can then distinguish two cases. The first one is when the modes of
interest exhibit a hermitian symmetry in frequency around wg. This is
typically the case for a signal made of the fluorescence of a linear cavity
mode, example given Sec. 2.4.2, if w,, = wgy: the Fourier transform
of f(1) = \/re 27707 is flw] = % which is symmetric with
respect to wp. In this case, setting w,, = wy and fo(7) = e 37 allows to
sample the quadrature e~ “?a+e*?al of the state prepared in the cavity.
This is the usual way homodyne measurement is understood: most of
the modes that are probed are symmetric with respect to a frequency
wp. Choosing wy, = wy amounts to performing a homodyne detection
of all these modes. This corresponds to the situation described in
Fig. 3.1a. The action on these modes is thus that of a projective
measurement of .

The shape of the populated itinerant modes can be experimentally
obtained using a Karhunen-Loéve expansion. Given a sufficiently high
number of realizations of the experiment giving an ensemble {z¥(#)} of
time traces, it is possible to build the correlation function (Z(t1)z(t2)).
As for the first-order correlation function G; defined in Eq. (2.119),
we can diagonalize it by writing

(@(t)2(t2)) = > Megr(ty)gr(ta) (3.4)

where A\g > A1... > 0 are its eigenvalues sorted in decreasing order,
and the {gi} the corresponding eigenvector functions. They are an
optimal basis for analyzing the homodyne record [71].

3.1.2  Heterodyne detection

The second case is obtained when w,, is far from wg compared to the
bandwidth of the signals of interest: this is the case of heterodyne
measurement, pictured in Fig. 3.1b. The resulting signal, which is the
outcome of the measurement of % is thus oscillating at a frequency
(wo — wm) /27, supposed to be large compared to the bandwidth of
the signal. In this regime, we can define two quadratures of the signal,
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accessible by demodulating the signal at the frequency of the carrier.
We can thus demodulate the signal by f(7)e™m" which gives

Ty = /+OO f*(T)e_imei‘(T)dT

_-iooo ) +oo )
:/ f*(T)e_“p&(T)dT+/ f*(T)e_2’“mT+‘p&T(T)dT

__—ip A ip AT
=e WAr+e A(f_%m)*

(3.5)

where f=2%(7) = f(7)e*>7. If f is sufficiently localized around wy
(or if wy, is sufficiently far from wp), then f - f~2¢m ~ 0. Heterodyne
detection thus implies two modes: the mode of interest plus another
independent mode. In this case, this mode is another mode of the
line at a different frequency. Assuming that all the modes outside
the bandwidth of interest are in the vacuum state, we can derive the
moments of ¢, which allows us to identify the probability distribution
p of its outcomes. First, we can take ¢ = 0, as it only amounts to a
rotation of p, and write

iy =As+ B} (3.6)

This corresponds to the most general form for Z . Indeed, some exper-
imental implementations, and in particular the experiments performed
with lasers, implement the heterodyne measurement as two homodyne
measurements performed after a beamsplitter operation |72]. In this
case, B ¢ is introduced by the beamsplitter and simply represents a
mode that comes from the other side of the beamsplitter. In general,
this mode is also in the vacuum state.

Second, we can notice that #; is a non-hermitian operator, but
which commutes with its hermitian conjugate: [2;, #';T] = 0. We can
thus think of 2 as being a complex observable, made of two real
commuting observables Re(Z¢) and Im(zf). These two observables
can be thought of as the two homodyne measurements involved when
implementing the heterodyne measurement with a beamsplitter.

As a consequence, when computing its moments M,,,, as

My = (2" ") = (Af + B)"(A; + B}, (3.7)
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3.1 QUANTUM MEASUREMENT OF SUPERCONDUCTING CIRCUITS

the ordering of 2 and iT does not change their value. We choose to
develop this expression, where all the terms are in normal order for A ¥
and in anti-normal order for B ¢. Since the mode represented by B ¥
is in the vacuum state, any term involving B}] B}“ forj>0o0r k>0
vanishes, leaving only

(@) = (AFAY"). (3.8)

The moments of 2y are thus the anti-normally ordered moments of
A £, which is the characteristic of the Q function Q,;, A of the mode
represented by Af (see Eq. (2.78)). Thus, p = Q@Af. We note Pﬁ,Af
(resp. Wﬁ7 A and th Af> the P distribution (resp. the Wigner function
and the Husimi Q function) of the mode represented by the annihilation
operator A ¢ in the state p. If the mode of interest is not ambiguous,
we stick to the notation used so far: Py, W5, and Q.

The heterodyne measurement of the modes can be modeled as
a Positive Operator-Valued Measure (POVM). Each outcome « is
associated with a measurement operator M, such that:

= = laal. (3.9)
The closure relation on the coherent states given in Eq. (2.40) gives
f@ MgM ngﬂ = 1. The heterodyne measurement can thus be thought
of as a POVM on the basis of the coherent states. The back-action
corresponding to the measurement outcome « is thus to leave the state
in the coherent state |a) |73].

As for the homodyne measurement, given {g,} a basis of the modes
of the transmission line, the measurement outcomes z(t) are fully
characterized by the outcomes x4, of Z,4,. The joint law of multiple
outcomes is given by the corresponding multidimensional Husimi Q
function (see Appendix B). A scheme of this demodulation procedure
is presented in Fig. 3.2.

The heterodyne measurement record can alternatively be presented
as a complex measurement record. Usually, in quantum optics, it comes
from the fact that the experimental setup consists in performing two
homodyne detections after a beamsplitter operation, which directly
gives the real part and the imaginary part of the heterodyne mea-
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QUANTUM MEASUREMENT OF MICROWAVE MODES

surement record. With microwave modes, the complex measurement
record is obtained as follows. We replace &(t) by a discretized version:

1 t+0t )
B(t) = = / ! @m=w0)T 3 () d . (3.10)
t

which corresponds to the action of a mixer which down-converts a
signal at wy — wyy, to zero frequency (the homodyne detection already
performs a conversion from wy to wy — wy, ), followed by an ADC with
a finite bandwidth set by %. Under the assumption that the modes of
interest are within a bandwidth x around wg, the new demodulated
signal Z(t) keeps all the information available if k < 1/6t. Writing
fi(r) = ﬁe‘i(“’o_wmﬁ for t <7 < t+dt, and fi(7) = 0 otherwise,
the condition & < |wg — wy,| gives |f - f*| < 1, and we can apply
Eq. (3.6) to write

p) = LA L
#(t) = = Ar(t) + =B} (3.11)

We then have

1 1o, 1

R — A R r— = — 7~ ¢ .

[\/EAJC“ \/EAft’] 5t5t’t 5t—0 ot =) (3.12)
1 - 1 - 1

By, —Bl 1= =6, ~ 6(t—1t 1

[\/ﬁ fts \/E ft’] 5t5t,t §t—0 ( ) (3 3)
1 . 1 -

Note that ¢, is the Kronecker operator applied to ¢t and #', which is
equal to 1 if t = ¢’ and 0 otherwise. We suppose here that time is dis-
cretized in time bins of width 6¢. We can now make the coarse-graining
approximation that ﬁflf

t

approximates well a(¢) and that ﬁB i

t
is an approximation of I;(t) an independent time bosonic operator, as
long as k < 3 < |wo — wyy|. Thus we can make the substitution
L. .
g i) (3.15)

\}Eéﬁ — b(t), (3.16)

~

with [b(¢), b1 (¢))] = [a(t),at (#')] = 6(t — t'). Tt gives

Z(t) ~ a(t) + b (t) (3.17)
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3.1 QUANTUM MEASUREMENT OF SUPERCONDUCTING CIRCUITS

which is now complex, and is the standard way of writing a heterodyne

measurement record.

Using this complex measurement record, we have (z(t)) = (a(t)),
and the first order correlation function, defined in Eq. (2.119
Gi(t,t2) = (a'(t1)alt2)) (3.18)

which was already defined in Sec. 2.3.2. Using that the field described
by b is in the vacuum state, it finally gives

Gi(t1,t2) = (&(t1)TE(ta)) — 8(ty — ta), (3.19)

As explained in Sec. 2.3.2, sorting the eigenvectors of G; by decreas-
ing eigenvalues gives a preferential basis to analyze the heterodyne
measurement record, as it matches the mode structure of the measured
propagating state. In the case where the state of the line is a coherent
state, this state can be expressed as a monomode state. The shape
of the mode populated is given by (z(¢)). This much simpler way of
finding the optimal demodulation function works when the state is
monomode, defined by the function f and such that (A #) # 0. This is
the approach used in Chap. 4.

3.1.3 Between homodyne and heterodyne

It seems that we can continuously go from the homodyne measurement
to the heterodyne measurement by shifting w,, from wy to w away
from wp. A natural question is then: What happens in the in-between
case? This case is pictured in Fig. 3.1c.

We can start again from Eq. (3.5), and take w,, = 0 for simplicity,
which corresponds to working in the frame rotating at wy,. Furthermore,
we do the replacement f — e~ f, which corresponds to demodulating
with e’ f* instead of only f*. In this frame, 2 reads

iy =Ap+ ¥ Al (3.20)

The condition for heterodyne measurement simply reads f - f* = 0,
which we now assume is not necessarily true (see Fig. 3.1). We can
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Figure 3.1: The difference between homodyne and heterodyne detection
lies in the mode probed. (a) Two examples of modes probed
by homodyne detection. For both blue and green modes, the
real part of the spectral function f|w] is symmetric with respect
to wy,. Their imaginary part is anti-symmetric with respect to
W (b) Example of a mode probed by heterodyne detection.
The red mode is the mode of interest and is "mixed" with the
symmetric grey mode (generally in the vacuum state) for the
measurement. (¢) Example of an in-between case where the mode
is not symmetric. The red mode (left) is mixed with the grey
mode, which has a finite overlap with the red one, giving a
"squeezed" heterodyne measurement.

decompose f* as the sum of a function colinear to f and a function g
orthogonal to f:

=0 f V=1 flPg, (3.21)
with
[ =0 f
=L 0 < /7 3.22
VI=[f* fI? 3:22)
Using this decomposition, Z s reads

iy =Ap+e®0(f - )AL+ e20\/1— [ f - fIPA] (3.23)

Assuming that the mode corresponding to g is in the vacuum state,
we can replace eQi@A}; by a generic creation operator Bf whose mode
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3.1 QUANTUM MEASUREMENT OF SUPERCONDUCTING CIRCUITS
is in the vacuum state. We can divide both sides by /1 — |f* - f|?
which gives

T o A A
! = MAj + pe'0 Al + BT (3.24)

VI=f* P

where A = 1//1 — |f*- f|? and p = % (f - f*)//1 — |f*- f]2. We

can check that |A|?> — |u|?> = 1, which means that we can finally
parameterize these factors as A = cosh(r), u = —sin(r)e??, and define
¢ =re

cosh(r)if = cosh(r)A; — sinh(r)ewfl} + Bt = fl? + BT, (3.25)

where Agc = S(—C)AfS(C) is the squeezed creation operator of the
mode. Thus, up to the last change of coordinates made explicit in
Eq. (2.83), the measurement outcomes of the observable cosh(r)z
are distributed along the law given by Qg i the generalized Husimi
Q function of the mode represented by f .7N0tably, it corresponds to
squeezing the state of the mode represented by f before measuring the
standard Husimi @Q function. As we will see in Sec. 3.2.3, this corre-
sponds to the action of a phase-sensitive amplifier before a heterodyne
measurement.

We recover that the squeezing factor is 0 for (f - f*) = 0, which is
the case of heterodyne measurement

The other limit is a bit more tricky, as ¢ — oo for |(f - f*)| — 1,
which corresponds to an infinite squeezing. This can be interpreted
as one quadrature of the Wigner function getting convolved with
a Gaussian function with infinite width, which amounts to an inte-
gration on this quadrature. The other quadrature is convolved by a
Gaussian function with zero width, which amounts to being perfectly
conserved. The statistics of the second quadrature are thus given by
the corresponding marginal of the Wigner function, and we recover
the homodyne measurement case.

To summarize, as illustrated in Fig. 3.1, this measurement can be
viewed alternatively as the homodyne measurement of all the hermi-
tian modes of the line or as the heterodyne measurement of all the
modes on one side of wy, providing that all the corresponding modes
on the other side are in the vacuum state. The word homodyne or
heterodyne thus depends on whether the modes of interest are in
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QUANTUM MEASUREMENT OF MICROWAVE MODES

one regime or the other. The intermediate regime can be viewed as a
heterodyne measurement where the target mode has been squeezed, re-
covering homodyne measurement as an infinitely squeezed heterodyne
measurement. An illustration of this is shown in Fig. 3.7.

We can finally describe the demodulation procedure as in Fig. 3.2:
Demodulating the signal on a basis {g, } of L?(RR, C), one gets samples
each distributed according to the generalized Husimi Q function of
the corresponding mode of the transmission line. If we are well in
the heterodyne regime, then ¢ = 0, and we sample the Q functions
of the modes. The joint law of the x4, is given by the corresponding
multidimensional Husimi @ function (see Appendix B). If the g, are
symmetric in frequency with respect to wy, (gn[wm —w] = gn[wm +w]*),
then |(| = +00 and we sample one quadrature of each of the modes.
The joint law of the outcomes x4, is given by the corresponding
multidimensional Wigner function (see Appendix B).

3.1.4 Photon detector

Time-resolved photon detection is obtained by measuring the
observable af(r)a(r), which obeys the eigenvalue relation
at(r)a(r)al (1) |vac) = 6,a'(7")|vac). It corresponds to count-
ing the number of photons in an infinitely narrow region in time. For
a physical state of the transmission line, the modes are spread in
time. This implies that most of the time, 0 photons are found. As
the length of the time interval goes to zero, the probability of finding
more than one photon in the same interval vanishes, and we are left
with a discrete set of time values for which we detected 1 photon.
The outcomes of this operator are thus 1 ("click") or 0 (no "click")
for each time 7. We recover a measurement of the total number of
photons when integrating it over all times:

~ +oo
N = /_ at(r)a(r)dr. (3.26)
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Figure 3.2: Scheme of a demodulation procedure and its outcomes. The
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temporal outcomes z(t) of a homodyne measurement &(t) at
frequency w,, /27 of the right-propagating modes of the line
are integrated against the conjugate functions of a basis {g, }
of L?(R, C), here, the Hermite-Gauss basis with finite carrier
frequency. Real parts are represented by solid lines, and imaginary
parts are represented by fainter colors. Each resulting outcome
x4, follows the law given by the generalized Husimi Q function
of the corresponding mode, with a squeezing factor ¢ given by
the spectral properties of the functions g, with respect to w,,
(see Sec. 3.1.3).

We can also build a frequency-resolved photon detector by measuring
a'[w]alw], which obeys the eigenvalue relation a'[w]a[w]al[w] [vac) =
Suwr @l W] [vac), and recover similarly

~ +oo
N:/_ a'w]afw]dw. (3.27)

Photon detectors are one of the building blocks of quantum optics
above the infrared domain |74]. They can be used to herald propagat-
ing non-classical states |75-77|. They are key to applications such as
quantum computing [78, 79]. They also allow us to perform more fun-
damental experiments, such as the demonstration of Bell inequalities
violation [80] or the demonstration of the commutation relations of
photonic creation and annihilation operators [81].
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Photon detectors in the microwave range are more challenging to
build owing to the five orders of magnitude lower energy of the photons,
which requires working at temperatures in the millikelvin range. Recent
progress in superconducting qubit-based photon detectors [82, 83|
enabled the detection of individual electron spins [84] and the detection
and manipulation of individual nuclear spins [85].

3.1.5 Voltage measurement

We will here derive an idealized model of measurement in the field
of superconducting circuits. One standard tool in RF measurement
modeling is the ideal voltmeter, placed in parallel with a resistor
R = Z, at zero temperature. Crucially, a correct quantum description
of the resistor is a semi-infinite transmission line with characteristic
impedance given by R (see Fig.3.3). The voltmeter thus measures the
observable

V(N =V~ +Va(r) = (a7 (1) 4+ a~T(r)

(3.28)

which is the sum of the (rightward) propagating voltages coming
from the transmission line on the left and the (leftward) propagating
voltages coming from the resistor. Typical RF measurements involve
demodulating the signal at frequency wy during a certain time t.

o t ThwoZ,
/ 0TV (7)dr = / V| et (a7 (r) 4+ a T (7)
0 0 2
+a"
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(a)

Figure 3.3: Scheme of the measurement of voltage and current measurement
of a coaxial transmission line. (a) Ideal voltage and current
measurement scheme. (b) Typical records of voltage and current
measurement. They can be modeled by continuous stochastic
processes. (¢) An equivalent circuit obtained from the modeling
of the resistor by a semi-infinite transmission line.

As for the heterodyne case, we can demodulate by a complex function
f(7) which defines an observable

¥ oo MUZC * ~—> A
= [ oo o)

+a (1) +aT (7))dr

3.30)
WooZe, s o i (
= ; (A7 + AT+ Ay + AL)

nZe, .,
=\ (@7 +aF)

where 27 and 2§ are defined as in Eq. (3.5) for the right- and left-

propagating field for ¢ = 0. Here, w,, is zero, as the voltmeter operates
in the laboratory frame.

Under the same approximations made so far, we have f - f* < 1.
We are then in the regime of heterodyne detection. Thus, assuming
that the left-propagating modes are in the vacuum state (the resistor
has zero temperature) and that the modes outside the bandwidth of
interest in the right-propagating modes are also in the vacuum state,
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we get that Vf is proportional to the sum of two independent complex
observables :)Z"J? and :%}_ that commute. The outcomes of :i:}? follow
the law given by the Q function Qﬁ’ A of the mode of interest, and
:f:? that of the vacuum state Qo). The probability density p of their
sum is thus

p=Q; 4, * Q) (3.31)

An idealized voltage measurement at zero temperature is thus dis-
tributed along the Q function of the incoming modes, plus some noise
due to the vacuum fluctuations of the resistor. As we will see later, this
corresponds to a heterodyne measurement with quantum efficiency
1 = 1/2. One can get rid of this additional noise by adding an ammeter
on the other side of the voltmeter. As we can see from [42], it amounts
to measuring the current that reads
(7m0 -770) = |57+

27,
—a (1) — a1 ().
(3.32)

1

im=

We can check that [Vf,f ¢] = 0, thus allowing us to measure both
simultaneously. Demodulating against f gives:

R too TRy )
If:/ 2Z2f0(7‘)61w07-(€lﬁ(7’)+CAL%T(T)

—a" (1) — &HT(T»dT
3.33)
[hwo [ PO et (

[hwo o,
= TZi(xf_xﬂ

We can then reconstruct i? as

2 A 27, «
iy = 1/ v\ 1 .34
Ty ZCMQ)Vf+ hio fs (33 )

which describes a heterodyne measurement. Strikingly, the state of

the resistor does not matter anymore as we can separately measure
right- and left-propagating modes.
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Hence, there is no way to perform direct homodyne measurement on
the field with a voltmeter, as we are stuck to wy, = 0. Furthermore, in
practice, the detectors themselves are noisy, and the signal is polluted
by modes in a thermal state T' ~ 300 K on the way to the detector.
For wy /27 usually between 1 and 10 GHz, it corresponds to convolving
with a much broader Q function given by Eq. (2.73). At 5 GHz, the
Boltzmann factor v is equal to v = 1 — 8 x 10~%, which corresponds
to a Q function with a standard deviation 35 times larger than for
the vacuum state. The signal, in general made of a few photons, is
thus drowned in thermal fluctuations, which highlights the necessity
to amplify the signals before measuring them.

3.2 QUANTUM AMPLIFIERS

We presented homodyne and heterodyne measurements and showed
that the use of a perfect voltmeter (ADC) naturally implements
a heterodyne measurement on the input modes. In practice, this
measurement, performed at room temperature, typically adds a lot
of noise compared to the zero-point fluctuations. Furthermore, losses
introduced by the lines and microwave components, and the finite
temperature of the lines also introduce noise. A solution to mitigate
the effect of this noise is to use quantum amplifiers, which we will
introduce in the following. The typical microwave measurement chain
is then described in Fig. 3.4. The noise added can be modeled by
beamsplitters along the line, which mix the input modes with modes
that are assumed to be in a thermal state. The noise introduced on
the measurement record is then a Gaussian noise. The goal of this
chapter is to understand the statistics of the integrated outcomes x’f
obtained by the ADC when using quantum amplifiers, taking into
account these noise sources.

Along the measurement chain, the signal is attenuated, mixed with
spurious modes, and amplified, which can be cumbersome to take
into account in the statistics. In what follows, the goal is to establish
the statistics of the measurement outcomes xy obtained from the
experimental measurement outcome x’f referred to the input state. It
means rescaling :L'/f so that, if the input mode defined by f is in a
coherent state |c), the measurement outcome x ¢ is such that its average
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Ty is such that Ty = a. This allows to treat losses, amplification, and
thermal noises in a unified way using a single parameter 7 called the

quantum efficiency.

20 mK 4 K 300 K

By

Bo Bs

Figure 3.4: Scheme of a microwave detection setup. (a) Typical microwave
detection setup comprises a quantum amplifier (QA), followed by
an amplifier at the 4 K stage of the fridge (generally a HEMT)
and room-temperature amplifiers, before being measured with a
voltmeter (ADC), usually after frequency conversion of the signal.
Losses on the line are represented by beamsplitters with trans-
parencies 1 and mix the probed modes with modes represented
by Bk, which are in a thermal state. Imperfect amplification also
adds noise, represented by the Bzmp.

3.2.1 Beamsplitter

Losses along the line can be modeled as the action of a beamsplitter.
The effect of a beamsplitter with transparency n on the input state
is as follows: the input bosonic operator A ¢ is mixed with a mode B ,
which gives the mode fl’f that reads

Ay — Al = /mA;+\/1—1B, (3.35)

where B is a bosonic annihilation operator of an idler mode. Assuming
that this mode represented by B is in the vacuum state, the normally
ordered moment (A mefl/f”> of fl’f read

A, (3.36)
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The P distribution P ., i of the mode A’f is thus P. i that of the
P f PyAaf
mode Ay scaled by /7

1 3 ,
pay B = P4, (5) = B4, (B) (3.37)

The Wigner function W, i, (B) of this new mode is obtained by

P

Figure 3.5: Scheme of a beamsplitter. The input mode represented by A ¥

is mixed with a mode in the vacuum state, represented by B,
which forms a new bosonic operator A;’.

convolution with the Wigner function of the vacuum state

In order to refer this Wigner function to the input Wigner function
. . . . L . .
W@ A We rescale this Wigner function by NGL which we can write

/n _ pl/ 1/n _ _
w " =P " * W U_Pﬁ,Af*Wm)*pN_Wﬁ,Af*pN

pay = Lo, o)
(3.39)
where pys is a Gaussian function with variance o3 such that
1 1
2
- = — 3.40
9+ 5 2 (3.40)
obtained using I/V‘Bgn = W)g) * pnr, which gives
L—n
2
= — 3.41
90 2 ( )
= L (3.42)
= 1+ 202 '

Referred to the input mode, a beamsplitter with transparency 7 at

zero temperature thus corresponds to convolving the Wigner function
by a Gaussian function of variance o3 = 157”
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3.2.2  Phase-preserving amplifier

In general, a noisy measurement with Gaussian noise can be modeled
in the following way. The voltmeter at room temperature is giving
rescaled integrated outcomes z; following the probability density p;
such that

Py =Qs 4, *PN- (3.43)

where pps stands for an arbitrary Gaussian noise density of probability.
This noise is set by the microwave components, but it is at least given
by the room temperature noise, so that, to get p; close to Qf),Afv
one needs to amplify the Q function. As we saw, the Q function of
the mode A ¢ gives the probability distribution of the measurement
of A f+ BT where B is an independent mode assumed to be in the
vacuum state. A solution would then ideally consist of applying the
transformation /lf - A = \/éflf to amplify the Q function by
VG. As [VGAy, \/éfl}} = (G, the commutation relations do not hold
anymore for G # 1. This transform amounts to uniformly scaling the
Wigner function in phase space. One way to understand why this is
non-physical is to see that any negative regions would be stretched as
well. Convolving with the Wigner function of the vacuum state could
then give negative regions, which is forbidden for Q5 = Wy * Wy.
In order to make it work, we need at least to introduce a third

bosonic operator Bamp and apply the transformation
A = A =VGA; + VG 1B, (3.44)

This transformation is realized using two-mode squeezing. The two-
mode squeezing operator Sy is defined on two independent modes
represented by the annihilation operators a; and as as

SQ(C) = @%(C*&I&Q*C&I&E). (345)
Its action on a; and ag reads [86]

5‘2(—()&132(0 = cosh(r)a; — sinh(r)ewd; (3.46)
Sg(—{)ngQ(C) = cosh(r)ay — sinh(r)ew&];, (3.47)
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with ¢ = re??. Note that we recover the single-mode squeezing operator
defined in Eq. (2.35) by setting a; = as.

Setting a1 = flf, Gy = BP9 =7 and G = cosh?(r), we obtain
Eq. (3.44). Assuming that the mode B is in the vacuum state,
we get the action of an ideal phase-insensitive (or phase-preserving)
amplifier. We can show with similar arguments as those given in
Sec. 3.1.2 to get Eq. (3.8) that the anti-normally ordered moments
M of A’f read

_ [ A'n Altm
Mnm - <Af b >
= <(\/a/if + \/(leampT)”(\/aAf + VG — 1BampT)Tm>
— N/ (n+tm | AN Atm
(3.48)

which corresponds to scaling the Husimi Q function by v/G. In terms of
coordinates of the Q functions, the transformation given by Eq. (3.44)
then corresponds to

1 Qo

Qpla) = Qp = *Qﬁ(ﬁ

G
This is illustrated in Fig 3.6. The Q function Q4 (dark blue), associated
to the Wigner function (red) of a coherent state |a) = |1 + 4), is simply

). (3.49)

scaled by a factor VG, and gives the law of the measurement records
x} obtained with the perfect ADC. For G large enough, any added
noise on the amplified Q function is negligible (convolving with pr
has almost no effect), and the rescaled measurement outcomes x ¢ (to
refer it to the input mode) follow a law that is simply given by the
Husimi Q function of the mode.

For G big enough, the Husimi @ function is then amplified enough
to avoid distortion by the noise added after the amplifier, which allows
for a faithful heterodyne measurement of the input modes. This is
called phase-insensitive or phase-preserving amplifier, as this type of
amplification scales the signal irrespectively of its phase and does not
modify the average phase. It comes with the cost that this is the Husimi
Q function that is perfectly amplified and not the Wigner function.
This amounts to adding 1/4 to the variance of each quadrature of the
Wigner function before amplification, as is the case for heterodyne
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Figure 3.6: Phase-preserving amplification and measurement principle. Red:
Wigner function of a coherent state |a) = |1 + ¢). Dark blue: its
Husimi Q function Q). Light blue: Husimi Q function of state
obtained with a phase-preserving amplifier with gain G = 4.

detection compared to homodyne detection. If we are only interested
in one of them, using a phase-preserving amplifier amounts to adding
some noise at the input of the detector, introduced by the idler mode
represented by B*mP_ This can be thought of as a consequence of
the Heisenberg inequality: one cannot measure both quadratures of a
mode with infinite precision. Amplifying both amounts to choose to
measure both of them in some sense, hence coming with additional
noise. Here, this noise is minimal: this is known as the quantum limit
for phase-preserving amplifiers. Building such amplifiers is key to
faithful measurement and feedback control of quantum systems.
Note that the operation performed by the amplifier is unitary and
thus can be reversed: it renders the input state more robust to noise
when performing heterodyne measurement (by the ADC), but the
measurement does not happen at this point. As an example, in [87],
Flurin and coworkers use two phase-preserving amplifiers to demon-
strate how a phase-preserving amplifier entangles the signal mode
and the idler mode via two-mode squeezing. The analysis was done
using a second amplifier placed at the two outputs of the first one. In
particular, they show a setting allowing us to reverse the action of the
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3.2 QUANTUM AMPLIFIERS

first amplifier with the second one, leaving the signal and idler mode
both in the vacuum state after amplification and de-amplification.

The measurement operation happens after the amplifier. The descrip-
tion of the measurement process is still an open question in quantum
physics, and it is out of the scope of this work to answer it. In this
work, it is assumed to be performed by the room-temperature ADC,
modeled as an ideal voltmeter.

3.2.3 Phase-sensitive amplifier

The previous amplification scheme alone does not allow for homo-
dyne measurement. As explained in Sec. 3.1.3, obtaining a homodyne
measurement from a heterodyne measurement requires single-mode
squeezing. As a matter of fact, it corresponds to taking Bamp — A for
a rotated version B = e_w/lf in Eq. (3.44). This gives

Ap = Ay = VGA; + VG — 1" AL (3.50)

The commutation relations are preserved during this transforma-
tion. This corresponds to transforming A 7 according to the single-
mode squeezing operator 5’(—() with ¢ = re’? = log (\/@) e (see
Eq. (2.37)). The voltmeter outcome 2, then follows the Husimi Q
function of this scaled operator, which corresponds to the in-between
case discussed in Sec. 3.1.3. An example is shown in Fig. 3.7 with a
coherent state |a) = |1 + i) and ¢ = log 2. From the Wigner function
of |a) in red, we see that phase-sensitive amplification enhances one
quadrature (z) and lowers the other (p) of the Wigner function W,to
get a squeezed Wigner function W 3=y’ This amplification happens
before convolving with the Wigner function of the vacuum state to
obtain the Husimi Q function @) S(=0)[a) (dark green), which gives the
law of x’f The amplified quadrature thus "survives" the convolution,
while the de-amplified one is drowned. To refer the measurement out-
come to the input mode, we can rescale the measurement records :c’f
10

to get zy = cosh(r)z’, — sinh(r)e :E}*, which follows the law given
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by the generalized Q function sta> (Eq. (2.83)) whose quadrature
standard deviations read

Azge =\ Az}, + — (3.51)

Apge =\ Apfy, + — (3.52)

We reach here a similar conclusion to Sec. 2.2.2.4: for sufficiently large
G, we get measurement records that follow a law that is very close
to the marginal of the Wigner function for the x quadrature and
something very noisy with no information on the p quadrature. A
large G value also allows us to overcome any additional noise. The
effect on the amplified quadrature would be negligible, and the one
on the de-amplified one harmless as this quadrature is already almost
pure vacuum noise from the convolution with the vacuum Wigner
function. Homodyne detection is thus achieved by a large gain phase-
sensitive amplifier followed by heterodyne measurement. The name
"phase-sensitive" here refers to the fact that incoming signals are either
amplified or de-amplified depending on their phase. In the example
shown in Fig. 3.7, a coherent state |o) = |i) would be completely
de-amplified, whereas |a) = |1) would be entirely amplified.

This amplifying operation is also unitary and thus can be reversed:
it only renders one quadrature of the input mode less sensitive to noise
when performing heterodyne measurement (by the ADC).

3.2.4  Quantum efficiency

In practice, the measurement outcomes can be polluted at any stage of
the setup due to the coupling of the elements of the line to unwanted
degrees of freedom (see Fig. 3.4). We will take into account here three
contributions to this noise. The first one is due to losses, modeled by
a beamsplitter of transparency 7, which couples the line to modes
represented by the By,. The second one is the finite temperature of the
elements in the line, corresponding to having the modes represented by
Bk in a thermal state. The last one is due to the noise of the various
amplifiers on the line, represented by the operators Ezmp , which can
be in a thermal state. At room temperature, amplification typically
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oV, W ., @ g

Figure 3.7: Phase-sensitive amplification and measurement principle. (a) Ac-
tion of a phase-sensitive amplifier. The state is squeezed, which
transforms W,y into WS(*C)IQ)' The corresponding measure-
ment record z; are distributed following Qg ,)- (b) Rescal-
ing the measurement outcome x’f following the change of vari-
able 8 — v = cosh(r)y — sinh(r)e’ gives x; = cosh(r)z’; —

sinh(r)eiefc}*, whose distribution follows the generalized Husimi

Q function Qfa>.

adds much more noise than the quantum limit, and real voltmeters
are imperfect. For this reason, the gain of the first amplifier is crucial
to neglect all the noise added after it. In practice, a gain of G = 20 dB
is considered enough when using a cryogenic High Electron Mobility
Transistor (HEMT) as a second amplifier.

A lot of other contributions exist (1/f noise, drifts in the setup...),
but we identified the most significant ones. They lead to an additional
Gaussian noise on the measurement outcomes. The added noise p can
be taken into account by convolving the @ function Q@ A, of the input
mode represented by f with a Gaussian probability density par. The
measurement records referred to the input then follow the law given
by the equivalent Q function Qﬁ/’ A, :

Qp i, = @p 4, *PN- (3.53)

The Q function is obtained by convolving the Wigner function with
that of the vacuum state. To compute the effect of noise, it is thus
equivalent to apply the effect of noise directly on the Wigner function.

83



QUANTUM MEASUREMENT OF MICROWAVE MODES

(a) 20 mK

4K 300 K

Figure 3.8: Scheme of the equivalent measurement chain characterized by
the quantum efficiency. The full measurement chain (a) can be
modeled as (b) a single beamsplitter with transparency 7 before
an ideal quantum amplifier (IQA) and voltage measurement. The
amplifier can be phase-sensitive or insensitive. In the latter case,
it involves the mode represented by Eamp, which is supposed to
be in the vacuum state.

By convolving the Wigner function VV{3 A, of the mode with pys, it
gives the noisy Wigner function Wp/ i (again, referred to the input)
Ay

The state p is a fictional state whose measurement statistics, when
measured with ideal homodyne or heterodyne detection, are the same
as the measurement statistics of the noisy measurement chain up to a
rescaling factor.

In the case where the measurement chain is composed of phase-
preserving amplifiers only, we can assume that the added noise is

modelled by an uncorrelated Gaussian function of variance o3, and
_182

we write par(5) = 273026 275 . Applying the results of Sec. 3.2.1, the
0

full measurement chain referred to the input state is equivalent to a
simplified chained composed of a single beamsplitter with transparency

n=73 +1202 followed by a perfect phase-preserving amplifier with an
0
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idler mode in the vacuum state and a perfect voltage measurement.
This is summarized in Fig. 3.4b. The transparency 7 is called the
quantum efficiency, and it fully characterizes imperfect measurements
based on heterodyne measurement. An alternative characterization is
the noise temperature. As the Wigner function of a thermal state is
also a Gaussian function, one can write, if the input mode is in the
vacuum state <W,3,Af =Wy):

Wﬁ’,A} =Wy, *ov =Wy, (3.55)

where W, is the Wigner function of a mode at temperature 1T". We
can write the condition of equality between the variances

1 1
5+ ol = 5 + e (3.56)
Thus, ng, = 03. Knowing that of = 12;77", it gives
1—
1 1—v
= = 3.58
" 2ngp +1 1+ v ( )
1—
=" (3.59)
1+mn

_ hw
where v = e *B7T is the Boltzmann factor at the frequency w/2m of the

mode. The quantum efficiency 1 can be obtained from the statistics
of the measurement of a single quadrature in the case of an input
coherent state. We can define the signal to noise ratio SNR on the
quadrature & = (a + a')/2 as

(z)?

SNR = e (3.60)
We compute this SNR both for the statistics of the Wigner function
of a coherent state |a) and for the statistics of the measurement out-
comes when the input state is |«). The quantum efficiency 7 can then
be defined as the ratio between the two. However, for a heterodyne
measurement, the measurement statistics are given by the Q function,
which is the convolution of the Wigner function by that of the vacuum
state. Therefore, the reduction of SNR is at least the same as the one
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induced by a beam splitter of transparency 1/2 and connected to a
vacuum bath. Effectively, the apparent quantum efficiency is thus at
most 1/2. This can alternatively be seen by the fact that a heterodyne
measurement can be modeled as two homodyne measurements per-
formed on both sides of a balanced beamsplitter [72]: the measurement
of each quadrature looks like it is performed at half the quantum
efficiency. Thus, the quantum efficiency is often said to be limited to
1/2 for phase-preserving amplifiers with this alternative definition of 7.
Consequently, the minimal noise temperature is such that ny, = 1/2,
which is often referred to as the "half photon of noise" necessarily
added by phase preserved amplifiers [40)].

When the first amplifier is phase-sensitive, pas could in principle be
asymmetric. However, these amplifiers are typically used when only
one signal quadrature is recorded through homodyne detection. We
can then carry our analysis with a symmetric pps whose variance is
extrapolated from the SNR of the measurement of this quadrature.

For typical microwave setups, the quantum efficiency of the ampli-
fication chain is n ~ 0.2, which corresponds to ny, = 2 photons. At
5 GHz, it corresponds to a noise temperature of 0.6 K. The records
of quantum efficiency for homodyne measurement are up to 80 % |88,
89], and for heterodyne measurement of around 70 % [90], which goes
down to 50 % [90, 91| when taking into account the losses before
the amplifier. These losses are typically due to isolators that have to
be placed between the experiment and the amplifier to prevent any
reflection of the amplifier back on the experiment. n the experiment
presented in Chap. 4, the quantum efficiency of the amplification chain
is n ~ 0.17. We attribute this relatively low value compared to the
state of the art to the microwave components between the experiment
and the TWPA (see Fig. 4.5): two circulators, a diplexer and a di-
rectional coupler. Each of these components has insertion losses that
contribute to attenuate the signal before it is amplified, thus leading
to a lowered overall quantum efficiency. The TWPA itself is expected
to limit 1 to a factor around 0.5 [90]2.

Note that this factor is exclusively due to the losses in the TWPA and has nothing
to do with the above discussion on the quantum efficiency of a phase preserving
amplifier. If the TWPA had no losses, it could reach unit efficiency in our definition.
It just happens to be close to 0.5.
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Note that this characterization by the quantum efficiency does not
work for a photon detector. The performance of such a measurement
needs another figure of merit, which is the dark count rate [82]. We
can see it simply, considering two cases, one with a beamsplitter of
transparency 1/2, one with a beamsplitter with transparency 3/4, but
mixing with an idler mode at thermal equilibrium with ny, = 1 photon.
Given the previous results, homodyne and heterodyne detection have
the same properties (up to a scaling factor), hence the characterization
by a quantum efficiency n = 1/2. However, in the second case, the
beamsplitter introduces thermal photons in the line, which causes
parasitic false positive clicks by the photon detector. In this case, the
quantum efficiency characterizes the proportion of the signal that is
lost, and the dark count the proportion of parasitic thermal noise.

3.3 DISPERSIVE READOUT OF A QUBIT

The dispersive readout of a qubit is a way to read out the state of
a qubit in a QND way using a dispersively coupled cavity coupled
to a transmission line that we can probe. QND stands for Quantum
Non-Demolition, which characterizes measurement schemes that do
not destroy the measured system. The basic theory of the dispersive
readout of a qubit has been extensively studied, notably in [40, 92,
93]. What we propose here is to analyze it from the point of view of a
propagating mode measurement. Indeed, we will see that the cavity
is an encoder of the information into the transmission line directly.
We will use this simple case to introduce the key notions of dephasing
and measurement rates. In particular, we will see that homodyne
measurement with the right phase is an optimal measurement when
considering time local measurements, but can be outperformed by a
time global measurement. We will then further detail the differences
between homodyne and heterodyne measurements in terms of extracted
and destroyed information.
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3.3.1 Pointer states

The dispersive measurement of a qubit can be described as follows.
A linear cavity is coupled to a qubit in the dispersive regime. The
Hamiltonian of the system reads

H/h= %&Z +woata — x eXe| ata (3.61)

where |e)e| = 6, + |g)g| = &Z;rﬂ is the projector on the excited state
of the qubit, and |g)(g| on the ground state. Therefore, the cavity
has a frequency wp = wp/27 if the qubit is in the ground state and a
frequency wy = (wo — x)/27 if the qubit is excited. Connecting the
cavity to a transmission line with a rate x, the response to an incoming
pulse changes depending on the state of the qubit, thus allowing us
to extract information about that state. The goal of this part is to
quantify the information content of the pulse. The quantum Langevin
equation for the cavity reads

O h[H al — —a VEain, (3.62)

which gives
O = —i(wo — x |e)e])a(t) — fa( ) — VKain(t). (3.63)

The pulses sent to the cavity are coherent pulses. Since the cavity is
supposed to be linear, the state of the transmission line, as well as
that of the cavity, are thus coherent states: a semi-classical model is
sufficient. We can solve it by replacing the operator a(t) and a,(t) by
their eigenvalues a(t) and i, (t). This gives

Oha = —i(wo — x [e)e])a(t) — *04( ) — Ve (). (3.64)

This is a linear ordinary differential equation. At this point, we keep
the projector |e)(e| in a slight abuse of the notation, but it should be
seen as a scalar taking the value 1 if the qubit is in the excited, and 0
otherwise. Assuming that the cavity is initially in the vacuum state
(for infinite negative times), the solution reads

= / StiwoleNeb (=5 g, (5)ds. (3.65)
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The input-output relations then give
Qout (1) = ain(t) + vVka(t)

t
:ain(t)—n/ e~ (§Hilwo—leXel(=9) oy (5)dss. (3.66)

Performing a readout then starts by sending a pulse at frequency w
between the times ¢ = 0 and t = T. We take ai,(t) = o e =™ between

in

t =0 and t =T and ai,(t) = 0 elsewhere. This gives

K
2 i =0+ X))
00 e~ (5 Hiln=le)eh)t

C —K/2+i(w —wo + xJe)e])

Qout (1) :a?ne_m(l +
(3.67)

We choose to neglect the transient regime, given by the second term
of the equation. This approximation corresponds to the limit of long
pulses, compared to the decay time 1/k of the cavity. Neglecting the
same way the transient occurring after turning off the pulse, we end
up with

_aQ e—iwt K .
out (1) =avy <1 + K2+ i(w —wo + X \e)(e’))]l[o’T](t)
(3.68)

Defining the annihilation operator A ¢ of the mode defined by f:
efiwt

VT

we see that the readout operation corresponds to populating the mode

ft) = Lo, 7)(2), (3.69)

defined by f with a coherent state whose dimensionless amplitude

g/e

Qout

depends on the qubit state:

agut = ﬁa?ﬂ(l + —/1/2 + z(w _ WO)) = ﬁ(a?n + \/EOég)
(3.70)

if the qubit is in the ground state and

O5(e)ut = ﬁaion(l + _ﬁ/2 + i(w o + X)) - ﬁ(a?n + \/Eae)
(3.71)
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if it is in the excited state. Here, ./, are the amplitude of the in-
tracavity field in the steady state for each qubit state. We call these
states the pointer states, as they are the ones that we directly measure
by homodyne or heterodyne measurement to determine the state of
the qubit. The cavity thus acts as an encoder, directly encoding the
state of the qubit into the transmission line.

3.3.2 Dephasing rate

The amount of information available depends on how well we can
distinguish these pointer states at the end of the pulse, which is given
by the absolute value of the overlap of these two states:

g e 2
—_ IO‘out —%utl
2

| (agulatu) | = e (3.72)
with
|agut - acemt‘2 = KT‘O‘_‘] - a€|2
B 16T |2k x>
(K2 4w — wo)?) (K2 + 4(w — wo + X)?)
(3.73)

This overlap thus follows a simple exponential decay with time.

We now note |a? (7)) and |al,(T)) the pointer states of the
outgoing field after an input pulse of duration 7. Remember that we
neglected the transient, which amounts to considering that the cavity
ends up in the vacuum state |0) right after the end of the pulse. We
can then factor out its state. Neglecting the AC-Stark shift of the
qubit due to the population of the cavity and working in a rotating

frame for the qubit, the readout operation thus corresponds to the

linear map
|g) ® [vac) = |g) ® [ad, (1)) (3.74)
le) ® |vac) — |e) @ |al . (T)) . (3.75)

Fig. 3.9 illustrates how the state of the qubit is encoded into the state
of the outgoing field.
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Figure 3.9: Scheme of the dispersive readout principle. The qubit is coupled
to a cavity, itself coupled to a transmission line. The cavity is in a
coherent state |ag /e> that depends on the qubit state, generating

two possible coherent states in the line |a?/¢ >

To illustrate the action of this map, we suppose that the qubit is
initially in the |[+X) = %. The initial state of the system reads

e
0(0)) = Y & vac). (3.76)

and at time T
[(T)) = \2( 19) @ [adu(T)) +e) @ agu (T) ). (3.77)

The state of the qubit is thus entangled with the outgoing field. The
density matrix of the qubit in the basis {|e) ,|g)}, obtained by tracing
out the outgoing field thus reads

. 1 1 al (1)l (T
,O(T) — 5 . p < t( )| o t( ))
<aout (T) |aout (T)> 1
. o loe—agl? (3.78)
1 1 em‘)(T)e KT ——5—
-5 ae—a 2
2\ ig(1) —rrle el 1

where ¢(T) is the phase of the scalar product (a& . (T)|a (T)). We

out out
can now define the dephasing rate as

_ 2
r, = w (3.79)
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It is the rate at which the off-diagonal elements of the qubit decay
towards zero when the qubit is measured. In the Lindblad equation
(2.27), it corresponds to the action of the dissipator %]D(;.z. This is
a quantity to maximize to read out the state of a qubit as fast as
possible before it has time to decay. The easiest way consists in using
more power. The quantity |a) |? = (&jn(t)din(t» is indeed the photon
flux of the incoming pulse. However, this cannot be set too high, as
populating the readout too much can trigger undesired interactions
between the readout cavity and the qubit and lead to a measurement
that is not QND. This behavior limits the fidelity of the current best
dispersive readouts of transmons [94-96], and is extensively studied
to mitigate as much as possible its effects [94-101|. Below this power

limit, it has been shown in [102] that for a fixed value of x and 7 the
0

number of photons inside the resonator (which depends on «; , w and
k), the equation (3.79) is maximized for kK = x and w = wy — x/2,
which means probing in-between the two possible frequencies of the
readout resonator. The regime x ~ x is thus the most efficient and

has to be targeted in the design of the experiment.

3.3.3  Measurement rate

To understand how we can define the measurement rate, we can first
discretize Ay by dividing it into n timepieces:

n—1 (k+1)T

T
A 1 iwt ~ _ 1 " [T iwt -
Af = /O ﬁe aout(t)dt = % EZ% /kg‘ fe aout(t)dt
1 n—1 )
= n Afk’
k=0

(3.80)

with

Fu(t) = ,/%e*iwtn[@(mw]. (3.81)

Naming t; = % and 6t = % and taking the limit n > wT', we have

A tet1 ] A
A iwty Gt (£)dE ~ G () V6L 3.82
fr t \/(g t( ) t( k) ( )

>~ e
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First, this gives an intuition about what aoy(¢) is: we can think of
&Out(t)\/cﬂ as the annihilation operator of the mode localized between
t and t 4 dt in the infinitesimal limit. Second, it gives another simple
picture of the outgoing state. We can either think of it as a "long"
mode hosting a big coherent state or as a collection of "short" (in
the sense of their time extent) modes hosting small coherent states.
The size of each of the coherent states is indeed directly given by
Eq. (3.70) and Eq. (3.71) applied to T' = dt, which gives amplitudes
agl/lf,k = agl/lf/\/ﬁ = Vot(ad + Vkay ) for each of these modes. The

state ‘wg/ e>out of the transmission line can thus be written

’¢9/6> =

out

agl/j>f ® [vac), (3.83)

or alternatively

‘¢g/e>out — @ ‘\/ﬁ(a?n + \/Eag/e)>fk ® |vac) . (3.84)
k=0

We choose here to note the vacuum state for all the other modes of the
line by the same ket |vac). This allows us to interpret the situation as
follows: the cavity "shoots" a series of small coherent states, streaming
a continuous flow of information into the line. The measurement rate
is defined as the information rate of this flow:

o
™St

with 61 defined as the mutual information between the state of the

r (3.85)

qubit and the measurement outcome of one of these modes. The
measurement rate is thus strongly dependent on the measurement
apparatus. The maximal achievable information rate I',,™* is given
by the accessible information dl,c. (see Appendix A.1.2) in a time
ot. It can be formulated in the context of communications as sending
classical binary information (the state |0) or |1) of the qubit) with

g/e
out

a qubit (the state of the line in Span( Q ), as in Appendix
A.1.4. Computing 61 ,.. is done by writing the overlap between the
two pointer states as
0
cos 5 = | (ad  (0t)|al, (6t)) | = e Taot, (3.86)

out out
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The angle 6 is the angle they form in the Bloch sphere. Expanding it
at short times 0t gives

0
cos 5 = 1 —Tydt (3.87)
0
cos? = ~ 1 — 2T 4ot (3.88)
2
0 0
sin 3= V2L 4ot ~ 7 (3.89)
Using the results of the Appendix A.1.4, we get
92
0L e ~ 5= L' 46t. (3.90)

Thus, the maximal measurement rate is such that
r,m* =Ty (3.91)

This is very convenient, as it allows for a very simple expression for
the quantum efficiency (see 3.3.4), but we have to keep in mind that
both quantities have a very different meaning: on the one hand, a
dephasing rate, which is the rate at which the overlap between the
two pointer states vanishes. On the other hand, an information rate
expressed in nats/s.

3.3.4 Measurement rate: homodyne detection

Fig. 3.10 illustrates the measurement of the qubit based on homodyne
detection. In Fig. 3.10a, the two Wigner functions of the mode of the
line corresponding to the two possible states of the qubit are shown.
The optimal detection phase, to get the best Signal-to-Noise Ratio
(SNR), is materialized by the grey dashed line. The corresponding
statistics of measurement outcomes are shown in Fig. 3.10b. The

optimal measurement phase ¢ is such that d(T) = |ad,, — o |(T).
We define the SNR as in [40]:
d(T)?
SNR(T) = () . (3.92)
402

In the case of an ideal homodyne measurement, we have o = 1/2.
Using Eq. (3.73) and Eq. (3.79) gives

SNR(T) = 2I'yT. (3.93)

94



3.3 DISPERSIVE READOUT OF A QUBIT
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Figure 3.10: Dispersive readout of a qubit in phase space. (a) Scheme of
a homodyne measurement applied to the dispersive readout
of a qubit. The Wigner functions of the outgoing field condi-
tioned on the state of the qubit are pictured in blue (|g)) and
orange (|e)). The grey dashed line indicates the quadrature x
of the homodyne measurement that maximizes the SNR. (b)
Corresponding distribution of the outcomes of the homodyne
measurement, for g and e.

The SNR thus conveniently linearly increases with the integration
time.

We can compute the mutual information obtained by a homodyne
detection at short time 0t by expanding the formula Eq. (A.2) for
the mutual information 61 between the state of the qubit and the
measurement outcome, in the case where the initial probability of
qubit excitation P(e) = 1/2. It reads

5T = H(z) — %(H(x\e) + H(zlg)) (3.94)

where x is the measurement outcome, H(z) its Shannon entropy.
H(z|e) and H(z|g) are the Shannon entropy of  knowing the state of
the qubit. Here, H(z|e) = H(z|g) = 3log2mo? + % is the differential
entropy of a Gaussian functions with variance o?. H(x) is the entropy
of the corresponding mixture of two Gaussian functions. In general,
there is no closed-form formula for this quantity. However, we can
perform an expansion for short times ¢ and approximate this mixture
by a single Gaussian function with the same variance o + @. H(x)
becomes
d(6t)?

H(z) ~ %log <02 + 4) + %(log(%r) +1) (3.95)
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The constant terms then cancel out in the expression of 6, which

gives
1 d(6t)? 1
I~ =1 24227 ) — Zlog(o?
1) 5 og(a + 1 ) 5 og(a)
_d(at)? (3.96)
802
__ SNR(ét)
~—
By definition (Eq. (3.85)), 01 = I';,,dt. For an ideal homodyne measure-

max

ment, 0 = 1/2; which gives I'y, = T'y = I',,”**. An ideal homodyne
measurement thus reaches the maximal measurement rate.

For a finite quantum efficiency 7, we established in Sec. 3.2.4 that
the Wigner function is convolved with a Gaussian function of standard
deviation o¢ = \/12;77", which amounts to having o = ﬁ, and thus

SNR(T) = 2nL'yT. (3.97)

The SNR is thus scaled by 7. This gives all the ingredients to exper-
imentally measure the quantum efficiency of a homodyne detection
performed with the optimal phase: I'), is given by the SNR as a
function of time, and I'y can be measured with Ramsey experiments
[103].

3.3.5 Homodyne detection does not recover all the information

Until now, we focused on the measurement rate, which is a pertinent
quantity to characterize the information obtained from time local
measurements, which corresponds to the limit 7' — 0. In this regard,
an ideal homodyne measurement is optimal, as it reaches the maximum
obtainable information. However, one can wonder whether this holds
for time global measurement. The question is: how does a homodyne
measurement compare to the optimal measurement performed on
the pointer state after an arbitrary time T ? As a matter of fact, a
homodyne measurement of duration 7" performs slightly worse than an
ideal measurement performed at time 7" on the mode. This is shown
in Fig. 3.11, where the mutual information obtained with a homodyne
measurement is compared to the ideal measurement using Eq. (A.15)
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as a function of | (ol (T)|a? (T))|. The information ratio between
homodyne and ideal goes down to 0.92 for | (& (T)|ad . (T)) | ~ 0.43.
The limit discussed in Sec. 3.3.4 corresponds to | (oS, (T)]ad.(T)) | —
1, where this ratio goes to 1, as it can be seen in Fig. 3.11.

1 T
— homodyne |

— ideal I

I (bits)

0.0 0.5 1.0
1- ‘ <agllt(T)|af)ut(T)> ‘

Figure 3.11: Comparison between perfect homodyne measurement and ideal
measurement for the dispersive readout of a qubit. We plot
the mutual information between the state of the qubit and the
measurement outcomes for homodyne (blue) and ideal (green)
measurement as a function of the overlap of the pointer states.
The minimum ratio between the two mutual information is
materialized by the gray dashed line.

It is an example demonstrating the advantage of communication us-
ing global measurements over local measurements (see Appendix A.1.3).
We write here again the equations Eq. (3.83) and Eq. (3.84):

wole) =it © lvac) (3.98)
n—1

= ® ‘\/E(a?n + \/Eag/e)>fk ® |vac) . (3.99)
k=0

The homodyne detection extracts the best out of the measurement
of each local mode represented by fi, as an ideal measurement on
each of them would do. However, a joint measurement performed
on all of them manages to extract even more information. This is
counterintuitive, as we are dealing with coherent pointer states, which
exhibit no entanglement in any basis. The full density matrix pap
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does not exhibit any entanglement either, as it is a mixture of product
states.

As to finding how to implement this optimal measurement, it is
not easy. In [104|, Han and coworkers study various schemes that
aim to discriminate between two coherent states. They analyze the
information obtained, destroyed, and left in the system for each of them.
However, none of these schemes achieve the upper bound. Furthermore,
they are implemented on stationary modes, which are easier to handle
than propagating ones.

The work [105] of Strandberg and coworkers can help us think
about this situation from another point of view. They demonstrate an
implementation of a heterodyne detection of a stationary mode using
a qubit via stroboscopic SWAP interactions with a qubit followed by a
quadrature measurement of this qubit. The intuition behind this is the
fact that each of the states ‘\/ﬁ(a?n + \/Eag/e)>fk has a vanishing

number of photons for ¢ — 0, so each of them can be hosted by a
qubit.

Suppose now that, as for a qubit readout, we want to distinguish
two possible coherent states in the standing mode. In the experiment,
there is only one interacting qubit to perform the qubitdyne detection.
We then have no other choice than to measure the qubit after each
interaction and reset it for the next one. By measuring the right
quadrature of the qubit each time, we recover the optimal homodyne
measurement. To recover the time global measurement that would
outperform the optimal homodyne measurement, we would need a
collection of a large number of qubits: it would then constitute a
quantum memory. After each of them interacted with the stationary
mode, a global measurement performed on the qubits would allow
us to beat the homodyne measurement. In the limit where the field
interacted with a large number of qubits, we could recover the ideal
global measurement that beats the optimal homodyne detection.

3.3.6  Using the information: measurement back-action

We established that information was available in the emitted field
of the readout cavity. The goal of this part is to understand how to
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make use of this information and to compute the back-action of the
measurement on the qubit.

We start first with the optimal homodyne detection for a pure state
of the qubit. The qubit is initially in the state |¢(0)), = alg) +ble),
with @ and b two complex coefficients. The outgoing field represented
by f starts in the vacuum state. We thus have, at t = 0:

[9(0)) = 14(0)), ©10)- (3.100)

After a pulse of duration 7', the state |¢)(T")) of the system {qubit,
mode f} reads:

[O(T) = alg) @ logu) s +ble) @ [agu) s - (3.101)

Homodyne measurement with ¢ = 0 corresponds to measuring . We
can write the wavefunction W, . (z) of |ad ) and |a§,) as

y/e() = (a|adls) = ()ie‘ )", (3.102)

Using these wavefunctions, |¢(7T)) reads

+oo
WD) = [ alg) 80, [!) +ble) © Tule!) o)
(3.103)

Applying the measurement back-action corresponding to the outcome
x obtained at time T on the system gives, just after the measurement
at time T:

[W(T)) = [¢(T)) x alg) ® Uy(z) |z) +ble) @ Ve () |2)

= (alg) ® ¥y(z) +ble) ® Ue(x)) @ |z).
(3.104)

The back-action gives a product state. Factoring it out gives the
following transform to the qubit between time ¢t = 0 and ¢t = T

[$(0))g — [¥(T)), < Uy(@)alg) + Te(z)ble) . (3.105)

It corresponds to a quantum measurement of the qubit defined by the
operators ﬂx:

I, = 1+ &, (3.106)
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with [ [I,dz = 1. Applied to the density matrix, it gives

U (z) + \I/g(ac)>2 )

Pq ~ pg(TT) ox ( 5 Pq
Ue(x)— W 2. ..
+((I)29(”3)) G2pg0 (3.107)
U (x)? =W, (x)?, . . i
n (2) q(2) (pa6s + 6277)

The Stochastic Master Equation for homodyne measurement is ob-
tained by taking the limit of short times [106]. It allows to reconstruct
continuous quantum trajectories of the qubit state [93, 107, 108|.

We can discuss here two particular cases. The first is when the
homodyne measurement is along the gray dashed line in Fig. 3.10.
It corresponds to taking of , and af, real. In this case, we see
from Eq. (3.105) that the phase of the superposition of the qubit is
unchanged. The only thing that changes is the excitation probability
of the qubit. This corresponds to the ideal homodyne case discussed
in Sec. 3.3.4 and maximizes the local information rate about the state
of the qubit. It is thus expected that the corresponding back-action
exclusively modifies this information.

The other case is when the measurement is performed along the
orthogonal direction. It corresponds to having o , and af,,, imaginary.
In this case, we have |¥,(x)| = |¥(z)| for all z: measuring & does not
modify the excitation probability of the qubit, but rather the phase of
the superposition. As a consequence, it simply yields more information
about the phase of the superposition. In the continuum limit, it makes
this phase diffuse at a rate I'y [107-112].

We can now understand what happens in a heterodyne measurement:
it is a detuned homodyne measurement. It means that the axis of
the measurement rotates at the frequency of the detuning. As a
consequence, it is as if we spent half of the time measuring in the
"right" direction, giving information about the qubit state, and half
of the time measuring in the "wrong" direction, making the Bloch
vector diffuse on the equator of the Bloch sphere. With this intuitive
picture, we feel that the information rate about the qubit excitation is
divided by 2. We can then interpret the inefficiency of the heterodyne
measurement as being due to an excess of back-action, as half of
the time is invested in measuring a quantity that does not bring
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any information about the qubit excitation probability. We stress the
fact that this conclusion that the heterodyne is inherently inefficient
is only true if we are looking for information about the excitation
probability of the qubit. As the qubit remains in a pure state after an
ideal heterodyne measurement, it still gives a complete knowledge of
its full quantum state. The information about the quantum state is
preserved.

This illustrates the two ways one can define the quantum efficiency.
The first one, with the SNR (Eq. (3.97)), characterizes the speed at
which information about the qubit excitation is obtained (the mea-
surement rate) by comparing it to the maximal achievable rate (the
dephasing rate) with the same quantum resource (the pointer states):
n =T, /T 4. From this point of view, the quantum efficiency of a het-
erodyne detection is limited to 1/2, and that of a homodyne detection
can vary as a function of the quadrature measured. The second point
of view, which was presented in Sec. 3.2.4, characterizes the amount
of quantum resource that was lost during the measurement. This
characterization thus only characterizes the measurement apparatus
and does not even bother about the existence of the qubit, nor does it
depend on what we want to learn about the system. In this sense, it is
the most general characterization of a homodyne-or heterodyne-based
detection setup. In this thesis, quantum efficiencies are given following
this point of view.

If we are only interested in the excitation probability of the qubit,
we can just look at the probability distribution of its states, which is
given by the diagonal elements of the density matrix. It gives

Po(9) = (91 pq lg) = Pr+(9) = (gl g(T7) |g) o Po(g)¥y(2)?

(3.108)
Po(e) = (el pgle) — Pr+(e) = (e] pg(T) €} o Po(e) Pe(x)?
(3.109)
It corresponds, up to normalization, to a Bayes actuation of the
probability:
Po(g/e) — P(zlg/e)Polg/e) (3.110)

where PP(z|g/e) is the probability of obtaining = knowing that the
qubit was in the state g or e. This formula generalizes to any kind
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of measurement record, even noisy ones, and it shows how we can
experimentally obtain the update rule of the state probabilities of a
qubit: we only need the distribution of outcomes conditioned to each
state. More generally,  can be multidimensional, as in the experiment
presented in Chap. 4. If we have an experimental characterization of
the law of x knowing each possible parameter, then such Bayesian
actuation is possible. Note that this approach does not take into
account any coherence of the state: this gives a classical stochastic
evolution of the information we have about the state of a classical bit.

3.4 CONCLUSION

In this chapter, we modeled the way measurements are performed on
the propagating modes in typical experiments involving superconduct-
ing circuits. We presented the notions of homodyne and heterodyne
detection and linked the integrated measurement outcome statistics
to the Wigner, Husimi Q function, and generalized Q function of the
propagating modes. We explained the roles of quantum phase-sensitive
and phase-insensitive amplifiers in the measurement. We derived their
effect on the propagating modes and what it implies for the measure-
ment outcomes obtained with a voltmeter, as in a typical microwave
experiment. We introduced the notion of quantum efficiency, which
encapsulates all the imperfections of the measurement apparatus.

In a second part, we analyzed the well-known case of the dispersive
readout of a qubit in the formalism of the propagating modes and
introduced the notions of dephasing and measurement rates. We high-
lighted that the notion of measurement rate was limited to time local
measurements. In particular, we showed that a time global measure-
ment could outperform the best time local measurements for the same
total duration. We then showed how to compute the back-action of a
homodyne measurement on the qubit and retrieved the Bayes rule for
the actuation of the qubit excitation probability. This Bayes rule is
generalized for an arbitrary number of states and an arbitrary noise
and will be used in a generalized way in Chap. 4 to compute photon
number trajectories.
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MONITORING THE PHOTON NUMBER OF A
CAVITY

This chapter contains the article about the monitoring of a cavity
photon number accepted for publication in PRL [6]. This experiment
has to be understood in the context of quantum trajectories and
quantum jumps. Quantum trajectories of a qubit under weak dispersive
measurement of its excitation [107-111], transverse component [113],
or homodyne or heterodyne measurement of its fluorescence [114-116|
have been demonstrated in several experimental works. Dispersive
measurement and heterodyne detection of the fluorescence of the qubit
can even be combined [112]. In this work, we use the fluorescence
emitted by a qubit to infer the number of photons in a dispersively
coupled cavity. The quantum trajectory of the qubit is not studied,
yet probing its fluorescence allows us to observe quantum jumps of
the cavity photon number. Quantum jumps, first measured [117-119]
in atomic ions and later in superconducting circuits [120], constitute
one of the key features of quantum mechanics. Their detection is key
in feedback protocols, in particular in quantum error correction.

Quantum jumps are the object of study in numerous experiments.
Notably, it was demonstrated in [121] that quantum jumps, often
thought to be unpredictable and unreversible, are continuous and
could even be reversed in the middle of the process by exploiting
the non-hermitian dynamics generated by a well-chosen environment
monitoring.

As for quantum jumps of light, they have been experimentally
evidenced using Rydberg atoms [122] and superconducting circuits
[123], and full photon number trajectories were measured in [124]
and used in a feedback protocol to stabilize Fock states [125]. These
measurement apparatuses have all in common the fact that they
use a dispersively coupled qubit to store the results of stroboscopic
measurements of the light field. In [126], Antoine Essig and coworkers

experimentally show that it is also possible to measure photon number
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trajectories by using the qubit in a fundamentally different way: instead
of storing the result of the measurements in its state, it can be used
to encode the information about the photon number into the states of
a transmission line via the photon number dependent properties of its
fluorescence in the dispersive regime. I will here summarize the main
results of [126].

Experimentally, the qubit was driven at all the possible frequencies
corresponding to every possible photon number, but a more involved
theoretical scheme was introduced, involving an infinite frequency
comb. This way of understanding the experiment considerably sim-
plified the interpretation of the qubit dynamics and allowed us to
understand the experiment as a succession of the same atomic experi-
ment, which consists in repeatedly exciting the qubit using very short
pulses and letting the qubit decay in the line. In the number-resolved
regime where the dispersive shift y is much larger than the decay rate
1/T, of the qubit, a Gedanken experiment was developed, making use
of an array of diplexers and photon detectors. It was then shown that
the characteristic time to measure the number of photons was simply
given by Tj. Strikingly, this measurement time does not depend on
the maximal number of photons Ny,.x. In comparison, a heterodyne
measurement scheme was demonstrated to reach a measurement time
proportional to log(Npax)-

This first version of the experiment [126], despite an achievable
information rate theoretically higher than in the second version of the
experiment that is presented here, exhibited a lifetime of the cavity
too short for a single-shot readout of the photon number. In this
version, this issue was solved thanks to the use of a 3D aluminum
cavity with a high quality factor and a filter at the output of the qubit
to protect the cavity from decaying through it. This allows us to reach
here a measurement time that beats the decay rate of the cavity by an
order of magnitude, hence providing a single shot photon counter. The
main result of this chapter is the photon number trajectories shown
in Figs. 4.3, 1.2 and in [127], demonstrating that the quantum jumps
corresponding to the cavity losing photons can be monitored.

Sec. 4.1 reproduces the article 6], Secs. 4.2 to 4.8 reproduce the
supplementary materials of this article [128]. Sec. 4.9 provides unpub-
lished results showing Wigner functions of Fock states prepared by
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post-selection and an analysis of simulated measurement records by a
neural network.

4.1 MONITORING THE ENERGY OF A CAVITY BY OBSERVING
THE EMISSION OF A REPEATEDLY EXCITED QUBIT

Resolving the number of photons in an electromagnetic mode is at
the core of many quantum information protocols [129-132|. Most of
them require quantum nondemolition (QND) measurements for mea-
surement based feedback or heralding. In the microwave domain, such
measurements can be performed using dispersively coupled Rydberg
atoms [122| or superconducting qubits [133]. Predetermined [124, 134]
or adaptive [135-139] measurement sequences can monitor the photon
number in time and even detect quantum jumps. Each measurement
step yields at most a single bit of information about the photon num-
ber. By adapting each step, it is possible to reach this upper bound
and photocount in a number of cycles that scales logarithmically with
the maximal photon number [137-139]. Recently, another qubit-based
detector was introduced, which is able to track the photon number
using a train of identical qubit pulses forming a frequency comb [126].
Consequently the frequency of the qubit fluorescence encodes the
photon number at any time. While a proof-of-principle experiment
demonstrated signals proportional to the photon number [126], the
measurement rate was insufficient compared to the cavity lifetime for
single-shot extraction. Here, we demonstrate photon number tracking
in a 3D cavity using a frequency comb driving a dispersively coupled
qubit. We experimentally compare the photon number measurement
rate of our scheme based on heterodyne detection of the qubit fluores-
cence to the rate at which the environment could extract information.
This QND photon number monitor, with a fixed drive and detection
scheme, could simplify feedback schemes and quantum error correction
for bosonic codes [140] or qudits [137, 141].

The detection principle can easily be grasped with a classical analogy
(Fig. 4.1a). Consider a basket (cavity) filled with apples (photons) that
can escape. The number n of apples can be determined by hitting a
string (qubit) from which the basket hangs. The string oscillates at a
frequency depending on n and recording the emitted sound (heterodyne
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(a)

¢

A'lm

Spurlines

Figure 4.1: Experiment scheme and principle. (a) Acoustic analogy of the

experiment. In order to monitor the number of apples in a
basket, it is attached to a string. By repeatedly hitting the string,
recording the emitted sound reveals the number n at any time.
(b) The heterodyne detection of the driven qubit (red) emission
into the line leads to the monitoring of the photon number of
the dispersively coupled cavity (green). A notch filter centered
on w, (box) prevents the cavity from decaying through the qubit.
(¢) The cavity is a high purity aluminum /4 coaxial resonator.
Two transmon qubits on sapphire chips stick into the cavity. The
filter on the (red) qubit drive line is composed of two tantalum
spurlines and galvanically connected to a transmission line using
a pogo pin (photograph in inset). Wigner tomography of the
cavity is performed using the auxiliary transmon qubit (purple)
and its dedicated readout resonator (not shown).

measurement of fluorescence signal) reveals the apple number. Hitting
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repeatedly the string leads to the monitoring of n: in the frequency
domain, it corresponds to driving the string with a comb.

Experimentally, the basket is an aluminum \/4 coaxial cavity [142]
at frequency w./2m = 4.573 GHz. The qubit is a transmon at
wq/2m = 6.181 GHz, dispersively coupled to the cavity with a fre-
quency shift —x/2m = —5.25 MHz per photon. Photon number track-
ing requires to operate in the photon number resolved regime x > I'o,
with T's/27 =~ 3.5 MHz the qubit coherence rate [126]. To optimize
the information rate, we maximize the qubit emission rate 1/7; < 2I'y
into the measurement line under this constraint.

To protect the cavity from decaying through the qubit, we use a
notch filter at the cavity frequency (Fig. 4.1b). The filter circuit is
composed of two on-chip spurlines in series (Fig. 4.1¢). The qubit
and the notch filter are patterned out of a tantalum film on the
same sapphire chip, which is inserted into the cavity [128|. A galvanic
connection is ensured between the measurement line and the on-chip
filter using an SMA microwave connector terminated by a pogo pin !,
which is a pin connected to a spring (Fig. 4.1c). This filter design
leads to a high coupling rate 1/T, = (23 + 3 ns)~* between the qubit
and the measurement line, while preserving a cavity lifetime T, larger
than 200 us for a single photon. The heterodyne detection benefits
from the large bandwidth of a traveling wave parametric amplifier
(TWPA [90]) that covers many x. An auxiliary transmon qubit and
its readout resonator are used to perform direct Wigner tomography
of the cavity state [128, 143—145].

The qubit is driven with a frequency comb of amplitude 2 and
peaks at wy + kAw where k spans all integers between —K and K. In
the lab frame, the qubit drive Hamiltonian thus reads

A 0 &
Hy;= —h§ Z cos [(wg + kAw)t] 6y. (4.1)
k=—K

In the limit of an infinite Dirac comb (K — o0), it becomes a series
of Dirac peaks in the time domain with a period 27/Aw. In the frame

1 POGO-PIN-19.0-1 by Emulation Technology
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rotating at wy — yété, and under the rotating wave approximation, it

gives

Hd_h— Z 5( 2“) &(b), (4.2)

where G(t) = sin (éTéxt) G4—COS (éTéxt) Gy and ¢té is the photon number
in the cavity. The dynamics of the qubit Bloch vector thus consists in
periodic kicks every 27/Aw by an angle § = 27Q/Aw. The natural
choice is to have one peak per possible qubit frequency (Aw = ).
The rotation axis of the kicks would then be the same for any photon
number since ¢ = 2776Téx/ Aw is a multiple of 27. However, the period
between two kicks would then be 27 /x ~ 190 ns, which is much longer
than Tj,. To limit idle times in the qubit fluorescence signal, we choose
a twice larger peak spacing Aw = 2y, which doubles the information
rate (Fig. 4.2a). Consequently, ¢ is equal to 0 mod 27 for even photon
numbers and 7 mod 27 for odd photon numbers. Therefore the kick
direction flips with each kick for odd photon numbers.

In the experiment, we choose a finite number 2K + 1 = 21 peaks in
the comb. In the frequency domain the drive is the product of a square
window of width 21y /27 and the infinite comb. Consequently, in the
time domain, the resulting waveform is the convolution of the infinite
comb with a sinc function. This width sets the timescale of each qubit
kick to m/21x ~ 5 ns, which is much shorter than T,. Additionally,
this choice guarantees that the qubit frequency remains well within
the bandwidth of the comb, regardless of the desired photon number
ranging from 0 to Npax = 9. To further minimize boundary effects,
we position the comb center frequency at wy — 4, which corresponds
to the qubit frequency associated with 4 photons in the cavity.

The average predicted dynamics of the qubit is shown in Fig. 4.2b,c
when the cavity has 0 (blue) or 1 (green) photon. At intervals of 7 /x,
the qubit state undergoes a kick lasting approximately 5 ns, followed
by relaxation as it fluoresces into the measurement line. In contrast
with even photon numbers, the rotation axis flips at every kick for
odd photon numbers. Heterodyne detection of the fluorescence field
measures the two quadratures (), + Gout)/2 and i(Gouw — @l)/2-
The emitted field amplitude can be expressed as oyt = @in — 00—/ \/f],
where (ain) is the driving comb and 6_ = (6, — idy)/2 is the qubit
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Figure 4.2: Frequency comb and dynamics of the qubit under its drive.
(a) Black peaks: driving comb amplitude Q Eq. (4.1) in the
frequency domain. Colored Lorentzian shapes: qubit frequency
spectra corresponding to cavity photon numbers from 0 to 6. (b)
Simulated average trajectories of the qubit in the Bloch sphere
for n = 0 (blue) and n = 1 (green). The kick angle is set to
0 = mQ/x = 37/4, and as in the experiment, xT, = 0.76. (c)
Corresponding average values of (6,) as a function of time. (d)
Averaged measured record V,,(t) when the cavity is prepared in
a Fock state |n) from n = 0 to 4 from bottom to top, and for a
comb amplitude such that § = 7Q2/x ~ 7/2. The curves are offset
by the much larger driving comb signal ¢(t). (e) Corresponding
quadrature I, (t) of the emitted fluorescence signal reconstructed
(see text) at each qubit frequency w, — nx.

lowering operator [146]. The average dynamics of the qubit coherences
(Fig. 4.2¢) can thus be directly observed in the heterodyne signal.
We first prepare a Fock state |n) using a coherent excitation on the
cavity followed by heralding using the qubit emission under a drive at
a single tone wy — ny [126, 128, 147]. We then apply the comb. The
qubit fluorescence is amplified and downconverted by a local oscillator
at wg +wip, with wip = 27 x 66 MHz. The amplified fluorescence signal
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is recorded as a voltage V() using an analog-to-digital-converter. The
average Vj,(t) of these records under the heralding of n photons is
shown in Fig. 4.2d offset by the contribution of the reflected driving
comb ¢(t) o< Re((ain)) [128]. These signals can be processed to reveal
the evolution of (6,) and () in the qubit frame when there are n
photons. To do so, we extract their analytic representations [128] and
demodulate them at wir + nx to obtain two average quadratures E(t)
and Q,(t). The traces of I,(t) are shown in Fig. 4.2e for n = 0 to 4 and
match the expected evolution of (6,). The kicks and the subsequent
decays are visible. The kick direction alternates for odd numbers of
photons as expected. The remaining oscillations in the reconstructed
signal may be due to an imperfect subtraction of the driving comb
¢(t), or to a distortion of the driving comb or output signal by the
measurement setup.

Decoding the measurement record V(¢) in order to infer the pho-
ton number is a task similar to quantum sensing using continuous
measurement |55, 148-155|. Here we use the average records V,, as
demodulation weight functions, and define Nyax+1 measurement out-
comes represented as a vector m whose components are

¢
my(t) = / V(Y (t)adt, (4.3)
t—T
where the integration time 7 = 2 us is chosen much shorter than the
cavity lifetime T, and multiple (21x) of 7/x. As a demonstration, we
excite the cavity with a coherent state with more than 20 photons
on average using a strong resonant pulse, then drive the qubit with
the frequency comb and record i as a function of time ¢. Quantum
jumps on a single realization can already be visualized by a simple
data processing. We perform a time independent linear transform [128]
7(t) = G~'m(t) so that, on average, r,(t) = 1 for n photons in
the cavity, while all the other components 74+, vanish. Concretely,
G is the Gram matrix of the average records V;,(t) so that G, =
Jo Va(t)Vi(t)dt. The evolution of 7 is shown in Fig. 4.3b for one
realization of the experiment. A faint red trace emerges from the noise,
which reveals the successive losses of single photons in the cavity that
here decays from 9 to 0 photons over 1 ms. To predict the number n
of photons at any time of the evolution, the probability distribution
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Figure 4.3: Photon number tracking experiment. (a) Pulse sequence for the
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observation of quantum jumps. (b) Evolution of the measure-
ment outcomes r, as a function of time ¢. The measurement is
performed on one realization using a driving comb whose ampli-
tude corresponds to an expected kick rotation angle § = /2. (c)
Evolution of the inferred probability distribution P;(n) of the
photon number n using the outcomes in (b). 1000 realizations in
the same conditions are available in [127].

of n is updated conditionally on the outcome m(t) through Bayesian
update at every time step j7. It first requires determining the likelihood
P(m|n) conditioned on the cavity being in the Fock state |n). P(m|n)
can be approximated by a Gaussian function of 1 owing to the small
measurement efficiency n = 0.17 £ 0.02. Therefore, we characterize its
distribution by the measured mean (17)|,y and covariance matrix of 17
for each |n) only [128|. Using this procedure, along with accounting
for photon loss during each time step j7, the noisy measurement
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outcomes 7 (j7) of Fig. 4.3b lead to the probability distribution P;.(n)
shown in Fig. 4.3c for the same realization. Note that we assume
no prior information (Pg(n) = 1/10), but this choice has anyway

no impact on the quantum trajectory after a few 7. With many

realizations, we extract the average photon number decay. Interestingly,

it is not exponential, which indicates a subtle interplay between cavity

dissipation and qubit dynamics [128].

Figure 4.4:
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Measurement and dephasing rates. (a) Red dots: observed av-
erage measurement rate I',, as a function of drive amplitude,
expressed as the qubit expected rotation angle 6 per kick. Or-
ange shadow: measurement rate obtained using a stochastic
master equation with detection efficiency 7 spanning the range
[0.17,0.20]. Blue shadow: theoretical bound for an infinite comb
and heterodyne measurement with efficiencies n € [0.17,0.20]. (b)
Red dots: observed cavity dephasing rate I'y as a function of 6.
Orange: simulated measurement induced dephasing rate. Black:
theoretical accessible information rate. Blue: theoretical maximal
(n = 1) measurement rate obtained by heterodyne detection.

We now determine the measurement rate ', of the photon number.

Formally, it is the time derivative of the mutual information between
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4.1 MONITORING THE ENERGY OF A CAVITY BY OBSERVING THE
EMISSION OF A REPEATEDLY EXCITED QUBIT

the photon number n and the outcome 71 at t = 0 [40, 92|. In the
weak measurement regime 7I',, < 1, it can be approximated by

T == [ PG log P
(4.4)
3 Py(n) / P(ii|n) log P(ii|n)dif,

where P(1m) = >, Po(n)P(m|n). As shown in Fig. 4.3c, at most two
photon numbers are likely at any time. We thus choose the prior
Po(q) = Po(g+ 1) = 1/2, and average over all g values to compute
a measurement rate I, [128]. Plugging in Eq. (4.4) the measured
distributions P(ni|n) at various driving amplitudes Q, I';,, is obtained
as a function of the kick angle § = 7Q2/x (Fig. 4.4a). It is maximal
when the qubit is kicked to states corresponding to the largest (6,). It
can be intuitively understood since heterodyne detection probes the
quadratures of the emitted fluorescence signal, which are on average
proportional to the coherence (6, — i6,). Notably, the rate Iy, is
much larger than the cavity decay rate 1/7, (more than 16 times),
which is well in the single shot measurement regime. On average,
this measurement scheme allows us to reach more than 95% average
confidence in 20 ps [128]. Our complete model [128] reproduces the
observed rate I';, using simulated measurement records by a stochastic
master equation with detection efficiency n = 0.185 £ 0.015 as a fit
parameter, in agreement with the independently measured 7.

It is interesting to compare this measurement rate to the rate at
which information about the photon number leaks into the environ-
ment, ¢.e. the cavity dephasing rate I'y. We compute it as the added
decay rate of Tr{p(t)a} on top of the natural decoherence rate [128].

We use the auxiliary transmon qubit (purple in Fig. 4.1¢) to perform
Wigner tomography on the cavity state and extract Tr{p(t)a} =
[ aWi(a)d?a, with Wi(«) the Wigner function of p(¢). The dependence
of I'y on kick angle is shown as red dots in Fig. 4.4b. Strikingly, its
maximum is reached at § ~ 7, where the qubit has the largest energy
to emit, and thus the most information to leak out. We note that
the model that successfully predicts the measurement rate (orange)
underestimates the measurement induced dephasing rate at large
drive amplitudes, indicating that the driving comb leads to stronger
decoherence than anticipated.
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The dephasing rate I'y is about 20 times larger than I';, at § = 7/2
(its maximum). Indeed our measurement setup does not recover the full
information available because of a limited detection efficiency and the
very use of heterodyne detection. To better understand this information
loss, we use a simplified model where the comb is infinite. It reproduces
the measured Ty, with 0.17 < 7 < 0.20 (blue in Fig. 4.4a) for small
angles 6, but not at larger angles where the finite duration of the kicks
reduces the actual rotation angle. However, the dephasing rate is larger
than the measurement rate of an ideal (n = 1) heterodyne measurement
(blue in Fig. 4.4b). Accordingly, with the same model, the upper
bound on the measurement rate for any detection scheme — accessible
information rate — (black in Fig. 4.4b) is close to the measured I'y
for small angles 8 and up to about 3 times larger than what the
best heterodyne detector could do: Even an ideal heterodyne detector
would destroy up to about 2/3 of the accessible information. The
experiment provides here a textbook example of destroyed information
by a measurement apparatus, here the heterodyne detector [156]. In
contrast to low detection efficiency, heterodyne measurement with
n = 1 would reveal information even for # = 7. Indeed, while the
average heterodyne signal is zero, its cumulants reveal the photon
number. The signal-to-noise ratio on the cumulants of order [ scales
as 1! so that, in the experiment, the average is the main source of
information, hence the minimum at 6 = .

In conclusion, our superconducting circuit and signal processing
demonstrate the possibility to monitor photon numbers in a cavity
with a fixed driving. Information about the photon number is extracted
up to 16 times faster than the cavity decay rate. The detector requires
20 us of measurement on average to reach 95 % fidelity between 0 and
9 photons. A circuit using a harmonic oscillator or qudit instead of
the qubit as an encoder could enable even faster measurement rate in
future devices. A simple model quantitatively explains the dephasing
and measurement rates for small drive amplitudes. As we look ahead
to more integrated amplifiers, it would be interesting to observe how
the driving amplitude that maximizes the measurement rate evolves
with increased efficiency. Additionally, the pogo-pin and spurline filters
offer a convenient architecture for achieving galvanic coupling with
quantum circuits within a long lived microwave cavity. Interesting open
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questions remain to be explored such as the origin of the dependence
of Fock state decay rates on the comb amplitude. This seems to be a
dual effect to the readout problem of superconducting qubit [157-164].

4.2 DEVICE AND MEASUREMENT SETUP
4.2.1 Dewvice fabrication

The circuit is composed of one 3D A/4 coaxial cavity resonator, into
which two samples are inserted. The first sample comprises the monitor-
ing transmon and its notch filter, the second contains the tomography
transmon qubit with its readout resonator and Purcell filter. These
samples are made of a 200 nm thick film of sputtered Tantalum on
a 430 pm thick sapphire substrate (deposited by Star Cryoelectron-
ics, Santa Fe, USA). The Josephson junctions of both transmons are
standard Dolan bridge e-beam evaporated Al/AlOx/Al junctions [103].

4.2.2 Measurement setup

The readout resonator, the tomography qubit, and the qubit are
driven on resonance by pulses that are generated using an OPX
from Quantum Machines®). It has a sampling rate of 1 GS/s. AWG
driving pulses are modulated at a frequency 125 MHz for readout,
110 MHz for tomography qubit, 70 MHz for cavity and 68 MHz for
the monitoring qubit. They are up-converted using I-QQ mixers for the
readout resonator, monitoring qubit and cavity, regular mixers for the
tomography qubit, with continuous microwave tones produced by three
channels of an AnaPico® APUASYN20-4 for the readout resonator,
cavity and qubit, Agilent®) E8257D for tomography qubit. The fourth
channel of AnaPico® APUASYN20-4 is used for the TWPA pump.
An AnaPico®) APSIN12G is used to provide a strong detuned drive
on the qubit in order to calibrate the reflection coefficient [165].

The two reflected signals from the readout and qubit are combined
with a diplexer and then amplified with a TWPA provided by Lincoln
Labs [90]. The follow-up amplification is performed by a HEMT ampli-
fier from Low Noise Factory®) at 4 K and by two room-temperature
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Table 4.1: Table of circuit parameters

Table of circuit parameters

Circuit parameter Symbol Hamiltonian Value
term

Cavity frequency we/2m hweala 4.573 GHz

Qubit frequency wq/2m Twg6 /2 6.181 GHz

Tomography qubit fre- || w;/27 Fiw 6t /2 3.459 GHz

quency

Readout frequency wy /2w fiwo, it 7.875 GHz

Cavity-qubit cross Kerr || x/27 —hyatas, 5.25 MHz

rate

Cavity-tomography Xet/2m —hxeatast /2 | 593 kHz

qubit cross-Kerr rate

Cavity self-Kerr rate Xee/2m —hxecat?a? 9 kHz

Circuit parameter Symbol Dissipation op- | Value
erator

Qubit decay time T, 1/T,Ds 22 ns

Cavity decay time T, 1/T.Dg 200 us

Tomography qubit decay || T} 1/T;Dge 3.6 us

time

Readout decay time T, 1/T1 ,D; 415 ns

Cavity dephasing time T 2/T, ¢Dstg 36 ps

Tomography qubit de- || T}, 4 1/2T, sDst 12.3 us

phasing time
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4.2 DEVICE AND MEASUREMENT SETUP

amplifiers. The two signals are down-converted using image reject
mixers before digitization by the input ports of the OPX. We tune
the TWPA pump frequency (6.079 GHz) and power in order to reach
a total quantum efficiency of n = 17+ 1 % at w,/27 + 10 MHz. The
efficiency was extracted from the measured mean and variance of the
demodulated quadratures using the qubit as a reference for calibrat-
ing the gain of the amplification chain (see section 6 in Ref. [126]).
However, we observed on posterior experiments that this efficiency
can fluctuate by almost 20 % between w, /27 and wq/2m — 9.

The frequency comb is generated by numerically computing the
temporal shape corresponding to a frequency comb. The use of an I-Q
mixer allows to use negative intermediate frequencies to expand the
comb on both sides of the source frequency.

4.2.3  Comparison with previous experiment

We summarize in table 4.2 the main differences with the reference
[126] that allowed us to reach single shot photon number measurement,
extract a measurement rate and observe quantum jumps. One big
difference is the use of a 3D cavity that extended the resonator decay
by 2 orders of magnitude. Another key difference is the use of the
analog of a Purcell filter for the cavity, galvanically connected in a 3D
design. The filter allowed us to preserve the two orders of magnitude of
improvement on the resonator lifetime despite a similar coupling rate
between qubit and cavity. The expected measurement rate is slightly
lower, because the dispersive coupling rate y between the qubit and
the cavity could have been larger to benefit from the strong qubit
emission rate into the measurement line. But this is compensated by
a far the longer decay time for the cavity.

In terms of results, the main figure of merit of the experiment
is I';,T,, which was improved from 0.5 to 16, reaching the single
shot regime. Additionally, the experimental technique changed, as we
use a much wider comb experimentally, as it was proposed (but not
implemented) in [126].

The expected measurement rate for the reference [126] was not
computed but is here obtained via the same model than for the blue
curve of Fig. 4.4a in the main text.
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Figure 4.5: Schematic of the setup. Each element has its RF source, whose
color is matched. Room-temperature isolators are not represented
for the sake of clarity.

4.3 SINGLE-TONE PHOTON COUNTING FOR PRE- AND POST-
SELECTION

4.3.1 Single shot measurement with a single tone

In this section, we focus on the case where the qubit is driven with a
single tone to determine whether the cavity contains a certain number
of photons [126, 147|. This configuration is reciprocal to the usual
dispersive readout of a qubit. We introduce the reflection coefficient
as the ratio 7 = (Gout)/(Gin) in the steady state. The denominator is
calibrated by applying a strong ac Stark shift drive to the qubit
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Figure 4.6: Pogo pin and filter performances. Top panel: pictures of, from
right to left, the qubit and the on-chip filter on its support, the
pogo pin, and the pogo pin inserted in the tunnel in which the
chip is inserted. Red arrows show the pogo pin and the contact
point on the sample. Bottom panel: frequency profile of the
spurline filters, from an HFSS simulation. The actual frequency
of the cavity is represented in green, that of the qubit in dark
red.

(Fig. 4.7a), so that it is detuned far from w,. We generalize the
definition of a reflection coefficient r to the case of single measurement
records. Therefore, after a displacement of the cavity, we can build
histograms of r as a function of the frequency of the tone (Fig. 4.7b).
For a given photon number, the average reflection coefficient spans a
circle in the complex plane as the probe frequency is changed [103].
We introduce a phase ¢ relative to the center rg = 0.3 + 0 x ¢ of
that circle (see Fig. 4.7b). We recover the usual 27 phase shift of the
reflection coefficient on a harmonic oscillator in the angular distribution
P(¢). Each number of photons leads to a unique phase shift as can
be observed in Fig. 4.7c. In particular, when we drive at w, — ny,
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Table 4.2: Summary of the differences with [126]

Work [126] | This work
Architecture 2D 3D
Cavity filter no yes
Qubit decay rate 42 ns~! 22 ns~ !
Dispersive shift x /2w 4.9 MHz 5.25 MHz
Cavity decay time T, 3.8 us 240 ps
Bandwidth of the comb 9y 40y
Expected maximal measurement rate || 130 ms—! 80 ms~!
L
T, 0.5 16

the histogram peak corresponding to Fock state |n) is centered on a
7 phase shift. Thus, even though the histograms of various photon
numbers overlap, it is possible to pre/post-select this Fock state by
setting a threshold on the real value of one averaged single record.
The tighter the threshold, the higher the fidelity but the smaller the
selection yield as we discuss now.

4.3.2 Pre- and post selection using the qubit

The protocol we use to pre- and post-select a given number of photons
is shown in Fig. 4.8a. It is performed by sending a 20 p-drive at wg —nx
before and after the measurement. For each pulse, we determine the
associated reflection coefficient. The measurement is heralded to Fock
state |n) if both measurements give reflection coefficients falling below
threshold. The thresholds we use are shown in Fig. 4.9a,c as dashed
red lines on the measured histograms at the post-selection step for
each desired photon number n. The value of the threshold ry was
chosen so that the likelihood ratio between {the number of photons n
being equal to the selected number of photons £} and {n being equal
to k'} is higher than 100 for every target photon number k(i.e., for
any selected frequency f — ky) and for any k' # k:

P(Re(r) < roln = k)

100.
P(Re(r) < roln = k') ~
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Figure 4.7: Single-frequency drive photon counting. (a) Pulse sequence. The

cavity is driven on resonance so as to excite it with large number
of photons, and a series of 10 us readout pulse (red) with ampli-
tude © and detuning A = w — w, are applied on the qubit while
the reflected signal is recorded to infer a reflection coefficient 7.
The same protocol is then performed while applying a strong ac
Stark shift drive (gray, dashed). It detunes the qubit far from
the frequencies of interest, which provides a reference signal to
properly calibrate the reflection coefficient. (b) Histograms of
the reflection coefficient r constructed from this procedure. We
can clearly distinguish the components coming from the differ-
ent number of photons. (c¢) Distribution of the argument ¢ of
the complex number r computed from (b) as a function of the
detuning A. x appears as the frequency translation parameter
of the resonance of the qubit.

There is a trade-off between preparation fidelity by heralding and

its yield. We choose a drastic pre-selection threshold on Re(r) that
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Figure 4.8: Pre-and post-selection on the photon number. (a) Pre- and post-

selection pulse sequence. The cavity is alternatively displaced by
+a = 3.4 (which is believed to improve slightly the pre-selection
yield without reset compared to +a always). A first pre-selection
20 ps pulse is then applied to the qubit. This heralding sequence
(dashed box) is repeated until the measured Re(r) gets below
a threshold. A 20 ps comb pulse is then applied to the qubit.
In practice, it results from the concatenation of 10 identical
sequences of 2 ns. We then apply a post-selection pulse on the
qubit. (b) Estimated pre-selection fidelity as a function of the
Fock state. The selection yields associated to the threshold we
used (red dashed lines in Fig. 4.9) are given in Table 4.3. These
fidelities are determined by computing the probability to get
the right number of photons after applying the threshold. For
this, a prior probability distribution for the number of photons is
needed, which we deduced from the yield statistics in Table 4.3.

ensures preparation fidelities of at least 97 % by the pre-selection pulse
alone as shown in Fig. 4.8b while the selection yields (below 1 %) are
reported in Table 4.3.

4.4 COMPUTING THE THEORETICAL MEASUREMENT RATES

Our model for the measurement focuses on what happens after a single
kick of the qubit state. Indeed, the experiment can be decomposed into
a repetition of the same sequence. Every m/y, the qubit is prepared
in a certain state p, that depends on the amplitude of the comb,
and decays. Since in our case, 7/x ~ 47T,, we use a model where the
qubit fully relaxes to its ground state between each kick. We can thus
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Figure 4.9: Pre-and post-selected average qubit fluorescence. (a) and (c)
Histograms of the measured quadratures during the second (post-
selection) pulse on the qubit for each number n of photons
corresponding to a driving tone and heterodyne measurement at
wy. The upper threshold on Re(r) for the pre- and post-selection
readout is materialized by the dashed red lines. There are more
than one Gaussian component due to the decay between the pre-
and post-selection pulses. (b) and (d) Reconstructed average
fluorescence of the qubit for each number of photons. Note that
the figure (b) is identical to Fig. 2e.

assume the kick places the qubit in a pure state p, = [¢)(¢| with
|) = cos(60/2) |0) + sin(0/2) |1), where 6 = 27§Q2/2x is the kick angle
(see main text).

Following section F of the supplemental material of Ref. [40], the
measurement rate of the photocounting can be extracted from the
mutual information between the qubit frequency and a measurement
record, for the most entropic prior (all states assumed equally likely
initially). We compute it in the case where the qubit can only have
one out of two frequencies separated by x corresponding to a given
photon number or one more.
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Table 4.3: Yield table of the pre- and post-selection after a displacement of
a =~ 3.4 when the kick angle 6 is set to 0.

Fock Pre- Post- Typical number of sam-
state selection selection ples 2N, after post-
fraction || fraction (%) | fraction (%) | selection

0 0.5 33.3 200580

1 0.7 26.0 157370

2 0.7 19.7 119370

3 0.6 14.1 85800

4 0.5 11.1 67150

5 0.4 7.4 44990

6 0.3 4.2 25650

7 0.2 3.2 19330

8 0.2 1.9 11360

9 0.1 0.9 5580

We model the experiment as follows. The bipartite system {cavity,
qubit} starts in the initial state p(0) = p. ® pq. The full Stochastic
Master Equation (SME), neglecting the pure dephasing of the qubit,
of the system reads

ap = ~i [weila + buoyd, — Sxatas,, o dt
+ (£ r )+ D))
Tq 6_\p T. a\p
n

+ —(‘_ﬁ—Tr{Fy_ﬁ}ﬁ)dW*
Tq
7/ s

+ n(p0+—Tr{p0+}p)dW

where dW is now a complex Wiener process such that dWdW* = dt.
The complex measurement record with efficiency 0 < n < 1 reads

dy: = \/n/Ty Tr{ps_}dt + dW.
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It can be proven that the information contained in the measurement
record y; about the photon number in the cavity is preserved by
demodulating the measurement record as follows

t— -t
2Tq dy, (4.6)

P / 0 il —k)
VTy Jo
for all possible photon numbers k.

We can take into account the finite efficiency 7 of the detection
as a beam-splitter that combines a fraction of the field emitted by
the qubit with vacuum noise. Assuming the cavity is in state |n), the
outcome m,, is a stochastic variable that reads

n = /Na+ /1 =17, (4.7)

where v and y are stochastic variables whose probability densities are
respectively given by the Husimi Q functions of the qubit state p,
and of the vacuum state. Owing to the low measurement efficiency
n =~ 0.2, the distribution function of m,, is almost Gaussian as can
be seen in Fig. 4.10 in the cut along the real axis. For the quantum
efficiency 1 < 0.2 of the experiment, we see that the two curves are very
close, thus justifying the Gaussian approximation of the measurement
outcomes.

(a) b)
0.30
025
8 0.20

[
<0.15

'£0.10
B4 0.05
0.00 . : :
- -1 0 1
xr

2 1 0 1 2
X

2

Figure 4.10: Gaussian approximation of the outcomes m,,. Calculated proba-
bility distributions of P(m,, = x) as a function of 2 when the cav-
ity is in |n) for (a) [1)) = |1) and (b) |¥) = (|0} +]1))/+/2 . Blue:
n = 1. Orange: its Gaussian approximation with same mean
and covariance matrix (on the whole complex plane m,, € C).
Green: 7 = 0.2. Red: its Gaussian approximation. Purple: case
where |¢) = |0).
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The other measurement outcomes 1y, are obtained with a wrong

demodulation frequency w, — kx. However there is still a finite overlap
r

Fq+i(lg—n)x

where I'y = 1/T;. The outcome My can thus be written as a combi-

between the decaying modulation functions at n and k,

nation of m,, and of a stochastic variable ), distributed as the Husimi
Q function of the vacuum state with weights corresponding to that
overlap.

r, - i(k—n)x 3

: o+ . 4.8
Fq—H(k—n)Xm Ly+i(k—n)x F (48)

m;#n =
Knowing that «, B,y are independent variables, one can compute
P(m|n). Knowing that the repetition time is 7 = > we use equation
(4) in the main text to predict the measurement rates for n = 0.17,0.2
(blue in Fig. 4a) and n = 1 (blue in Fig. 4b). For larger kick angles,
we observe a discrepancy between the experimental data and the
model in Fig. 4a. The x-axis corresponds to the ideal angle 6 reached
by the qubit for an infinite frequency comb. However, both in the
experiment and in the simulation, the finite duration of the kicks
lowers the actually reached rotation angle below 8. This is why the
blue curve behaves as expected while the experiment and simulations
appear distorted in 6.

4.5 DATA PROCESSING

This section provides details on all the steps involved in the data
processing used in the letter.

4.5.1 Quantum model of the recorded voltage

The qubit couples the incoming modes @, (t) to the outgoing modes
Gout(t) following the input-output relation

&out(t) = din(t) - o (t) (49)

The outgoing modes doyt(t) get amplified and downconverted by
a local oscillator at a frequency wro/2m = 6.247 GHz. The noise
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added by the amplifiers can be modeled as a finite temperature of
input modes l;in(t), which are assumed to be in a Gibbs state. This
model (Fig. 4.11) leads to the following expression for the voltage V()
that is measured by the analog-to-digital converter (ADC) at room
temperature, where G encompasses the conversion factor between
the v/Hz of the propagating mode amplitudes and Volts of the ADC
records. V(t) is the measurement outcome of the observable

V(1) = VG (aout ()" + aly (t)e 1"

R . ) . (4.10)
VT, 06 + b(em).

v

Figure 4.11: Scheme of the quantum model of the detection of the fluores-
cence.

4.5.2  Data processing flow

From the measured voltages, we get several relevant quantities that are
discussed in the main text. Here, we show how they are related. Each
Fock state |n) from 0 to 9 is prepared a large number of times (see
Table. 4.3) by pre- and post-selection, leading to as many measurement
records V,(t) of the voltage V (t) over 10 slices of 2 us.

For any measurement record V' (¢), we define the measurement out-

come 17 whose components are

2 us
m; :/ V(t)V;(t)de, (4.11)
0

which corresponds to m;(2 us) in Eq. (4.3) of the main text.
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Figure 4.12: Diagram of the signal processing (see text).

For each photon number n, we compute the mean V,,(t) of the V;,(¢)

whose expectation is (V(t)),y. We can then calculate the Gram matrix
(matrix of scalar products)

2 pus

Gun = (WlV) = [ VW (412)
Since the number of samples is finite, the mean V;, is a stochastic
variable. In order to avoid biasing the Gram matrix with the particular
realization of Vj,, we compute each scalar product between averages
(Va|Vin) by taking half the samples for the left part and the other
half for the right part (see Fig. 4.12). We also compute the covariance
matrices X" of the probability distribution of the measurement out-
comes m" obtained from V,,(t) when there are n photons. Its matrix
elements read

ji = Cov{(ValV), (ValVi)} = (m]f

g Gjn)(mz — Gkn)- (4.13)
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As for the Gram matrix, we compute each scalar product (V,,|V;) by
taking half the samples for the left part and the other half for the
right part.

As explained in Fig. 4.10, the distribution probability P(7i|n) of

"™ can be approximated by a Gaussian law for our low efficiency

m
1 ~ 0.2. Therefore, we use the experimentally determined Gram and
covariance matrices to reconstruct this law N (G,,, Z"). It is used in
the Bayesian update of the photon number and for the computation
of the measurement rate. For the estimation of P(7i|n) used in the
Bayesian filter for the photon number tracking in Fig. 3, we pre-
and post-selected 60600 x 10 realizations following the protocol in
Fig. 4.8. However, since we require many drive amplitudes for Fig. 4,
we selected only 6600 x 10 realizations for each amplitude in that figure.
We there chose to remove the numbers 8 and 9 from the analysis as
the insufficient number of samples induces very large uncertainties on
the measurement rate.

From the m,,, we can compute the r,, (as in the main text) and look
at their probability distribution, which is shown Fig.4.13 for r5. The
average value of 75 is 1 when there are 5 photons in the cavity (brown),
and 0 otherwise. All the records that are conditioned to other numbers
of photons have the same Gaussian law, centered around 0. Because
of the noise of the measurement, the value of the records may take
values as large as 8 or as low as -8, which can also be seen in Fig. 3b.
This is analogous to the measurement record of a dispersive readout of
a qubit. Note here that all the r;, are correlated in general, so looking
at the marginals is not enough to extract all the information about
the number of photons. In particular, while this figure gives a hint
about how well we can distinguish the Fock state 5 from the others in
2 ps, it only gives a lower bound on the Signal-to Noise Ratio.

4.5.3  Reconstruction of the qubit fluorescence signal

In order to avoid being blinded by the drive, we remove the comb
contribution (which is measured by driving the qubit off resonance
using ac-Stark effect)

e(t) = VG((@m(D)e 0" + (af, ()ye 10" (4.14)

m
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Figure 4.13: Conditional probability distribution of the orthonormalized
records r,. Brown dots: measured probability distribution for
the record 75 after 2 us of integration when 5 photons are pre-
pared in the cavity. Dots with other colors: measured probability
distribution for the record r5; when there are k photons in the
cavity, for k between 0 and 9, k # 5, and the same integration
time. Solid line: Gaussian fits.

to the average measurement records V,,(t) (Fig. 2d in the main text).
Following Egs. (4.10) and (4.14), we express the expectation value
of V,(t) — c(t) as

_ G . .
Valt)=c(t) = = | 7 (- ()€ 0"+ (@4 (D) e 50" (4.15)
q
Here, (6_(t))}n) oscillates at (wg —nx), so (6_(t))}ye“Lot oscillates at
wr,o —wq +nx = wir +nx. To reconstruct the fluorescence of the qubit
in the frame rotating at its frequency, we bring these oscillating signals
to zero frequency. This is performed using their Hilbert transform H
to reconstruct their analytic form —, /%(&_ (t))jnye™r0" (here with
negative frequencies). This allows to perform a sideband-free numerical
demodulation to recover the average coherence of the qubit. It yields

Ta(t) = iQn(t) = e~ @t mItion (Vo 6) — c(t) + Vo —](t)) (4.16)

where ¢,, is chosen such that the most significant quadrature, i.e the
one carrying the most fluorescence, is I,,. These quadratures are plotted
in Fig. 2.e in the main text and Fig. 4.9. Note that the demodulation
frequency is (wip + nx)/27 and not —ny, which originates from the
fact that the qubit is driven with a lower sideband.
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4.5.4  Relevance of the demodulation procedure

In this section, we justify how well the demodulation we perform
following Eq. (4.3) (main text) preserves the information about the
photon number that is contained in the measurement records. Indeed,
using the average measurement record V;,(¢) as a demodulation func-

tion does not straightforwardly appear equivalent to Eq. (4.6) that

(wg—nx)t—

; b
states that using the demodulation function e’ ?Ta preserves

all the information about the photon number.

i(wg—nx)t

ot
Actually, the demodulation function e ?Tq is proportional

to Tr (ﬁn(t)&,), where p,(t) is the solution of a simple Lindblad
master equation describing the evolution of a qubit at frequency
wg — nx and with a relaxation time 7T,. Therefore a valid way to
demodulate the measurement record in the experiment would be to
measure the average down-converted and pre/post-selected complex
amplitude e“rot Tr([)T(t)?L) first, and to use it to demodulate the

measurement record. Formally, it corresponds to V,,(t) —c(t) +iH [V, —
c|(t) defined in Eq. (4.16), where H is the Hilbert transform. However,
using V,,(t) alone does not lead to any visible loss of information
between the two methods. As a matter of fact, demodulating by
Vin(t) — c(t) + iH[Vi — c|(t), Vi(t) — c(t) alone or V,,(t) does gather
the same amount of information, up to experimental uncertainties.

Note that this simplification is only possible thanks to the relatively
low quantum efficiency n. Were the efficiency 7 close to 1, we would
be able to gather information in all cumulants of the probability
distribution of m as well (see Fig. 4.10), which would require to keep
the full expression V,,(t) — c(t) +iH[V,, — c|(t).

4.5.5 Measurement rate estimation

Once G and X known, the measurement rate can be computed using

T = I(n : 171) = — /P<m) log P (17
(4.17)
+ Po(n) / P (1|n) log P(1|n)dm,
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for any prior Py for which there exists a number ¢ such that Py(q) =
Po(¢+ 1) = 1/2, and where I(n : m) is the mutual information of n
and m.

A subtlety arises from the fact that this expression is only valid for
times 7 such that 7I',, < 1. For the largest measurement rates we
obtained in the experiment, we cannot use the full integration time of
2 us. However it is straightforward to compute what this expression
gives if 7 were as small as the period of the pulse train driving the
qubit, which is here 7/x = 7/21. For this computation, we then rescale
the Gram matrix into G’ = G/v/21.

Note that we chose to integrate over 2 us because of a technical
reason. It is simply the smallest multiple of the pulse train period that
is also a multiple of the inverse sampling rate of the OPX instrument
(1 ns).

The mutual information obtained in this way is actually biased.
Indeed, even if all the G,, and 3" are equal (I(n : m) = 0), their
experimental value are slightly different owing to noise, thus rendering
I(n : m) positive. To estimate this bias, we measured I(n : mig) for
zero driving amplitude, and assumed that it should be zero exactly,
neglecting the thermal emission of the qubit. We observed that I(n :
Mmyg) scales linearly with the inverse of the number of samples. We then
used the computed I(n : mp) at zero amplitude as a calibration of
the systematic errors for all the other amplitudes. For each driving
amplitude, the expected positive systematic error inversely scales with
the number of measured samples given in Table 4.3. The error bars
displayed in Fig. 4 correspond to this systematic error.

4.5.6 Simulation

In order to simulate the experiment, we numerically solve the following
Stochastic Master Equations (SME), for each n between 0 and 7.

Ap(t) = — L [H, ldt + ~Dy_(p(t))dt + 7 Ho ()W (1),

(4.18)
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with
1, = h(wir + nx) e)e] (4.19)
D ;i (p) = ApAt — é(/ivm + ﬁATA) (4.20)
M4 (p) = pAT +Aﬁ—Tr{,3/ﬂ +A,3}. (4.21)

The homodyne measurement record reads
dys = /Ti Tr(6,p(t))dt + dW (1), (4.22)
q

where dW is a Wiener process with zero mean and variance dW? =
dt. The record models the outcome of a homodyne detection of the
fluorescence of the qubit for a known number of photons n in the
cavity, with a quantum efficiency of 7. The intermediate frequency is
wIF/27r = 66 MHz.

The orange curve of Fig. 4a results from calculating 10 000 quantum
trajectories solutions of these SME for each amplitude and frequency,
for n» = 0.17 and 0.2 and applied the same procedure as for the
experimental records for V(t) = v/Gdy,/dt. The only difference is that
the average signal V was directly obtained as the solution p(t) to the
Lindblad equations, given by Eq. (4.18) when n = 0, and computing

VI Te(@p(t)).

4.5.7 Bayesian filter for the photon number

Tracking the photon number corresponds to actuating the probability
of having n photons in the cavity P(n) conditioned on the measure-
ment record V from time 0 to t. Given Pj-(n) and the measured

m(j7 + 7), we compute P ,(n) as follows:

e During At = 2 us, apply the dissipation operator 1/7.D; on the
diagonal density matrix of the cavity, whose diagonal elements
are the IPj-(n) coeflicients. We denote the resulting diagonal
elements of the density matrix as ]P;-T(n), and use a cavity lifetime
T. = 200 ps,

e Actuate it with the corresponding m(j7 + 7) following

Pjrir(n) = Pl (0)P(7(1)]n) /2, (4.23)

135



MONITORING THE PHOTON NUMBER OF A CAVITY

where Z is a normalization constant ensuring > Pjr1-(n) = 1.

4.5.8 Average time to reach a given confidence on the photon number
measurement

xr
x
xr
xr

n

Figure 4.14: Average time needed to reach various confidence thresholds as
a function of the average number of photons. Dots: average
measurement time 7,,(x) required so that one of the photon
number probabilities P, (t) exceeds the confidence z = 70 %
(blue), 80 % (green), 90 % (red) or 95 % (purple). The times are
represented as a function of the mean photon number at time
0. Error bars represent the uncertainty coming from the finite
number 1100 of realizations that were processed. Dashed line:
Measured 1/T,,, under the same conditions of driving (6 = 7/2
as in Fig. 3).

In addition to the measurement rate, it is possible to extract the
average time it takes for the measurement procedure to reach a certain
confidence x < 1 in the number of photons (Fig. 4.14). Using the same
set of measurement records from which the realization in Fig. 3 is
taken, and starting at an arbitrary time ¢y with an agnostic probability
vector Py, (n) = 1/10, we process the data with the Bayesian update
without including the dissipation, until the time tg + 7 at which the
estimator reaches a confidence x for one of the numbers of photons.
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We then define 7,,(x) = 7(x), the average time that is required to
reach the level of confidence z. Using the average expected number
of photons 7 (see Fig.4.17) as a function of time ¢, we can plot the
average time 7,,(z) as a function of the mean initial photon number
n in Fig. 4.14. Note that 7,,(x) differs from 1/T',, which is the time
needed to reach a fidelity of 92% (Signal-to-Noise Ratio = 2) when
thresholding for a standard qubit readout without decay. But these
two timescales give the same order of magnitude for the measurement
time.

The increase of 7, as a function of the average number of photons
can be understood as the fact that the effect of the dissipation increases
with the number of photons, so the cavity is increasingly more likely to
lose a photon during the measurement time, which increases the time
needed by the estimator to converge, as it has to rebuild confidence
when a photon is lost.

4.6 DEPHASING RATE
4.6.1 Measuring the dephasing rate

To extract the dephasing rate of the cavity in Fig. 4b, we use the
technique of Ref. [126].

Performing Wigner tomography via the tomography qubit, we ex-
tract |(a(t))| after preparing a coherent state (a(0)) = —1.11 in the
cavity. In order to cover the full range of dephasing rates, we perform
the tomography for multiples of 7/x ~ 95 ns (period of the comb),
with an uneven spacing to cover fast and slow dynamics alike. An
example of such dynamics with an exponentially decaying amplitude
is shown Fig. 4.15a. We use an exponential fit to extract the dephasing
rate 4. Note that, at small qubit driving amplitude, the decay of |(a)|
is driven by the self-Kerr effect leading to a non-exponential behavior.
Fig. 4.15d shows the measured Wigner function without drive, 15.2 us
after the displacement.

137



MONITORING THE PHOTON NUMBER OF A CAVITY

(a) (b)
T 1 w0
1.07 T Tos
¥ I\ 1
i I I 0 02 04
0.8 . t=0 [t=376ns|t=28us|| \, t (us)
= %0. ; -y _ [ =0 [t=376ns [1=28 s
$001 & il R
§04 ¥ T101 101 -101 1 .
- x Re() \710171017101
Re(a)
0.2 X \
II N,
0.0, : i : —x | : ttteseepanans
00 05 1.0 %5) 20 25 0.0 05 1.0 (1? 20 2.5
t (s t (us
(6)12_ (d) W(Oé)
101 IH 2 =
N 4
= 87 A 1
2 6 fi < . 0
§ 4 Af S *
N L
) 01 H’LVH{YH _ _2
j T j y j ! -2—-10 1 2 —-10 1 2 ™
™ 3 %8
. on on R
0 5 7 5 2 27 7 Re(a) e(a)

Figure 4.15: Dephasing rate measurement and simulation. (a) Blue dots:
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measured | Tr{ap(t)}| as a function of time for a comb ampli-
tude leading to a qubit kick angle 6§ = 7. Solid orange line:
fitted exponential decay at a rate 4. Inset: timeframes of the
measured Wigner functions. (b) Blue line and dots: simulated
| Tr{ap(t)}| as a function of time for § = 7 using Eq. (4.26).
Solid orange line: fitted exponential decay from which the pre-
dicted dephasing rate is extracted. Inset: timeframes of the
simulated Wigner functions. A zoom on the earliest times shows
the dephasing dynamics during a period of the comb drive. (c)
Decay rate k of the cavity extracted from the decay of the mean
photon number Eq. (4.24). (d) Measured (left) and simulated
(right) Wigner functions at time ¢t = 15.2 us without driving
the qubit. The simulation is performed using Eq. (4.28) where
the self-Kerr rate is x../2m = 10 = 1 kHz, and pure dephasing

rate is ﬁ = (3646 us)~ L.
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)

If the measurement was QND, we could obtain the measurement
induced dephasing rate by subtracting the measured dephasing rate at
zero drive 1/T, 4 to the dephasing rate 4 at finite drive. However, as
explained below, we observe a yet unexplained increase in the cavity
decay rate for large qubit drive that forbids such a simple approach.
We therefore proceed in two steps.

First, to obtain pure dephasing rates I'4(#), we subtract the con-
tribution related to the decay rate k of the cavity to the measured ~.
This decay rate is determined using the tomography at various times.
For each measured Wigner function W (a), we compute the mean
photon number

7
n(t) = Tr{dT&p“(t)} ~ 3 kPL(A(1)), (4.24)
k=0

where Pi(p) = [ Wjs(a)W gy () d® e with Wigyp () the Wigner map
of |[k)Xk| (see (B4) in [126]). The resulting fitted decay rate  is shown
in Fig. 4.15¢ as a function of the qubit kick angle 6.

Second, in order to extract the measurement induced dephasing rate
I’y plotted in Fig. 4b, we subtract the measured pure dephasing rate
without qubit driving 1/7, 4 = (36 6 us)~! to the pure dephasing
rate I' ().

For clarity, the final expression for I'4(0) reads

Ta(6) = 7(6) — 1/2 — 1/ T, (4.25)
4.6.2  Simulation of the dephasing rates

To predict the expected dephasing rate, we use the Lindblad equation
of the qubit-cavity coupled system in the interaction picture

dp(t) i N A
——2 = ——[Hint + Ha, p) + =Ds_(p(t)), 4.26
T 7, [Hine + dp]+Tq (p(t)) (4.26)
with
Hie = —hg(n +6.)ata, (4.27)

and Hy defined in Eq. (4.1).
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Here, we neglect any other dephasing source, as well as the decay
rate of the cavity. We use this simulation to compute Tr{ap(t)}. Taking
only one point per period of the comb. It fits well with an exponential
decay (see Fig. 4.15b).

The dephasing rate at zero drive 1/T¢ 4 can be precisely determined
by fitting the dynamics of the cavity state when starting in a coherent
state. The Linblad Master equation we use takes into account the
self-Kerr effect as well as pure dephasing without drive:

) i oo 2 A

g = pHeer Al + Tc,¢]Df‘ 1a(p(1)), (4.28)
where

f{kerr = _hchdT2d2- (429)

We find that the measured evolution of the cavity state is well repro-
duced when X../2m = 10 £ 1 kHz and 1/T. 4 = (36 £ 6 us)~! (see
Fig. 4.15d).

4.6.3 Predicted dephasing rate

We start with the same model as in Sec. 4.4 where the qubit is kicked
once and has infinite time to decay. We can model the experiment as
follows. Irrespective of the state of the cavity, the qubit is prepared in
a state [1) = cos0/2]0) + e®sin6/2|1). It emits a state |¢), in the
transmission line that depends on the number of photons n, which we
can write

|#),, = (cos 6/2)1

Feo —i(wg—nx)t—
e sin(0/2) / Ot At (g )dt) Ivac)

(4.30)

where |vac) is the vacuum state of the outgoing transmission line. In
the simple case where n = 0 or n = 1, the cavity can be treated as a
qubit as in Ref. [40]|. Each period 7 = % of the train of pulses leads
to a decay of the off-diagonal matrix elements of the cavity density
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matrix by a factor | ((¢|¢); |. The dephasing rate I'y (black solid line
in Fig. 4b) is thus given by

e 1T = | 0<¢|¢>1 |

in26/2
o(16); = cos?(8/2) + ffzx/Tq

4.7 DEVIATION TO QUANTUM NONDEMOLITION
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Figure 4.16: Measurement-induced decay rate of the cavity. Probability of

measuring Re(r) below threshold during the post-selection pulse
of the sequence in Fig. 4.8a as a function of the qubit rotation
angle 0 associated to the comb. Each line corresponds to a
different selected photon number n from 0 (dark blue) to 9
(red). The selection thresholds are the same as in Table 4.3

In order to better characterize how the driving amplitude of the qubit
affects the number of photons in the cavity (deviation to QNDness of
the photon number tracking), we perform several experiments. The
drive amplitude is given either as a Rabi frequency 2 for single tone
driving or an angle of rotation 6 during a qubit kick.

A direct signature of non-QNDness can be seen in Fig. 4.16. It
shows the yield of the post-selection for each n (each color) as a
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Figure 4.17: Measurements of the decay rate of the cavity. (a) Pulse sequence
tracking the occupation of the vacuum state. (b) Pulse sequence
tracking the number of photons. (¢) Blue dots: probability
P.(n = 0) that the cavity is in vacuum as a function of time. The
measurement is obtained by single-tone readout of the number of
photons after a strong (|a|? > 20) displacement of the memory.
The fit (orange) to Eq. (4.31) gives T, = 230 ps. The absence
of a plateau at early times despite the large displacement could
be attributed to an increasing decay rate for higher number of
photons. (d) Blue dots: reconstructed average number of photons
using 1100 records of the tracked photon number. Exponential
fits with 7. = 130 us (orange) and T, = 250 us (red) are
superimposed.

function of the rotation angle 6. The yield decreases with driving
amplitude, showing that driving the qubit changes the transition rates
between Fock states. The variation is more pronounced for larger
driving amplitudes (6 > 7). As a matter of fact, the curves for n =1
and n = 2 cross, which indicates a decay rate that changes with n.

In Fig. 4.15¢, we show the observed cavity decay rate k as a function
of the angle 6. It is obtained by computing the number of photons as
a function of time from the Wigner tomography. A small increase of k
seems to occur as 6 grows but still an order of magnitude smaller than
the measurement rate for # = /2. However a sharp rise in k occurs
for 6 ~ 3m/2.
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4.8 DEPENDENCE OF THE CAVITY LIFETIME ON PHOTON
NUMBER

We also performed a measurement of the average probability of having
0 photons P;(n =0) as a function of time (Fig. 4.17a,c). This is
obtained with a single frequency tone on the qubit at €2 = 5.4 MHz
after a cavity displacement. Fitting it with the decay of a coherent
state

—t/Tc

Py(n =0) = |(y/age Y/ [0)? = e~o° (4.31)

extracts the decay time T, of one photon in the cavity.

We do not observe a plateau at initial times (small effective ng in
Eq. (4.31)) despite the large variation of displacement amplitudes we
tested. We believe that this could be due to a nonlinear decay rate of
the cavity owing the presence of the transmon and its Purcell filter.

Using the quantum trajectories obtained with the comb drive, we
can also reconstruct the average number of photons as a function of
time. It does not decay exponentially. This non exponential cavity
decay was also observed using the tomography qubit on a different run.
As a side remark, the slight increase of the estimated mean number of
photons at small times is well understood. Indeed the comb signal is
only analyzed within the range from 0 to 9 photons so that a wrong
prior estimates the average number of photons at 4.5 initially. As the
number of photons decreases and enters the detecting window [0, 9],
the update tends to increase the average number of photons at short
times.

We do not have a simple explanation for this behaviour. We believe
that higher order conversion processes between the cavity and the
multiplexing qubit could be involved in these observations. As a matter
of fact, the frequency of the qubit is higher than that of the cavity,
which could more easily trigger the effects described in [161]. However,
it would be in a very unusual regime, as the cavity has a long decay
time and the qubit a low one in our work.

In a previous cool down of the same device, we measured the
decay of the cavity for a wide range of numbers of photons using the
tomography qubit. The procedure consists in first displacing the cavity
to a coherent state with about 25 average photons. The tomography

143



MONITORING THE PHOTON NUMBER OF A CAVITY

(a) Storage |D(a)|

“—
1 ps

Tomography Iml

qubit >

Readout
(b)

25
20
15
10
)
0

=2

0 100 200 300 400
t (ps) t (ps)

Figure 4.18: Measurement of the average decay of the cavity with the to-
mograhy qubit. (a) Pulse sequence for the measurement of the

probability P;(k) that there are k photons in the resonator. (b)

Measured P (k) as a function of time ¢ and photon number k

after a displacement pulse of about 25 mean photons. (¢) Mea-~

sured decay of the average photon number 7 = Ziozo km

as a function of time.

qubit is then driven with a selective 7 pulse (at a frequency w; — kxet,
see Table 4.1), conditioned on the number of photons being equal
to a certain k. The state of the tomography qubit is then read out
using its readout resonator. From this, we can reconstruct the average

occupation of each Fock state Py(k) in the cavity at any time ¢ after the

displacement (Fig. 4.18b). The behaviour of IP;(k) is non exponential
for high number of photons, and seems to drop faster for more than
10 photons. Looking at the average number of photons on Fig. 4.18b,
we fit the curve portions with several exponential functions, and see
that the decay rate of the cavity increases with the average number of
photons.

4.9 SUPPLEMENTARY SECTIONS
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4.9.1 Wigner function of prepared Fock states

In a previous cooldown of the experiment, we could perform a Wigner
tomography of the pre-selected Fock states using the procedure de-
scribed in Sec. 4.3.2. For each number of photons between 0 and 9,
the heralding sequence shown in Fig. 4.8a was performed, before a
displaced parity measurement sequence to reconstruct the Wigner
function of the post-selected state. The resulting Wigner functions are
shown in Fig. 4.19.

4.9.2  Neural-network-assisted record analysis

One of the potential follow-up ideas of the project was to use a neural
network embedded in a Field-Programmable Gate Array (FPGA) to
analyze the time traces and to perform low-latency feedback control
on the cavity to prepare stabilize Fock states, as in [125]. Such neural
network-based feedback control was already demonstrated using weak
measurements of a qubit [166, 167]. However, this necessitates spe-
cialized hardware that was not available at this time. Still, we could
perform a few prospective tests without this hardware. It was already
demonstrated that a neural network could reconstruct quantum trajec-
tories of a qubit under a weak measurement [168, 169]. In this section,
we will demonstrate that a neural network can be trained to analyze
the fluorescence record of the qubit driven by a comb to build the
vector of probabilities in Fig. 4.3 for a time trace of 2 us.

To do so, we generated Ngamples = 608000 stochastic records in
the same conditions as in Sec. 4.5.6 for each possible qubit frequency
associated to n between 0 and 9. The quantum efficiency is set to
n = 0.15 (slightly lower than in the experiment) and the decay rate
of the qubit 1/(27T,) = 6 MHz, which corresponds to T, = 27 ns,
(slightly longer than in the experiment). For each trace generated
for a number n of photons, the actual photon number distribution is
Py (k) = 0. This distribution is used as a target for the training
of the NN.

This approach addresses photon counting as a classification prob-
lem. The network learns to classify the traces into 10 categories, each
corresponding to a photon number. It then falls in the category of
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Figure 4.19: Measured Wigner functions of Fock states |n) for n between 0
and 9, after a heralding sequence on heterodyne measurement
of the qubit emission.

supervised learning, as the network will be presented with the ex-
pected answer during the training. Classification is a common task in
machine learning, especially in image recognition. It also applies to
quantum tasks, for example, to detect non-classical states [170, 171]
and entanglement [172].
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The network is the simplest possible network we could build: it is
constituted of a single fully-connected layer, linking the 2001 input
time values to each of the 10 outputs constituting the output of the
network. The chosen activation function is the softmax function so
that the output of the network is a proper probability distribution. It
is build using the Keras package [173] of the library Tensorflow [174].

Keeping Niest = 10000 trajectories for each n to evaluate the network
after the training, we trained the network for 12 epochs, using an Adam
optimizer [175] and the categorical cross-entropy as a loss function
between the distribution Pyy outputted by the network and Pjapel.
Because of the very high number of samples, the network converged
after only 2 epochs.

The network is then tested on a set {dyf "™} of Niest X 10 homodyne
records where n € [0, 9] stands for the number of photons prepared
and j € [0, Niest — 1] is the sample number. Each of these records is
then associated with the distributions Pé’:m oq(k) obtained from the
demodulation procedure described in this chapter, and Pf\&(kz) from the
trained neural network. The result on a subset of the test data is shown
in Fig. 4.20. We see that both the demodulation procedure (Fig. 4.20)a
and the network (Fig. 4.20b) seem to extract some information about
the photon number, as we can distinguish the pattern of Fig. 4.20c.
Note that it does not manage to reach the precision of the targets
P{;ﬁel(k) = 0kn, presented in Fig. 4.20c as the information in the record
is intrinsically not sufficient to reach this level of precision.

Strikingly, we see that most features in Fig. 4.20a are replicated
in Fig. 4.20b, even though they appear random. It indicates that the
predictions Pgemod and Py are very similar. This was expected from
the fact that this analysis is near-optimal (see Sec. 5.1.1). This seems
to indicate that the network finds a similar analysis, which we could
have investigated by trying to "open the black box". We have two
possible ideas at this stage: looking at the weights of the network to
compare them to the demodulation functions, and trying to find out
which inputs allow to obtain the most peaked functions, and compare
to the known structure of the pulses.
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Figure 4.20: Comparison between the predictions obtained using the neu-
ral network and the demodulation procedure. (a) Prediction
Pdemod (k) from the demodulation-based analysis of the het-
erodyne measurement record. (b) Prediction Py (k) from the
neural network-based analysis of the heterodyne measurement
record. (c) Label distribution Pjapel, indicating the cavity pho-
ton number for each trace. The sample number is linked
to n and j by the relations sample number = 10n + ;5 and
j = sample number mod 10.

To illustrate how close to each other our two predictors are, we
compare the average probabilities

Pl (k) = Pin  (k 4.32
d d( ) Ntest ; demod( ) ( )
Pan(k) = N > Pin(k), (4.33)

and plotted them in Fig. 4.21: they are barely distinguishable.

To push the comparison further, we compute the prediction fidelities
of the two methods. We translate each photon number distribution P to
a photon number prediction (by taking the argmax of the distribution),
and compute the probability that this prediction is right, .e. that the
trace was generated with this parameter. Defining

{ 1if argmaX(Pd’emOd) n
k

0 otherwise,

7n
Tdemod

(4.34)
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Figure 4.21: Comparison between the average predictions obtained using the
neural network and the demodulation procedure. (a) Average
predictor probability P5. (k) for each photon number ob-
tained with the demodulation technique. (b) Average predictor
probability P¥y (k) for each photon number obtained with the
neural network.

and TNN in the same way, the estimated fidelity Fggélod when there
are n photons reads

10 .
'Féllemod = Neost ZTL . (435)

The fidelity for the neural network F{y is defined similarly with
the {rf\&} The result is shown in Fig. 4.22a. Both schemes are well
above 1/10 fidelity, which shows their predictive power. We see that
both methods yield very similar results, the demodulation method
performing slightly better than the neural network for each n. The
better fidelity for n = 0 and n = 9 can simply be explained by the
fact that these two states have only one close neighbor, on contrary
to all the others, which have two of them (n — 1 and n + 1).

The two predictors, however, have slightly different behaviors when
trying to extract a mutual information between the number of photons
k and the outcome of each predictor. For the demodulation-based
predictor, we can write this mutual information Igemoq a8

Idemod - HO - A Z Hn (436)
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Figure 4.22: Fidelity and mutual information obtained using the neural
network and the demodulation procedure. (a) Fidelity obtained
for the demodulation technique and the neural network for
each number of photons. (b) Mutual information, expressed in
bits, inferred from the statistics of the predictions using the
demodulation technique and the neural network.

where Hj is the entropy about the photon number, set to log(10) as
there are 10 possible outcomes with equal probabilities. H™ is the
conditional entropy of the predictor knowing that the photon number
is n. This mutual information characterizes how much the entropy
about the photon number is reduced thanks to the predictor.

The mutual information Igemeq thus decomposes into mutual infor-
mations I, . conditioned on the photon number being n

1
Idemod - E Z Igemod7 (4.37)
n
where
Igemod = Ho— H". (438)

We can estimate H" as

= Ntest Z Z PdemOd IOg (Pzi’:mod(k)) . (439)

The same procedure is used to compute Iy and Igemod from

P(]i’emod(k:)
The result is shown in Fig. 4.22b. Strikingly, the neural network

exhibits significantly higher mutual information than the demodulation
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process. We have to be careful with this observation, as a higher mutual
information, as computed, does not necessarily implies that the network
extracts more information. It could for example output very peaked
distributions that are completely wrong.

We interpret this higher apparent mutual information by the fact
that the neural network is trained to reach the very peaked distribution
Plabel €ven though it does not have access to enough information to
reach it. It could be that it is encouraged during the learning part to
output peaked distributions, even though they do not necessarily reflect
the information that could be extracted from the raw measurement
record.

We thus demonstrated that neural networks can be used to process
such time traces to readout the state of the cavity. This was done
in a model-free setting, i.e. without having access to the model of
the experiment during the training. This principle could for example
be applied to process readout traces in a superconducting quantum
computer. Indeed, in processors with a lot of qubits, optimizing the
space on the chip is crucial. There is a tradeoff between the density of
elements and the parasitic couplings (crosstalks between them), which
renders the readout task more and more complex with the number
of qubits. Machine-learning-based solutions were already proposed
to adress this type of issue [176-178]. Such a model-free approach is
peculiarily useful in these cases where the model may not be known
with precision, or would require measuring a prohibitive amount of
parameters.
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In Ref. [126], Antoine Essig and coworkers already measured the
dephasing rate in the first version of the experiment presented in
Chap. 4. They also introduced the idea of using an infinite frequency
comb and theoretically studied the accessible information as a function
of time after one relaxation of the qubit (in the case §# = m) in the
number-resolved regime (y > I'1). In this case, they demonstrated that
the measurement time could be independent of the maximal number
of photons Np.x with an appropriate measurement setup. They also
built a model of the measurement records obtained with a heterodyne
detector and established that, under a Gaussian approximation of the
record statistics, the measurement time is proportional to log(Npyax),
where Ny is the maximal number of photons allowed in the cavity.

The goal of this chapter is to carry further the analysis of the infor-
mation content of the fluorescence emitted by the qubit. In Fig 4.4,
we compare the measurement rate obtained experimentally to the
dephasing rate (Fig 4.4b orange and black) and to the maximal mea-
surement rate that a heterodyne measurement could reach. We will
first develop the theoretical framework that allowed us to produce
the latter curve. In a second part, we will compare the heterodyne
scheme used in the experiment to an optimal scheme maximizing the
measurement rate and to a scheme using a Frequency-Resolved Photon
Detector (FRPD), which is close to the original Gedanken experiment
[126]. In a third part, we will generalize the notion of measurement
rate to take into account the fact that our photon counter has to
discriminate between more than two possible outcomes. Finally, we
will transform the problem of discriminating between discrete fre-
quencies into a continuous frequency estimation problem and make a
theoretical comparison between heterodyne, homodyne, FRPD, and
optimal measurements. Interestingly, we will establish cases where the
homodyne measurement performs infinitely worse than a heterodyne
detection and FRPD.
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5.1 MODELING THE EXPERIMENT
5.1.1 Heterodyne measurement

As explained in Sec. 3.3.3, in order to derive a measurement rate for
heterodyne detection of the propagating field, we need to compute the
mutual information I(k : ) between the number of photons k£ and the
heterodyne record x.

Let us consider the following communication scheme, pictured in
Fig. 5.1a. Alice communicates the word k € [0, m — 1] with probability
P(k) to Bob by preparing the outgoing mode represented by functions
fr in the state pj, and Bob performs a heterodyne measurement on
it, which gives him a record x. We are in the context developed in
Appendix A.1.1, and we can use the formula given by Eq. (A.2) applied
to a = k and b = x to compute I(k : z). This is a more general case
than for the experiment of Chap. 4, but it is handled just the same. We
write I(k : x) as a functional integral over all the possible measurement
records x

I(k:z)=— /p(x) log p(z)Dx

(5.1)
+ 3 P() [ b1, (@) o ()
k

where py, (x) is the conditional probability of finding the measurement
record x knowing that the state represented by f;, was chosen and

p(z) =Y P(k)py,(2) (5.2)
k

is the overall probability of finding the measurement record . We can

write

I(k: x) :—/<ZIP(k)pfk($)> log(ZIP(k)pfk(x)>Dx
k k
+ZP(k)/pfk(x) log(py, (z))Dz.
k

(5.3)
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Factoring out the P(k) gives

:ZIP(kz) —/pfk log(ZIP pfl ) T
k l

(5.4)
+ / Py, (z)log(py, (ﬂf))Dw]
And finally, assembling the log functions in the integral:
:Z]P(k:) —/pf,c ) log ZIP () .
(5.5)

This expression reads more simply in terms of expectation values:

- zk:IP( log(ZIP (z )'k] (5.6)

pfk x)
where E[X |k] stands for the expectation value of X conditioned on

the choice k of Alice. We now only need the probability ratios py, /py,,
which can be obtained from a SME. This enables a Monte-Carlo
approach to compute I(k : z): we could generate measurement records
and compute their likelihood step by step from the SME and estimate
the mutual information from it. What we are going to show here
is that there is a way to do the same kind of estimation but by
directly generating integrated measurement records, which is much
more efficient than whole stochastic trajectories. This approach is less
general than the SME, as it only works for single modes (even though
we believe that generalizing this derivation to a finite number of modes
is possible). This allowed us to compute this mutual information for a
wide range of parameters.

Let the outgoing field be in the state |[thou) = >, 1,/}1121}1 |vac) =
1) ; ® |vac), where f is a normalized element of L?(R,C), and x(t)
be the complex heterodyne record. Formally, the probability ps(x) to
measure this measurement record would read:

pr H{z(t" <1)}) (5.7)
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where pg(x(t)[{z(t’ < t)}) is the probability to measure z(t) at time
t knowing all the previous results at times ¢’ < t. This expression is
exact if the number of time values considered is finite, which is true in
practice: the measurement record z(t) at time ¢ is integrated over the
inverse bandwidth ¢ of the detector. In the following, we will stick to
integral expressions for convenience, but they have to be understood
as discrete sums in the limit where the time step goes to zero and
the time extent to infinity. In this setting, we consider that the time
resolution dt is small enough and the time extent of the measurement
large enough so that f is well approximated by its discrete version.

We can decompose x against an orthonormal basis {gx }x of complex
functions such that g = f by demodulating against them. It gives the
integrated records x4, that read

gy = / gL (B)x(t)at. (5:8)

Note here that this basis is finite of cardinal n for a finite number n
of time values.

We saw in Sec. 3.1.2 that x4, follows the law given by the Husimi
Q function of the mode represented by gi. As in this mode basis, the
state is a product state, the x4, are statistically independent, following
the law given by the Husimi Q function of the k-th mode Qﬁk, Ay, To
simplify the notation in this chapter, we will note Q¢ the Q function
of the mode defined by f in the state p. The probability ps(x) thus

reads

) = [[ Qo (z00) = Qr(zp) [ Quoy (241 (5.9)

k>0 k>1

with Qy(zg,) = %ef|‘”9k|2 the Q function of the vacuum state (we
assume the temperature to be zero). It gives

= 11 Qo (@0) = Qf(xf) ~ Xzl (5.10)

an—
k>0

We now have to use the fact that the L? norm ||z|| of z is given by

] = / 2(t)2dt = 3 [z, ? (5.11)
k
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Finally, this gives

2
6\ f| el Qstag) eI

Quoy(ay) (5.12)

pr(z) = Qs(zs)

We decomposed py(x) into a part that depends on z; and a part
that depends on the norm of the full measurement record = only, and
does not depend on the state prepared. Note that in the continuum
limit, this expression goes to zero. In a real experiment, it means
that it can be very small, which could potentially pose problems if
it reaches the machine precision. This quite simple expression for py
shows its usefulness when we want to compare two different scenarios
where the populated mode is either represented by fy or by f1. For a
measurement record x then the likelihood ratio py,(x)/pys, (x) between
the two reads:

Pr(x) _ Q)@ (zp)
pr()  Qpn(rn)Qu)(rs)

To compare the likelihood and perform a Bayesian update on the two

(5.13)

possible scenarios, we then only need xy, and xf,, and what we call
the pseudo-likelihoods L(folx) and L(fi|z), defined as

Qy(zy)
Qoy(zs)

L(f|x) = (5.14)

In other words, one only needs to demodulate the signal by fy and fi,
and the results contain all the information stored in the record. xy,
and xy, are said to be a sufficient statistic [179] to discriminate the
two scenarios. This is not a likelihood in the statistical sense because
J L(flz)Dz # 1, but it is proportional to it. Note that a similar
pseudo-likelihood is accessible from the SME.

We can now express the mutual information using £ as

—zk:IP(k:) - /pf,c ) log <ZIP ff;i||::5 >Dx]

(5.15)

—log (Z P(l) ((Z“?)) H (5.16)

l

:?]p
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All we need to know now are the joint laws of all the xy, conditioned
on k to be able to estimate I(k : =) by a Monte Carlo method.

To do so, we assume that the populated mode is the one represented
by fi, and we write that xy, is the result of the measurement of
Ty = A £t B}l, where the mode represented by B f, 1s in the vacuum
state. We write it as a function of xy, :

b= A+ BY = (- f)Ap + VI—1f RPAg, + B
(5.17)

where

Ji—(fi- fx)
V1=1fi- fil?

By construction, fg - f;, =0, so the corresponding annihilation opera-

fr = fr- (5.18)

tors Afk and A £l commute. The functions f; and fj; thus represent

independent modes. We can decompose B f, in the same way (on two
independent modes in the vacuum state), which gives

ig =(fi F)Ap + V1= P4y,
+(fl ’ fk)Bjrk + 1-— |fl . fk|2f3}l,d (5.19)

(fi- fe) (Ag, +B}k) +V1-1fi- fk!2(/1f,;l + E’,Tc,;l)

Thus, we can write £, as a linear combination of £, and an indepen-
dent observable by; that is effectively a heterodyne observable on a
mode in the vacuum state. Thus, we can write

zp, = (fi fo)zg + V1= i fulPow (5.20)

where by is a random variable statistically independent on zy, that
follows the Gaussian law given by Qpy. The correlations between the
br; can be obtained with the same trick, which gives

Ebrbiy] = fiu - fr (5.21)
E[bgibrrr] = 0 (5.22)

This completely characterizes the joint law of the xy, conditioned
to the k-th mode being populated. In Monte-Carlo simulations, to
generate a sample {z, }ke[[(),m—l]]v we sample x;, from @, and the by,
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( A
g Ao Bob
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b
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Figure 5.1: Scheme of the communication protocol between Alice and Bob.
(a) Alice chooses one mode function f, among m = 4 to prepare
in the state py. Here, £ = 2. Bob performs a heterodyne mea-
surement and gets a record x(¢). (b) Bob integrates its records
against the complex conjugates of the mode functions used by
Alice. It gives him m records xy,. Since k = 2 here, they can
be written as the sum of two vectors, one whose coefficients are
given by x4, (fi - f2), and the other with stochastic coefficients
by following a multidimensional complex Gaussian law, whose
covariance matrix is given by the Eq. (5.21) and Eq. (5.22).

from a multidimensional Gaussian law with zero mean, and covari-
ance matrix given by the E[bybj,]. This is summarized in Fig. 5.1b.
The procedure we follow to compute I(k : ) is then a Monte-Carlo
procedure: we generate the s, conditioned on k, compute the average

value of — log (Zk P(k) g((ﬁﬁ))) for each of them, then perform their

sum over k weighted by PP(k). This method is an efficient way of

computing I(k : x), as it can be written as a 2m-dimensional integral
of a mixture with non-Gaussian components. The case m = 2 already
corresponds to an integral in dimension 4, and we went up to m = 10,
which corresponds to dimension 20. Note that this procedure allows
us to compute the mutual information for a heterodyne measurement
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for any (possibly mixed) state preparation in any single mode of the
transmission line, with as many codewords as wanted. It could even be
generalized to more modes, using the multidimensional Husimi Q func-
tion introduced in Appendix B, as soon as the number of populated
modes is finite.

In the experiment described in Chap. 4, we are interested in the
peculiar case where fi,(t) = \/re 0TI for ¢ > 0, and fi(t) =
otherwise. It gives

KR

k+ilk—1)x (5:23)

Jio fe=

We can write
N K N ik—=0Dx -
A = — A —_— = A .24
L k+i(k—1)x fk+/€+i(k:fl)x T (5-24)
|k—l|x
ﬁ2+((k—l)x)

by changing the phase in the definition of f;; which

Note that here we replaced /1 — |f;- fx|? = = by the

i(k—1)x
Kk+i(k—1)x
is more convenient in what follows.

factor

Using Eq. (5.24) and the following commutation relations
(Eq. (2.115))

[Ag, AL] = (fi- fo)l (5.25)
Ay, AL ] =0, (5.26)

we obtain the covariance matrix between the by, given by the coeffi-
cients (f{; - f{y)

(fr fra)L = [Afkl Af =

K o ~
— 1 =JA AT 5.27
ki /i—l—i(l/—l)x [ fvs fl’] ( )

5.1.2  Frequency-resolved photon detector

A second measurement setup that we can imagine uses a frequency-
resolved photon detector (FRPD). This is very close to the idea that
was at the origin of the photon counting project [126]. A possible
experimental implementation uses time-resolved photon detectors,
to which we are more used. It consists of an array of multiplexers
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with a very narrow linewidth, each of them having a time-resolved
photon detector behind it. This kind of architecture, out of reach
in the microwave domain, exists in the optical domain. It is even
possible to multiplex temporal or spatial modes, which allows us to
perform measurements on each mode independently. It has applications
in quantum communication [51, 52] and in quantum metrology for
separation estimation of optical sources of light [48-50].

[Alice N [Bob N
i . w
fo -’\/\'\/- £0 &_’(T) ....... Sw ﬁX:
1
_,(
fl -/\/\/J\'- /3_)
f,‘% ﬁ
S \/V\N jj L = : )

Figure 5.2: Communication scheme with a Frequency-Resolved Photon De-
tector (FRPD). Alice prepared a mode represented by fi in the
state pr, which goes through an array of photon detectors that
are each positioned at the output of a bandpass filter. Each de-
tector’s click gives a measure of the frequency of the wavepacket.

In the continuum limit, this setup measures dlut [w]Gout [w]dw for ev-
ery w. In the case where there is exactly one photon in the wavepacket,
we note py(w)dw the probability density that the photon detector at
frequency w clicked when the mode represented by f was populated
by the Fock state |1). We have:

pr(w)dw = (9] af g [w]aow [w]dw [1) = | f[w]Pdw. (5.28)

In our case (Fig. 5.2), we have:

1 K
T2 k2 + 4w — wy)?

P, (w)dw dw. (5.29)
We note I1(k : w) the mutual information corresponding to this
case of a single Fock state |1) in the mode represented by f. In the
case where the propagating mode contains n photons, each of them
independently produces a click on a photon detector, so that detecting
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n photons corresponds to repeating n times the experiment with one
photon only. The outcome is a list {w; }je[[O,n—l]] of all the frequencies
associated to the photon detectors that clicked. The corresponding
mutual information I,,(k : {w;}) reads

In(k : {w;}) = nl;. (5.30)

In the case where the photon number is not determined, we can
compute an average mutual information I(k) as

I(k) = In(k:{w;}) = (M (5.31)

with (n) the average number of photons in the mode. Note that this
is valid only if the photon number statistics given by (n|pg|n) is the
same for all k, i.e. only if the number of detected photons carries no
information about k.

5.1.3  Accessible information and Holevo bound

The communication scheme described in the previous sections is a
quantum communication channel (see Appendix A.l), as the informa-
tion is transmitted using quantum states. When fixing the distribution
P used for the codewords of Alice, we can compute two different
bounds on the classical information that Alice can send through this
channel. These two quantities are defined in detail in Appendix A.l.

The first one is the accessible information. It sets the maximal
information that can be transmitted using multiple local uses of this
quantum channel. Here, the locality means that Alice cannot entangle
the states she sends across several uses of the channel, and Bob cannot
make joint measurements on the states received.

The second one is the Holevo bound. It sets the maximal infor-
mation that can be transferred through the channel when allowing
entanglement to Alice and joint measurement to Bob. As this case
is more permissive, the Holevo bound is larger than the accessible
information. The difference between the two is called the quantum
discord and constitutes a purely quantum resource that can be used
to beat classical schemes [180], such as in quantum radar experiments
[10].
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5.1.3.1 Accessible information

We compute the accessible information in the binary case (k = 0 or
1) where Bob receives pure states. We can apply the results derived
in Appendix A.1.4 by identifying our two states ) and |11) to the
states |bp) and |b1) in the appendix. |¢)g) and [i)1) read

n ¢'I’L n
o) = F} ( AT ) [vac) = Z \fATfo |vac) , (5.32)
l9h1) = FF,( AT" ) [vac) = Z Un Al |vac) . (5.33)

Vil

As explained in Sec. A.1.4, all we need to get the accessible information
is their overlap | (¢o|11) |:

1/}0*1/)1 R
(olwr) = (vac| 3“2 AG AT vac) (5.34)

Only the terms that conserve the number of photons are non-zero,
which gives

¢O*w1 R o
(wolun) = (vac| Y | =2 A} A} |vac) (5.35)
SO
(Woltr) =D (fo- f1)" U3 by, (5.36)

n

If the two modes are prepared in the same state, we note Y0 = ! = 4,
for all n, which gives

(Wolwr) =D (fo- f1)" ¢l (5.37)

n

where |¢,,|? is the photon number probability of the state!.
We can thus compute the overlap between any single-mode states
of the transmission line. The optimal measurement to apply and
the corresponding maximal mutual information [,.. are given by the

procedure described in A.1.4, as a function of this overlap.

Note that it reads (Yol11) = G[(fo - f1)] where G is the probability-generating
function of the photon number distribution.
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5.1.3.2 Holevo bound

We also compute the Holevo bound in the case where Bob receives a
pure state. If Bob receives the states |¢y) for k < m, Eq. (5.37) gives
the Gram matrix G defined as

G = {(Vklvn) - (5.38)

This matrix is positive definite if the family {|i)} is a free family,
which we consider true in the following. The Cholesky decompo-
sition gives T an upper triangular matrix such that G = 77T, which
directly gives the coordinates of all the |¢;) in an orthonormal basis.
As we are considering pure states here, the Holevo bound x reads

x= S(ZIP ) [esel ) (5.39)

directly computable knowing the P(k) and T'. S is the von Neumann
entropy.

5.2 MUTUAL INFORMATION AND MEASUREMENT RATE
5.2.1 Frequency-resolved limait

We can now compute the mutual information I(k : x) between the
number of photons in the cavity k (or the frequency of the qubit) and
the heterodyne record z for a single kick of the qubit in the experiment
presented in Chap. 4. It can be described as follows: at ¢ = 0, the
qubit is prepared in a state |¢)) = cos(6/2) |g) + sin(6/2) |e) which is
then released in the transmission line. Once again, this case can be
mapped onto the quantum communication scheme between Alice and
Bob described above by taking fi(t) = /re {“oF)=5t for ¢ > 0,
and fr(t) = 0 otherwise.

In this section, we place ourselves in the limit where y > &, which
is the optimal case, as the two line modes are then orthogonal. We also
take m = 2 to stick with the way measurement rates are computed in
Chap. 4. Tt is illustrated in Fig. 5.3 for § = «. In this case, |f; - fx| =
| < 1: all the functions fj can be considered as orthogonal.

‘n+(k 1)ix
Therefore, if Bob demodulates the record x with the same function
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fr as the one chosen by Alice, he will obtain a record that follows
the statistics given by the Husimi Q function of the corresponding
propagating mode represented by fi. If he demodulates with another
fi, he will obtain the statistics given by the Husimi Q function of the
vacuum state.

The example presented in Fig. 5.3a illustrates the case where a Fock
state |2) or a Fock state |3) is prepared in the cavity. It corresponds to
Alice having the choice between the two words k = 2 and k = 3. Let
us assume that £ = 2. In the peculiar case where § = 7, the emitted
state in the transmission line is a Fock state |1). By demodulating by
fo and f3, Bob either obtains outcomes obeying the statistics given
by Qo) or Q1 (see Fig. 5.3b). Here, the only case that would allow
Bob to unambiguously tell which word k Alice sent is the case where
Bob obtains exactly 2y, = 0. Indeed, Q;y(0) = 0 and Q|p) = 1/7, so
obtaining z, = 0 means the mode represented by f> is not in the Fock
state |1), so it is the mode f3 that is in this state. As this situation
has a probability of zero to happen exactly, Bob can never ascertain
the word Alice communicates. As a consequence, this communication
protocol sends less than one bit of information per realization.

We can now compute the mutual information I = I(k : z) for all 6.
From [¢) = cos(0/2) |g) + sin(6/2) |e), we use Eq. (2.70) to get the Q
function of the mode chosen by Alice, represented by fx:

Qup) = ~e " (cos<§)2 T cos(Z) sin(Z) (5+57)

- (0)°
+sm<2> |B[2>

(5.40)

Convolving with pyr (see Eq. (3.54)) with 02 = lg—n” gives the Husimi
Q function for a finite quantum efficiency n. Fig. 5.4a shows the
mutual information I in the frequency-resolved case x > k as a
function of 8 and 7. Fig. 5.4b shows cuts of this plot along the lines
n =0.1,0.25,0.4,0.55,0.7,0.85 and 1, which correspond to increasing
values for the mutual information. The optimal angle 0, that maxi-
mizes I increases with 7, and is plotted in Fig. 5.4c. Interestingly, it
remains close to § = 7/2 up to high quantum efficiencies compared
to the state of the art [88-91]: it crosses Oopy = 37/4 only for n ~ 0.9,
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Figure 5.3: Scheme of the equivalent communication protocol between Alice
and Bob in the case m = 2. (a) Alice chooses between two
frequencies for the propagating mode. In the experiment, it
would, for example, correspond to two possible photon numbers
2 and 3 in the cavity. Here, she chooses k = 2, which prepares
a single photon state in the mode defined by f2. Bob performs
a heterodyne measurement and gets a record x(t). (b) Bob can
integrate its records against the complex conjugate of the mode
functions f, and f3. It gives him 2 complex outcomes xy, and x, .
Since k = 2 here, zy, is sampled from the Husimi Q function of
the Fock state |1). Since x > &, xy, is sampled from the Husimi
Q function of the vacuum state.

and reaches 0, = 7 very sharply for n = 1. The noise in the plot
is due to the remaining statistical noise due to the use of a Monte
Carlo method. We see that the number of bits transmitted saturates
at around I,,x = 0.3 bits. We can link these curves to the following
expected behavior for the information as a function of the quantum
efficiency. When going through a beamsplitter with transparency 7,
the average signal is attenuated by a factor /7. However, the variance
of this average signal, which gives the noise power, is attenuated by
7. In fact, moments of order n are attenuated by a factor ,/n". We
can think of it this way: getting information from the heterodyne
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Figure 5.4: Mutual information between the number of photons and a het-

erodyne measurement record as a function of the kick ampli-
tude on the qubit and the quantum efficiency. (a) Map of the
mutual information I = I(k : z) between the number of pho-
tons k € {0;1} and the measurement record z of a hetero-
dyne measurement in the frequency-resolved case x > k as a
function of 6 and 7. (b) Cuts of the color map along the lines
n =0.1,0.25,0.4,0.55,0.7,0.85 and 1 corresponding to increasing
mutual information values. (¢) Optimal angle 0, as a function
of n. (d) Mutual information I as a function of the quantum
efficiency for § = 7/2 (blue solid line) and # = 7 (green solid
line). The blue dashed line is a linear fit for small n, and the
green dashed line shows the function I = Imaxnz.

measurement records consists in discriminating the Husimi Q function
of the mode and the Q function of the vacuum state. For small 6,
the qubit state resembles a small coherent state of amplitude 6/2,
thus carrying most of the information in the average amplitude. The
Husimi Q function is thus a Gaussian function, and when getting the
measurement outcomes, we want to know whether their average is 0
(vacuum) or 0/2: the information lies in the average. A finite quantum
efficiency 7, which is equivalent to putting a beamsplitter on the line,
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will thus transform the problem into discriminating 0 from ,/76/2.
The SNR, defined as in Eq. (3.92), is thus proportional to 7.

When 6 gets close to 7 (and the state py closer to |1)(1|), this
information in the average of the outcome gets smaller and smaller as
the average signal vanishes. The information then lies in the higher-
order moments of the @ distribution, which vanish faster than the
average as a function of 1. We illustrate this in Fig. 5.4d by plotting
the mutual information as a function of the quantum efficiency for
6 = /2 (blue solid line) and # = 7 (green solid line). We fitted
these curves with a straight line for § = /2 at short values (blue
dashed line) and plotted the function I = I;,.xn? (green dashed line),
which almost coincides with the solid green line. I}, .« is the mutual
information attained for = 1. Interestingly, the mutual information
is almost linear in n when it is mostly encoded in the average and
quadratic when there is no average signal. In the latter case, this is
coherent with the intuition that most of the information lies in the
variance at small 7: the Husimi Q function can be seen as a Gaussian
function with a slightly bigger variance than that of the vacuum state
in this regime.

An FRPD works better in this regime x > x: when loaded with
1 photon, the frequency click unambiguously discriminates between
the two cases, as the two possible frequency distributions py, and
pf, defined in Eq. (5.29) do not overlap. Each realization thus brings
one bit of information. This thus saturates the number (1) of bits
transmittable. The accessible information and the Holevo bound thus
amount to one bit of information each.

5.2.2  Other regimes

We further explore the full range of values for y/k and compare the
heterodyne detection, the FRPD, the accessible information, and the
Holevo bound for each of these cases. The result as a function of the
qubit excitation probability p(e) = cos(#/2)? is shown in Fig. 5.5. The
previous case x > k is shown in Fig. 5.5a. We see that the heterodyne
measurement performs worse than all the others but that the FRPD
does achieve the accessible information bound only for 8 = 7, or
p(e) = 1. This can be understood as the fact that this measurement is
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Figure 5.5: (a) to (c): Holevo bound and mutual information as a function of
p(e) = cos(A/2)? for the heterodyne detection, the FRPD, and
an optimal detector, for different values of x/k.

completely insensitive to the coherence of the state, thus dismissing
a useful resource. Alternatively, we can think about the fact that
the FRPD gives additional information: the total number of photons
in the line, which does not help in discriminating the two scenarios.
As a consequence, this information is associated to an excess back-
action on the state, which lowers the efficiency of this measurement,
as in Sec. 3.3.6. The Holevo bound exceeds the accessible information
everywhere and saturates to 1, as expected.

Interestingly, when lowering the ratio x/k, the heterodyne mea-
surement starts to perform better than the FRPD for small qubit
excitation probabilities p(e). At x/k = 1 (Fig. 5.5b), it performs worse
only for p(e) 2 0.6. The FRPD performs now worse than the accessible
information, indicating that the coherence of the state becomes a cru-
cial resource. The Holevo bound is now never reached by the accessible
information. At k = 20y, the FRPD’s best performance is half the
accessible information for p(e) = 1, as for the heterodyne detection,
which performs always better than the FRPD for p(e) < 1. Strikingly,
the Holevo bound is much larger than the accessible information. As
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a matter of fact, we observed that the ratio between Holevo bound

and accessible information diverges? for x/x — 0.

0.0

Figure 5.6: Measured and theoretical measurement rates for heterodyne,
FRPD and ideal measurement. (a) Red dots: observed average
measurement rate '), as a function of drive amplitude, expressed
as the qubit expected rotation angle 6 per kick. Blue shadow: the-
oretical bound for an infinite comb and heterodyne measurement
with efficiencies n € [0.17,0.20]. Grey shadow: theoretical bound
for an infinite comb using an FRPD with efficiency n € [0.17,0.20].
(b) Red dots: observed cavity dephasing rate I'q as a function of
0. Black: theoretical accessible information rate. Blue: theoreti-
cal maximal (7 = 1) measurement rate obtained by heterodyne
detection. Grey: theoretical maximal (7 = 1) measurement rate
obtained with an FRPD.

Finally, we show again the Fig. 4.4 but including this time the
FRPD, which gives the Fig. 5.6. This regime of the experiment is close
to the regime y ~ k = T% The FRPD would perform better than a
heterodyne detector around 6§ = 7 in both cases n ~ 0.17 and n =1,

2 This divergence between communication rates is reminiscent of the Heisenberg
scaling in quantum metrology [181].

170



5.3 DISCRIMINATING MORE THAN TWO FREQUENCIES

whereas the heterodyne detector performs better in the regions where
the information lies mostly in the qubit average quadratures.

To compute a measurement rate from the mutual information I at
n = 1 in this case, it is not enough to compute % as in Eq. (4.17). Indeed,
the mutual information becomes too large compared to log(2) (the
initial entropy of Alice’s codewords) for this first-order development
to be valid. As a consequence, we corrected the measurement rate by
writing:

T,, =% (5.41)

where 'y} is defined as the equivalent measurement rate obtained for
a dispersive qubit measurement performed with n = 1 and an optimal
measurement, defined in section Sec. 3.3.5, performed after a time
T= %, which would give the same mutual information 1.

It is important to note that this procedure, applied on the optimal
measurement, allows us to recover exactly the dephasing rate as
computed in Chap. 4. The dephasing rate is thus attained for a
time global measurement (see Sec. 3.3.5) on the emitted mode over
the repetition time. However, this emitted state is now entangled
when expressed in a time basis, which forbids decomposing it on a
smaller time grid, as it was done in Sec. 3.3.3. An optimal time local
measurement could then very well miss some information and, in the
end, exhibit a measurement rate lower than the dephasing rate defined
this way. Interesting questions thus remain open: does a time local
measurement reach the dephasing rate, as it is the case for a standard
dispersive qubit readout? If not, what is the best a local measurement
could do?

5.3 DISCRIMINATING MORE THAN TWO FREQUENCIES

This section aims at discussing how to generalize the notion of mea-
surement rate to a case with more than two outcomes. Up to this point,
we have measured the performance of our photon counter solely by
its capacity to distinguish between two consecutive photon numbers.
This is justified by three reasons. First by the fact that the frequencies
that are the hardest to distinguish are consecutive frequencies. On
average, the numbers that are far from the actual photon number
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Figure 5.7: Red dots: observed average information rate I',, for § = 7/2 when
discriminating the photon number 0 from the photon number
k, as a function of k. Blue: theoretical information rate for a
quantum efficiency n = 0.17.

are ruled out quickly. Fig. 5.7 shows the observed measurement rate
when discriminating the Fock state |0) from a Fock state |k) as a
function of k. The case k = 2 exhibits a photon number twice as high
as the case k = 1. As a consequence, the last thing to do is almost
always to discriminate between a few photon numbers. Second, once
the Bayesian estimator converges to a number of photons, the Bayesian
filter only has to detect single photon losses, and as a consequence, it
mostly has to decide between two consecutive frequencies. Finally, it
allows us to apply the theory of the qubit readout to this case with
more than two possible outcomes, and it gives an experimental way
to compare the measurement rate to a dephasing rate obtained by
Wigner tomography.

However, the corresponding binary measurement rate does not
quantify the information rate that can be transmitted over the full
bandwidth of this detection setup. It does not answer a crucial question:
how fast can the estimator converge at short times when the entropy
is maximal?
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5.3.1 Information rate

In this regard, Eq. (3.85) needs to be treated with care. Using this
formula gives the amount of information that we can transmit with this
communication channel. It thus purely gives an information rate. We
computed this information rate I'; both theoretically and experimen-
tally for m = 8 possible frequencies as a function of 8 and compared
it once again against the accessible information and to the FRPD.
We plotted the result in the Fig. 5.8. What we can notice is that it
does not change the curves qualitatively but quantitatively. We have
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Figure 5.8: Information rates with 8 possible photon numbers. Red dots:
observed average information rate I'; as a function of drive
amplitude, expressed as the qubit expected rotation angle 6 per
kick. Blue shadow: theoretical bound for an infinite comb and
heterodyne measurement with efficiencies € [0.17,0.20]. Grey
shadow: theoretical bound for an infinite comb using an FRPD
with efficiency n € [0.17,0.20].

approximately I'; ~ 3I',,, for the heterodyne measurement. This is
expected, as in the theoretical modeling, Alice is sending 3 bits instead
of 1. We still quantitatively reproduce the experiment for # < w. The
amount of information transmittable with the heterodyne communica-
tion scheme typically scales with log m. Quite unexpectedly, I'; >~ 61,
for the FRPD, which is at first really surprising, and seems to violate
the rules of information transfers. The reason for this behavior is sub-
tle. This is due to the fact that when adding a new possible number
of photons (a codeword in the quantum communication language),
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the associated Lorentzian distribution has an overlap with the other
distribution of the other possible number of photons that goes to zero
as a function of the difference in number of photons. Asymptotically, if
we need a frequency difference of My to differentiate reliably the two
associated lorentzians, the amount of transferrable information per de-
tected photon is at least I = log(m/M) = log(m) — log(M) ~ log(m).
By contrast, with the heterodyne measurement scheme, even with an
infinitely large frequency difference, the probability distributions of
the measurement record for two different numbers of photons still have
a finite overlap. In this case, the amount of transferrable information
seems to scales like log(m) but with a certain factor z € [0, 1] corre-
sponding to the fraction of information transferrable: I ~ xlog(m).
We observed this with up to m = 8 experimentally in Fig. 5.9, where
we defined I}, = T';/log(m) (see next Sec. 5.3.2).

However, when simulating larger values for m, this scaling changes,
and I'; saturates to a certain value I'}"**. This is surprising at first
because it seems that we should be able to transfer more information
when increasing the number of possible number of photons m: if Alice
has more codewords, she should be able to transfer more information
to Bob. As discussed in [126] with a toy model in Appendix F1,
the codewords become more and more unreliably transferred, and
inferring the right number of photons takes also a measurement time
(or a number of repetitions) that is logarithmic in m. We observed
this behavior whatever the quantum efficiency or the kick angle. It is
linked to the fact that all the conditional probability distributions have
a non-vanishing overlap. Asymptotically, the probability to make a
mistake in identifying the correct number of photons in one realization
then goes to 1.

This first way of generalizing the measurement rate thus gives a nice
quantum communication point of view. However, it is not satisfactory
to define a characteristic measurement time. Indeed, we do not expect
it to be shorter for a higher number of photons but rather to increase
with the number of possible numbers of photons m.
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5.3.2 Measurement time

A simple toy model to recover such an increasing measurement time is
to look at the characteristic time T;,, needed for the mutual information
to reach the initial entropy Hy about the number of photons. It
corresponds to define T,,, by the equality

T, = Ho. (5.42)

For Hy = log(m), we simply recover T, = log(m)/T";, which gives
the expected logarithmic scaling in the number of possibilities. The
measurement rate can then be defined as

oo L
" T, log(m)

. (5.43)

Note that in the case m = 2, it gives a higher measurement rate
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Figure 5.9: Experimentally determined generalized measurement rate I",
as a function of the number of possible photon numbers m
(corresponding to photon numbers between 0 and m — 1). The
large error bar size for m > 6 is due to the lack of samples.

by a factor 1/log(2). This solution looks satisfactory, but in our
case, the information rate seems to also logarithmically with m. The
measurement time thus seems asymptotically constant, as shown in
Fig. 5.9. To recover the expected logarithmic scaling demonstrated
in [126], we need to look at higher values for m. As I'; saturates, 1),
indeed scales asymptotically with log(m).
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On a final remark, this newly defined measurement time does not
correspond to a dephasing rate. The dephasing rate is indeed only
defined between two possible photon numbers. In the end, what fully
characterizes the measurement rate is the matrix of the measurement
rates MR corresponding to the pair of states {(|k) , |I)) }x;. This matrix
is pictured in Fig. 5.10. For a measurement saturating the accessible
information bound, this matrix would correspond to the dephasing
rate between the states {(|k),|0)) }xi-
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Figure 5.10: Experimentally determined measurement rate matrix MR.

5.4 CONTINUOUS CASE

The problem tackled here can be thought of as discriminating which
mode of the transmission line was populated. In the case of the
experiment of Chap. 4, it amounts to identifying the frequency at
which the wavepacket has been emitted. We can formulate this more
formally like this: we have a mode, described by the function f, which
can be translated in frequency by an offset Aw that we want to
determine. The goal of the experiment is to discriminate between a
finite number of values for Aw, but we can now turn it into a parameter
estimation problem: if Aw can take continuous values, how fast can
we estimate it? We then turn from a communication point of view
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to a metrology point of view. The quantities to compute to quantify
the precision in the estimation of Aw are the Fisher information (FI)
and the Quantum Fisher Information (QFI) (see Appendix A.2). We
can also interpret this continuous case as a binary case in the limit
where the two wavefunctions fy and fi are infinitely close to each
other (|fo- f1] ~ 1). More quantitatively, in the case of balanced binary
information sent using a noisy classical channel, the mutual information
is proportional to a Fisher information (see Appendix A.2.2).

We can model the problem as follows. We consider a state |¢) =
1) § ® |vac) that we can shift in frequency. We receive a state

[¥(Aw)) = T aw ) (5.44)
= [¢),, ® [vac) (5.45)

where we noted fa, = T awf, with T A, the translation operator in
the frequency domain defined in Eq. (2.123). We will now compute the
FI about Aw associated to a heterodyne or homodyne measurement,
FRPD, and compare it to the QFI.

This problem can be seen in the more general setting of estimating
a parameter encoded in the modal structure of a light beam. Indeed,
the transform could be any unitary operation applied on the mode
function f, and the state may not be pure. In this regard, a more
general framework is developed in Ref. [182] to identify quantum limits
on the estimation of such parameters.

5.4.1 Quantum Fisher Information

The problem, as stated, closely aligns with the topic addressed in
Ref. [55]. We adopt the framework presented therein but focus on the
Fisher information concerning frequency rather than time. Given the
symmetric relationship between time and frequency, we can modify
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equation (2) from [55] accordingly. The Quantum Fisher Information
(QFI), Fo(Aw), is expressed as:

Fo(Aw) = 4(AF)?
= 4(((B(Aw)| 72 [Y(Aw)) — ()| A7 p(Aw)? )
= 4(()AF? + AP,
(5.46)

where (f) is the average number of photons in the state [1)(Aw)), AR?
its variance, T = fj;o t|f(t)|?dt the average time of the wavepacket,
defined as the average value of the operator 7 on the function f,
and A7? = fj;o (t — 7)2|f(t)|?dt its variance. The time operator
is defined in Eq. (2.121), and its quantum operator counterpart 7 in
Eq. (2.129).

Fo(Aw) is a sum of two terms. The first term, proportional to (),
shows the contribution of the average population of the mode. The
one proportional to An? is the contribution of the coherence of the
state. For pure states, the larger An?, the more defined the phase,
as they are conjugate quantities. It is then possible to have a scaling
that is proportional to n?: for a state of the form |¢) = %, we
have An? = N?2/4 = n2. Using this kind of state makes maximum
use of the resources (the number of photons) and allows to reach the
so-called Heisenberg scaling [55]. In this term proportional to An?, 7
is the typical time allowed to measure the frequency: longer time then
means better frequency resolution. Note that this expression assumes
that the experiment started at time ¢ = 0. It implies that the temporal
wavepackets are defined for positive times only.

An interesting property of this expression is that it only depends
on the photon number statistics of the state. In particular, it means
that changing the phases of its coordinated in the Fock basis does not
change the Fisher information.
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We can already look at different examples. In the case of a mode
prepared by a decaying linear cavity, we have f(t) = \/Ee_(g”“’o)t. It

gives:
1
T=— 5.47
= (5.47)
1
AP = —. 5.48
= (5.45)
Hence, a very simple expression for the QFI is
4
Fo = — ({A) + AR?). (5.49)

We can compute it in a few simple cases. For a coherent state of
amplitude « prepared in the mode of interest, the average number of
photons is (7) = |a|? and the variance also reads An? = |a|?, as the
distribution is Poissonian. It gives:

_ 8laf?

Fo=~ 5. (5.50)

We can also prepare a displaced vacuum squeezed state |«, (), defined

as
@, ¢) = D()S(¢) [0) - (5.51)
For ¢ = r with r real, it gives
1
Fg = ?( — 3 4 2cosh(2r) + cosh(4r)

(5.52)
+ 8cosh(r) (e Re(a)? + €3 Im(a)Q))

This expression is divided into two parts. The first part does not
depend on « and thus remains present even for o = 0. It comes from
the pure squeezing of the state. The other one that depends on «
can be enhanced if « is imaginary and r > 0 (or « real and r < 0),
which means that the amplified quadrature is aligned with «. Or it
can be diminished if the amplified quadrature is orthogonal to . This
can be intuited from the fact that the first case has a much more
defined phase than the other, in the sense that its angular spread is
smaller in phase space. This is pictured in Fig. 5.11. The optimum
for fixed squeezing and displacement amplitudes is reached when its
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phase is the most defined. As we will see in Sec. 5.4.4, it comes from
the fact that the frequency translation can be seen at first order as
a rotation in a two-mode phase space. A more defined phase then
means higher distinguishability. This behavior is thus very close to
usual phase estimation problems.

y Im(B)

A /

A0,

Re(B)

Figure 5.11: Influence of the direction of squeezing on the QFI. We represent
two displaced vacuum states with the same absolute amplitudes
|ar| = |aa] = 1. The first one (left, red) is associated to a
better QFI than the second one (right, green). This can be
understood by looking at the angular spreads 6; and 5, which
are significantly different.

We can finally compute the QFI in the case where the mode is
emitted by a qubit for which the occupation probability of the Fock
states |0) and |1) are p(0) = cos(#/2)? and p(1) = sin(0/2)?. The QFI
reads

4
Fo = — (p(1) + p(0)p(1)). (5.53)
This situation would correspond to the experiment performed in Chap-
ter 4 if the number of photons was a continuous parameter. We will
compare it to the FI obtained with an FRPD, a heterodyne, and a
homodyne detection.

5.4.2  Frequency-resolved photon detector

The photon counter case is the simplest. We can first compute it for
a single photon state. We will then use the additivity of the Fisher
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information to generalize it to arbitrary states. It corresponds to
computing the Fisher information associated to the parameter Aw of
the probability density P(w) that reads

P(w) = |flw — Aw] | (5.54)

In the case of a linearly decaying cavity at frequency wg, we write
again Eq. (5.29) as:

1 K

P = — .
() 27 K2 + 4(w — wo + Aw)? (5:55)

which defines a Cauchy distribution. The expression of the FI associ-
ated to the location parameter of a Cauchy distribution is well known
in statistical inference. Here, it is given by:

14 2
FlAw) = -— = —. 5.56
(dw)= 1 5 =2 (5.56)
Using the additivity of the FI, we can generalize to an arbitrary state
by writing an average FI F(Aw):

F(Aw) = =% (5.57)

with (n) the average number of photons in the prepared mode. This
gives the average FI obtained using an FRPD?3.
For a coherent state, the FI thus reads
Zn 2ol

F(Aw) = =5, (5.58)

which is four times smaller than the QFI. Once again, it can be
understood by the fact that this measurement does not exploit the
state coherence.

As for a displaced squeezed vacuum state, the FI reads

F(Aw) = % (2cosh(2r) — 2 + e~ Re(a)? + ¢ Tm(a)?).
(5.59)

Here also, it is significantly lower than the QFI.

In this peculiar case of a Cauchy distribution, the notion of Fisher Information
makes only sense after a large number of samples and when using efficient estimators
such as a maximum likelihood estimator [183].
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5.4.3 Heterodyne measurement

To work out the heterodyne case, we can simply use Eq. (A.18),
replacing py by the pseudo-likelihood £ defined in Eq. (5.14):

F(Awp) = E[(ﬁlog(giiwlx))fmw} (5.60)

where x is the measurement record. From the Sec. 5.1.1, we have both

the expression for L(Aw|z) as a function of z, , and the law of x ¢,
knowing that the only mode that is not empty in the line is the mode
defined by fa.. Thus, we have its law as a function of Aw. In what
follows, we denote x(Aw) = ¢, for simplicity.

Recalling that L(Aw|r) = Q(2(Aw))/Qoy(7(Aw)), what we need

now is the law of % = 2/(Aw). To determine it, we write

+oo
z(Aw) = / Bl (1) (t)dt. (5.61)

Taking the derivative with respect to Aw gives

) = = [ :O it f (t)a(t)dt

. (5.62)

i / (7 F5) (D(t)dt.

—0o0
We can thus write 2/(Aw) as another random variable, coming from
the measurement of the mode defined by 7 fa.
Applying the same techniques as in Sec. 5.1.1, we can decompose
7 fa. into a part colinear to f, and an orthogonal part. We write
J— 1 =
JAw = mTwa

the normalized version of 7 fa,. Decomposing ga., into a part parallel

(5.63)

to f and a part orthogonal gives
9Aw :(gAw : wa)wa

+ \/1 - ‘gAw . wa

|2 JAw — (gAw ’ wa)wa (564)
1 —lgaw - fawl?

Note that we have (7 faw - faw) = (7f - f) = 7. We can then write

AgAw = (QO : f)Awa + mBAw (565)
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where EAW is the bosonic operator associated to the function
gAw_(gAw'wa)wa

\V 1_|9Aw'wa|2

the end, again following the same steps as in Sec. 5.1.1:

, which is assumed to be in the vacuum state. In

?(8w) = i (g0 fra(aw) + VT Tg0 - F78) (560
(90 f)

where b is a Gaussian random variable, independent of xy, which

follows the probability density given by Qo). Note that this derivation

can be easily generalized to any kind of unitary operation U (A = eiA0

performed on the mode function f. The previous equation reads in

general

[Of 1)

T =T

(90 F)zx+ T =Tgo - f1%) (5.67)

where go is defined the same way from O f:

1 A

g = ————0. (5.68)
\VOf-Of

We then have all the needed tools to derive the FI in the heterodyne
case. We have only two independent random variables: z ¢, whose law
is given by the Husimi Q function of the state of the mode prepared,
and b, which is a simple Gaussian variable. The Fisher information
thus reads as a four-dimensional integral over two complex variables:

F(Awp) = / / <alog(§A(iw|x)))fo(az)Q|0>(b)dxdb (5.69)

where z in the integral stands for the values of x(Aw). Defining
h(z(Aw)) = log(L(Aw|z)), (5.70)

we can compute its derivative with respect to Aw using the chain rule:

0
%h(:c(Aw)) =

o i)
ORe(z(Aw))  I0Im(z(Aw))

2 (Aw) - ( h(Aw))

(5.71)
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where (-) here stands for the complex scalar product defined as z; -
zo = Re(z{22). It can be written in a nicer form using the Wirtinger
derivative. Defining

ooy 1 0 .0
i) = §<3Re(x) B Z@Re(x))h(x)’ (5.72)
it gives
%h(w(Aw)) =2/ (Aw)W (2(Aw)) + 2/ (Aw)* W (x(Aw))*.
(5.73)
In our peculiar case, we have
F(t) = re (5+0)¢ ang (5.74)
wa(t) — \/Ee—(%-i-i(wo—&-Aw))t. (575)
We can write
e 2
(Tf'Tf):g (5.76)
()= (5.77)
which gives
7' (Aw) = é(:ﬂ(Aw) + ). (5.78)

We can now numerically evaluate the Fisher information for any pure
state preparation in the mode f. As for the mutual information, we
computed it in the qubit case with finite quantum efficiency n € [0, 1]
and 6 € [0,7]. The result is shown in Fig. 5.12. Strikingly, the FI
behaves just the same as the mutual information. We did the same
figures as in Fig. 5.4, and we see that the plots are qualitatively the
same. We could even compare the optimal angle ,,; and see that
they are the same, up to the statistical noise in the estimation of the
mutual information. The same discussion about the moments of the
heterodyne measurements in Sec. 5.2.1 carrying the information as a
function of 1 can be conducted here with Fig. 5.12d. For a Fock state
|1) prepared in the mode, the heterodyne measurement performs as
well as the FRPD and half as well as an ideal measurement achieving
the QFI. This is the same as the k < x regime studied in 5.2.2.
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0.0 0.2 0.4770.6 0.8 1.0 00.0 02 04 770.6 0.8 1.0

Figure 5.12: Fisher information as a function of the quantum efficiency and
the kick amplitude on the qubit. (a) Map of the Fisher infor-
mation F' of a heterodyne measurement as a function of  and
7. (b) Cuts (a) along the lines n = 0.1,0.25,0.4,0.55,0.7,0.85
and 1 corresponding to increasing Fisher information. (¢) Dark
red solid line: Optimal angle ., as a function of n for the
Fisher information. Blue dots: 0,5 for the frequency-resolved
mutual information (see Fig. 5.4. (d) Fisher information F as a
function of the quantum efficiency for § = /2 (blue solid line)
and 6 = 7 (green solid line). The blue dashed line is a linear
fit for small 7, and the green dashed line shows the function
K2F =212

5.4.4  Homodyne measurement

We now derive the FI for a homodyne measurement performed on a
mode that is hermitian symmetric with respect to wy,. For simplicity,
we consider that w,, = 0. The condition that the mode is symmetric
translates into f* = f: it is a real-valued function. What we want to
compute is F'(Aw = 0), i.e. the FI when the measurement frequency
wp, 18 already equal to wg. As for the QFI, it makes sense when
considering the asymptotic behavior of an adaptive scheme where w,,
is adapted at each iteration to the best estimation of Aw so far.
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The goal here is to express a quasi-likelihood function for the mea-
surement record the same way as in Sec. 5.1.1. To do so, we will see
that we can integrate the measurement record against well-chosen
normalized real functions g, and compute the probability density of
the outcomes z4,. As we saw in Sec. 3.1.1, it corresponds to sampling
the Wigner functions of the modes represented by the elements g,.
Therefore, we have to understand how to transform the Wigner func-
tion Wy of the full transmission line under the frequency translation
725w. We will do it at first order in dw, which allows us to express the
frequency translation as a rotation in a subspace of dimension 2 only.
This leads to the definition of a simple pseudo-likelihood that we can
use to compute the Fisher information.

For a small frequency translation by dw, we can linearize the unitary
operator 7’% around Aw = 0, which gives:

T 5w =1 — idw? (5.79)
The corresponding action on f reads
Tswf = f —idwT f. (5.80)

It is sufficient to study the effect of T, on Span({7"f}). From now
on, we will work in this subspace.

In order to compute the action of T, in this space, we first build
{gn} the orthonormal basis obtained by applying the Gram-Schmidt
algorithm on the family {7”f},en. By construction, we have the
following properties:

g0 =f (5.81)
9n * Gm = Omn (5.82)
(79m) - (Gmrk) = (9m) - (Fgmyr) = 0if k> 2. (5.83)

The latter property comes from the fact that (7g,) €
Span({7" f }n<m+1) by construction. In general, this family has an
infinite cardinal number, which we will consider true in the following.

The action of 7T, on Span({7"f}) can then simply be expressed
by a change of basis

9n — T&wgn' (584)
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We can check that {7 5,9, } remains an orthonormal basis.
T sw 1s a rotation in the vector space spanned by {g,}. In this basis,
its matrix elements are of the form

(Qm : Téwgn) (585)
which, at first order in dw becomes
9m - (T(Swgn) = —10Wgm - (%gn)' (5'86)

Using Eq. (5.83), the rotation matrix Ry, describing 7T s, in the basis
{gn} finally reads, at first order in dw:

ng ~ 1 —idwx

90 (790) ) (90 (791) 0 0

g1+ (Tg0)) (91 (F91) (91 : (A92)) 0
0 (92 : (Agl)) (92 : (Agz)) (92 : (fgzs))
0 0 <g3 : (A92)> (93 : (%93)>

(5.87)
At first order, it thus only mixes the mode g, with the mode ¢,,+1
and gp,—1.

This matrix gives the coordinate transform to express how the
full Wigner function of the line Wy transforms under the frequency
translation Tgw. It simply reads

T 5w _

Wo(B) == Ws, = Wo(R5, ), (5.88)
with 8 = (Bo, b1, -..) its coordinates (see Appendix. B). At this point,
the Wigner is an infinite-dimensional quasidistribution. To work it out,
we use the fact that the only state that is not in the vacuum state is
the one represented by f. As a consequence, under the rotation, and at
first order in dw, the only two modes that are not in the vacuum state
are the ones represented by gg and ¢g;. The Wigner function reads

Wo(B) =W s(Bo) [ Wioy(8n) (5.89)

n>1
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before applying the rotation. Applying the rotation, it reads

Wiu(B) = Wo(Ry)B) = WiL(Bo, B1) [ Wioy(Bn) + o(6w),

n>2

(5.90)

where Wéoj is the two-dimension Wigner function of the modes repre-
sented by go and g;. Thus, we are only interested in the coordinates
By and 51 of Wy (Rgﬁj) As all the terms involving 3, for n > 2 can
be factored out as Wg)(3,), the change of coordinate 3 — R(S_wlﬁ for
the Wigner function Wy is equivalent to the following change of coor-
dinates in this peculiar case where only the state represented
by go is not the vacuum state:

90 - (790) go-(Tg1)] 0 O

91+ (790) g1-(fg1)] O

0 0 1 0
0 0 0 1

R}, ~ 1 —idw

| (5.91)

This can be understood by a geometrical argument: when only the
mode represented by f is populated, the Wigner function is invariant
under the action of Rg, almost everywhere, except in the manifold
Span(go, g1). We thus restrict our description to this space and write
Ss. the restriction of ng to this subspace as:

g0 - (T90) 90 - (Tg1)
Ss, = 1 — idw . (5.92)

~

91+ (790) g1 - (Tg1)
The expression of W(?u} is thus
W3, = Wil (S5, (Bo, B1)) (5.93)

The transformation of Wé)l — W(% in this subspace is pictured in
Fig. 5.13 for a coherent state |«) prepared in the mode defined by
f = go (and the vacuum state in g1 ), shown in (a) and (c). Translating
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the mode in frequency corresponds to rotating the Wigner function
in a four-dimensional space, which we can visualize by plotting the
Wigner function of the same modes defined by go and ¢ ((b) and (d)).
The distinguishability of the states depends on the distances in phase
space, given by dw|go - 7go| = 0wT (X2 between +d0w and —dw) in the
mode defined by f = go, and dw|g1 - Tgo| (X2 between +dw and —dw)
in the mode defined by g;. Note that since the two modes are in a
coherent state, the state |1g1) describing the two modes is separable
and reads (still at first order in dw)

[Yo1) = (1 — idwT)a) @ |~idw(g1 - (Tg0))ar) ., (5.94)

and we can factorize W(?J into

W5 (Bos 1) = W go (B0)W g, (B1)
= Wa—isw)a) (Bo)W |(—isw)a) (B1)-

This is not the case when working with non-coherent states.

(5.95)

Coming back to the measurement record, we can integrate it against
f* = gy and g7, which gives measurement outcomes x4, and x4, . The
law of these two measurement records is given by the joint probability
density ps, (2., Tq,) that reads

Pow(Zgos Tg,) —/ WL (240 + ipo, x4, + ip1)dpodps . (5.96)

We can now apply the same arguments as in Sec. 5.1.1 and write a
pseudo-likelihood function

p(sw(xg(ﬂxgl) (597)

L(ow|x) = L(6w|xg,,Tg,) = )
( ‘ ) ( | 9o 91) pvac(mgoa:l:gl)

where pyac

Pvac = / W|O> (xgo + Z.pO)VV|O> (wg1 + ip1)dpodp (5'98>

is defined the same way as py but with the two modes defined by gg
and g7 in the vacuum state. We now have an explicit way to compute
the FI:

5w|xgo7$g1)>

0log < 2
//( S0 > Po(Zg9, gy )dwgoday,

(5.99)
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(2) Im(fo) (b) Tm(Bo)
Wwo = Wm — ow
2 X |a|owT
un = W)‘
wo = Wm + ow
Wm = Wo . |
0" " 0 <— >
Re(fo) "9 x| Im () [dwT Re(fo)
() Jm) (@ Tm(81)
= Wm 76 (T
) em = o = =G | 2 x olaslgr - (7o)

® Re(8) ;l/s Re(f)

1 -
1|1 wy =wm + 0w
O N

2 x [Im(a)[6wl|g1 - (790

Figure 5.13: Scheme of the transformation of the two-mode Wigner function
for a small detuning dw between the homodyne detection fre-
quency and the signal frequency. (a) and (c): Wigner functions
W and W, of the modes defined by f = go and g1 when the
mode defined by f is in a coherent state |a). (b) and (d) Wigner
functions of the same modes after a time translation by +dw
(lighter red) or —déw (darker red). The direction of the displace-
ment in phase space (light grey dashed line) is orthogonal to
the direction set by « (dark grey). A homodyne detection has
measurement outcomes distributed following the marginals of
WYL as a function of Re(fy) and Re(51).

where po(z4,, 24, ) factorizes as

Po(Zgo, Tgy) = /Wf(l‘go +ipo)dpo/Wo>(93g1 + ip1)dpr.
(5.100)

We can compute it for a few examples in the case f(t) = /e 2! for
t > 0 and 0 otherwise. In this case, the g, are expressed as a function

of the Laguerre polynomials L,, of order n:

VELn(kt)e 3t if t >0
n(t) = 5.101
9n(?) { 0 otherwise. ( )
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Ss., reads

R, ~ 1 — idw <—11/7/<; ;{j) . (5.102)

We can now apply the formula Eq. (5.99) for various states prepared
in the mode f. We can first take a look at coherent states. Preparing
a state |«) in the mode defined by f gives a Fisher information

Im(a)?

K2

F(0)=38 : (5.103)

Interestingly, when « is imaginary, F'(0) is equal to the QFI. This is
expected, as the direction of displacement in phase space (Fig. 5.13) is
the same as that of the homodyne measurement. This is similar to the
ideal dispersive readout of a qubit discussed in Sec. 3.3.4, for which all
the available information is retrieved. However, for « real, it vanishes.
It can be understood by the fact that the marginal distributions of
Re(Bp) and Re(f1) do not change at first order, as the rotation in
phase space corresponds to a vertical displacement. This dependence
in Im(«) is pictured in Fig. 5.13.

It does not mean that an estimator would not converge, but rather
that it would converge more slowly than in the central limit theorem.
This kind of critical point has been discussed in [184]. The convergence,
instead of scaling like 1/N for the variance, scales at most like 1/v/N.

For a displaced squeezed state, it gives

€% cosh(r) Im(a)?

F(0) =8 - . (5.104)

It is thus equal to only one term of the QFI in Eq. (5.52), the one
proportional to Im(«). The homodyne measurement is blind to the
component along Re(a)) and to the part that is intrinsic to a squeezed
state (the first part in the QFI). We see once again that the homodyne
detection needs a nonzero average value along the imaginary axis to
extract information.

5.4.5 Qubit case: summary

We can now compare the FI associated to each measurement and the
QFT in the qubit case (as in the experiment of Chap. 4). The homodyne
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measurement was taken in the optimal direction. Fig. 5.14 shows them
as a function of p(1). For small p(1), we see that the homodyne
measurement reaches the QFI, as expected from the fact that the state
can be assimilated to a very small coherent state. The heterodyne
measurement reaches only half of it, and the FRPD only a fourth. For
increasing p(1), the homodyne measurement performs worse and worse
until it reaches 0 for p(1) = 1. Once again, we see that the homodyne
measurement can work well only if the Wigner function of the state has
a non-zero average imaginary part, which is not the case for p(1) = 1.
This can be interpreted in the same way as for the case of a coherent
state: when the measurement frequency wy, /27 is aligned with the
frequency of the mode of interest, if there is no average imaginary
part, the likelihood is the same whether we are slightly detuned by
dw or by —dw. This degeneracy disappears as soon as we set Aw # 0.
Increasing |Aw| would set the measurement in-between homodyne and
heterodyne, with Fisher information continuously shifting from the
blue curve to the yellow curve in Fig. 5.14.

4 4
3 -
— Homodyne
5 ] Heterodyne
i ~ FRPD
— QFI
1 -
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

p(1)

Figure 5.14: FI for the homodyne and heterodyne detection, for an FRPD,
and the QFT as a function of p(1).

5.5 CONCLUSIONS

To give more theoretical insights about the experiment presented in
Chap. 4, we used the framework presented in Chap. 2 and Chap. 3
to compare the measurement based on heterodyne detection to the
use of a frequency-resolved photon detector, and to the accessible
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information. We could theoretically explore the full range of possible
parameters x and I'; that the experiment could have taken.

In a second part, we used the experiment as a base to discuss the
notion of measurement rate when there are more than two possible
outcomes. In particular, we distinguished the measurement rate, which
characterizes the speed at which an estimator converges toward the
right outcome, and the information rate, which is simply the rate at
which information is transmitted via the measurement setup. As these
two values could be unified in one "measurement rate" in the case of
only two possible outcomes, it is no longer the case when considering
more than two outcomes.

In a third part, we shifted the point of view to understand the
experiment of Chap. 4 as a particular case of parameter estimation
task. Generalizing it to a case where the parameter to estimate can
take continuous values, we could compare heterodyne and homodyne
detection, a frequency-resolved photon detector, and an ideal optimal
measurement. It reveals which properties of the propagating states
are best exploited by each of these measurements.
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Part IV

NEURAL-NETWORK ASSISTED STATE
PREPARATION






CAT STATE PREPARATION USING NEURAL
NETWORKS

A part of this PhD work was dedicated to finding applications of
machine learning to quantum experiments in the context of the Eu-
ropean project ARTEMIS. This project was originally born from the
idea of finding complex feedback procedures to stabilize Fock states
using the measurement scheme developed in Chap. 4 [185]. It was a
very ambitious project that we could not realize fully. However, we
could still demonstrate in Sec. 4.9.2 that a neural network can process
measurement records just as well as an optimal procedure. In addition,
the following article [7], currently under review, demonstrates neural

network-assisted cat state preparation and is reproduced here in full.

6.1 INTRODUCTION

Quantum information processing demands exquisite control over quan-
tum systems. While direct optimization methods have demonstrated
success in quantum control, they often necessitate access to gradient
information |3, 186-188|, and require to be run for each task. Much
more flexibility is promised by the novel powerful tools emerging
from the domain of machine learning and artificial intelligence [189—
191]. Model-free reinforcement learning considers the experiment or a
simulation as a black box and trains the network on it [5, 192-203].
A few experiments have demonstrated this strategy for optimized
qubit state readout and initialization [166, 167, 204|, generation of
unitaries [205], demonstrating dynamical decoupling [206], improved
measurements [207, 208], quantum state tomography [209], Wigner
negativity detection [170], Bose-Einstein condensate preparation [210],
boson sampling validation [211], quantum control in trapped ions [212],
or optimized quantum error correction [213]. Yet many experiments
can be modeled completely with only a few a priori undetermined
or evolving parameters, employing a differentiable simulation. This
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can make it feasible to take gradients directly through simulations,
the most efficient version of model-based reinforcement learning [193,
214-216|. Neural-network-based variants of this approach have yet to
be demonstrated in experiments. In this domain, it has recently been
shown theoretically that one might train a network once for a whole
family of tasks and then use it to rapidly generate control sequences
for any desired tasks selected from that family [217], making the whole
process even more efficient, exploiting the general concept of transfer
learning (learning for some tasks and benefiting from this for other
tasks).

(=) O VO
27 XGRS
.‘2’%«'@".‘.‘2@’@'}.‘ ‘0‘*.
RN
o\ e
//,‘\\\g///‘\\\\.//

A

operation
parameters
control
construction

S l—

cavity qubit readout

Figure 6.1: Principle of the experiment. (a) A neural network takes the input
parameters and outputs optimized control pulses characterizing
a quantum operation.(b) These pulses drive a cavity (green)
and its dispersively coupled qubit (purple) in order to prepare a
desired quantum state. A readout resonator is used to measure
the qubit state and perform Wigner tomography of the cavity.

In this work, we demonstrate model-based reinforcement learning
for the preparation of quantum states in a cavity. We focus on arbi-
trary states within a specific class, namely two-component cat states
in a cavity. This choice stems from the potential of cat qubits for
quantum information processing, particularly in quantum sensing and
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error correction [140, 218-221]. Breakthroughs in cat qubit experi-
mentation [222-231] have prompted both academic and commercial
development of quantum processors leveraging this technology. We
designed and trained a neural network to directly generate control
pulses simultaneously applied to the cavity and a dispersively coupled
qubit (Fig. 6.1a). These control sequences are decomposed into a basis
set of a few smooth basis functions, ensuring compatibility with exist-
ing real-time control hardware. We describe how to implement such a
controller in an experiment and show how to estimate the preparation
fidelity as fast as possible. We show that the network, once trained,
is able to generate control sequences about five orders of magnitude
faster than an established gradient-based technique. The rapidity of
the control generation offered by the neural network could also prove
instrumental in the case of real-time feedback protocols, needed in
other tasks |5, 167, 195, 197, 200-202, 232].

In this work, we demonstrate model-based reinforcement learning for
the preparation of quantum states in a cavity. We focus on arbitrary
states within a specific class, namely two-component cat states in a
cavity. This choice stems from the significant promise of such states for
various quantum information processing applications such as quantum
error correction and sensing [140]. We designed and trained a neural
network to directly generate control pulses simultaneously applied
to the cavity and a dispersively coupled qubit (Fig. 6.1a). These
control sequences are decomposed into a basis set of a few smooth
basis functions, ensuring compatibility with existing real-time control
hardware. We describe how to implement such a controller in an
experiment and show how to estimate the preparation fidelity as
fast as possible. We show that the network, once trained, is able to
generate control sequences about five orders of magnitude faster than
an established gradient-based technique. The rapidity of the control
generation offered by the neural network could also prove instrumental
in the case of real-time feedback protocols, needed in other tasks [5,
167, 195, 197, 200-202, 232|.

A schematics of the experimental system is shown in Fig. 6.1b
(see also Sec. 6.10). The cavity whose state preparation is optimized
by the neural network is the fundamental mode of a high-Q coaxial
A/4 resonator made of aluminum (green). Its frequency is w./27 =
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4.628 GHz and its decay time is T, = 225 us. The cavity is dispersively
coupled with a shift x/27 = 238.5 kHz to a transmon qubit (purple)
resonating at wq/2m = 3.235 GHz, and whose decay time is 77 = 35 us
and decoherence time 75 varies between 20 and 60 us. The transmon
qubit is also coupled to a readout mode composed of a A/2 resonator
connected to the readout line through a Purcell bandpass filter. Both
the qubit and the cavity can be directly driven through distinct
microwave ports.

In the interaction picture, the Hamiltonian of the qubit and cavity
reads

H(t)/h = —xata1) (1] + [ec(t)al + eq(t)os + h.c.} . (6.1)

where e.(t) and e4(t) are the complex-valued time-dependent exter-
nal fields driving the cavity and the qubit in their rotating frame,
respectively. @ is the annihilation operator of the cavity, |1)q is the
first excited state of the transmon and 6, = &1 = |1)(0]4 is the qubit
raising operator. The system relaxation is included perturbatively in
the simulations, as discussed in Sec. 6.9.

The preparation sequence is initiated when the system is in its
ground state [¢(0)) = |0), ® |0).. Both qubit and cavity are then
driven during a fixed time 7" in order to obtain a target state in the
cavity. In this work we focus on target cat states of the form

|CE) o |a) + €7 |—a) (6.2)

where | £ a) are coherent states of amplitude o and ¢ is a phase.
Additionally, we require the qubit to come back to the ground state,
so that the full target state is

7) = 10)q ©[C&)e - (6.3)

Under the action of H(t) in presence of decoherence, the density
matrix of the system p(t) evolves from p(0) = [¢(0))X¥(0)| to p(T).
The fidelity to the target state is defined as F(c, p) = (T | 5(T) | 7).
The optimization problem we set to solve consists in identifying the
two complex (and thus four real) control functions e.(t) and eq(t)
that maximize the fidelity F(a, ¢) after a driving time T for every
(o, p) € S =10,4] x [0, 7).
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6.2 NEURAL NETWORK

To this end, we employ a neural network (NN). The NN input consists
of the real parameters a and ¢ characterizing the target state |74 ).
The NN output is a set of 9 expansion coefficients for each of the 4
real control fields in a B-spline basis (see Sec. 6.6). The encoding of
the pulses is thus very light, which potentially enables much faster
communication with the controller. As an example, loading one full
pulse sequence of 2 us on our OPX necessitates 4 x 2000 points,
which takes approximately 450 ms, whereas loading only the 4 x
9 corresponding parameters takes 24 ms, limited by the network
communication time, which is already an order of magnitude faster.

In order to apply the reinforcement learning approach, the NN is
included in the data processing pipeline shown in Fig. 6.2a. Each real
control field is constructed by summing up the B-splines weighted by
the output coefficients of the NN. In order to avoid the computational
overhead associated with the implementation of a full density matrix
p(t) simulation, the coefficients are passed to a simpler Schrédinger
equation solver, which computes the system state evolved under these
control fields |¢(a, ¢;t)). The fidelity F(«, ¢) can be approximated
by

2

Fla, o) = [(T (e, o5t = T TE (o, it = T))|” = AF

(6.4)

where AF is a first-order correction to the fidelity due to the decoher-
ence (11, T, T, see Sec. 6.9). We then use the infidelity as the loss
function that has to be minimized:

Lla,0)=1—F(a,p) . (6.5)

All these operations are differentiable, so gradients of the loss with
respect to the NN parameters can be computed through the complete
pipeline comprising the network, control construction and simulation,
enabling thus gradient-based NN training. The NN is trained on target
cat states |Cg) sampled randomly within our parameter space S.
After a successful training, the NN is able to generate control fields
which produce the cat state for any (a, ¢) € S in a preparation time
T = 2 us, which was selected to be close to /.
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Figure 6.2: Data processing, training pipeline and simulation example. (a)
Schematic representation of the data processing and training
pipeline. Gradients can be taken through the network, control
construction and simulation to update the network weights while
optimizing the fidelity F via gradient ascent. The output of the
network is a vector of 36 real numbers which is then converted
into control pulses e.(t) and e4(t) with the goal of preparing a
cat state |C¥) o< |a) + e~ |—a) with ¢ € [0,27] and « € [0, 4].
(b) Simulated probability distribution of the photon number
(top) and qubit excitation (bottom) as a function of time for the
control fields shown in (a), which are generated by the neural
network when o = 2 and ¢ = 0. The fidelity of the predicted
final state to |C¥) is F(2,0) = 94 %.

We stress that the described machine learning method to train our
NN is model-based reinforcement learning and should not be confused
with supervised learning. The method belongs to the reinforcement
learning branch since no “correct” answers are available for the searched
control signals; as would be the case in supervised learning. Moreover,
for a given target quantum state, the optimal control pulses are gener-

202
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ally speaking not unique and can differ significantly [217]|. The typical
reinforcement learning components are identified in our approach as
follows. The agent applies control signals (action) and observes the
fidelity between the constructed quantum state and the target state
(reward). The NN encodes the agent’s choice of a particular control
pulse (policy), which is iteratively improved based on the rewards. In
this work, we employ the physical model which enables us to improve
the policy based on the reward gradients that are directly computed
through the full processing pipeline including both the physical simu-
lation as well as the neural network (Fig. 6.2a). We note that in our
approach the policy is deterministic and yields directly the control
signals. In contrast, the standard model-free policy gradient [233| needs
to use less efficient stochastic policies for exploration of the action
space in order to estimate the reward gradients.

The numerical modeling is performed on a time grid with 40 dis-
cretization intervals at the NN training stage and 200 intervals at the
subsequent testing stage. The highest included Fock state Npyax for the
cavity (determining also the output size of the pipeline in Fig. 6.2a)
is varied during the NN training between Nyj,ax = 20 and Npyax = 60,
and fixed to the value Nyax = 70 at the testing stage. We made sure
that this choice is sufficient for accurate modeling of all quantum
states considered in this work. We use a NN of the usual dense (deep
forward, multilayer perceptron) architecture with 3 hidden layers of
the size 30, 60 and 30 neurons, respectively (in total approx. 5000
trainable parameters). It is trained using the Adam algorithm [175] on
batches sampled from S. The batch size is gradually increased with
the training stages. We use uniform sampling for ¢, whereas o’s are
sampled with a probability linearly growing with larger values. This
accounts for the fact that the NN training for the more interesting
larger amplitudes « is more difficult. Additionally, at the NN training
stage both « and ¢ intervals are slightly extended beyond the edges
in order to avoid the presence of boundary effects in S. The pipeline
discussed in the text above and shown in Fig. 6.2a was implemented in
Python using the JAX [234] and FLAX [235] libraries. We additionally
benchmark our computations by performing the same system modeling
including dissipation and decoherence with the QuTiP package [32,
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236], to extract fidelities. In appendices 6.7 and 6.8 we provide further
details on the NN training and performance study, respectively.

An example of the result of such simulations is shown in Fig. 6.2b,
where the evolution of the cavity photon number distribution and
qubit excitation is plotted as a function of time when the neural
network optimizes the creation of |CY). The qubit and cavity get
quickly entangled leading to P;(14) ~ 1/2 for the qubit as the number
of photons in the cavity rises. The cavity goes through states with
large photon numbers and a superposition of low and large numbers
arises around 1.6 ps. At the end, the parity of the photon number
seems to flip as well as the qubit state. Since large photon numbers
are known to lead to dynamics that are not captured by a simple
model [96, 161], it is desirable to keep them small. Here, no constraint
was imposed on the maximal photon number during training, but the
chosen B-spline basis with broad basis functions indirectly limits that
number. Indeed finely controlling a system that evolves at a speed
xn in phase space requires pulses with a bandwidth of at least yn.
The bandwidth of the B-spline scales inversely with their number.
The chosen basis thus embeds a hidden cost naturally preventing
the network from finding solutions with too high photon numbers.
Tuning the number of elements in the basis then allows to control
this limitation, that can be pushed to prepare cat states with a higher
number of photons.

6.3 EXPERIMENTAL RESULTS

We now test the NN controller on the experiment for several targeted
cat states |Cg). After the cavity and the qubit are prepared in their
ground states (see Sec. 6.11), we apply the pulse sequence generated
by the neural network on the cavity and qubit drive lines. A Wigner
tomography is then performed using the same qubit in order to di-
rectly measure the Wigner function W () of the cavity after the
pulse sequence [144, 237]. It consists in mapping the displaced parity
operator I1(3) = ﬁ(ﬁ)ei”dmf)(—ﬁ) onto the qubit state before reading
it out. The Wigner function is then given by W (3) = 2(II(8)) /. We
introduce Wexp (), which is obtained by averaging the measurement
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outcomes of the observable Qﬁ(ﬁ) /7. In Fig. 6.3a, it is averaged over
1000 realizations per pixel (with 21 x 51 pixels in total) for |CY).

From the Wigner function W (), we can compute the fidelity to
the target cat state |C&) as (see Sec. 6.12.1)

Flong)=n /C WE(B)Wicsy e (B)dB (6.6)

with Wicey e (8) = 2Ty(T1(8)|CE)(CE|) the Wigner function of the
target state. Based on this formula, we can build an experimental
estimator of F(c, ) (details in Sec. 6.12.1).

(a)

2 a=1, p=0

1 |
20
E —
-1
-2

~-3-2-10 1 2
Re(f)

Figure 6.3: Experimental Wigner functions for uniform and optimal sampling.
(a) Measured Wigner function Wey,(5) of the cavity for a =1
and ¢ = 0 and uniform sampling. (b) Same preparation evaluated
with optimal sampling. (¢) and (d) Measured Wigner functions
of the cavity with optimal sampling for & = 0 and 2, and ¢ = 0.

When performing state tomography of an unknown state, it makes
sense to sample uniformly Wg (). However, it is possible to obtain a
theoretically unbiased estimation of the preparation fidelity to a known
target state with maximal precision using another sampling [5] (in our
case typically half the uncertainty compared to uniform sampling).
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In Fig. 6.3b, we show the average measurement outcome Wex, () of
2f[(ﬂ)/7r for N = 108 samples distributed in 3 according to the optimal
probability density popt(8) o [Wceycg|(B8)| for the target state Ic).
Regions with low value for the target Wigner function appear very
noisy owing to the small number of samples per pixel. For Fig. 6.3b,
one finds F(1,0) = 94.7 % £ 0.4 %. Details about this estimation
and the errors introduced by the decay during Wigner tomography
and by the double use (preparation and measurement) of the qubit
can be found in Sec. 6.12.2. The estimated fidelities for two other
target states in Fig. 6.3c and d are F(0,0) = 94.3 % £ 0.2 % and
F(2,0) =91.1 % £ 0.3 %. We deliberately focused on training the NN
for large values of «, which explains the low fidelity when preparing
the vacuum state.

206



6.3 EXPERIMENTAL RESULTS

(a) 0.10 § experiment )
— theory ng, =0 11 3
/ot 0.084| ® theory ny, = 0.6% k) o °
S and measurement 3 o ®
Y o GRAPE & Krotov | £ I % . "
| 0.064¢ . 3 ; o ®
— k3 L4 ©
>, 13 $1is te
= 0.041 °
[}
=]
= o ©
£ 0.021 °o0?
o © °
o © t Impact of T, variations
0.00 “+—= T T " j
0.0 0.5 1.0 1.5 2.0
«

1.00
l0.50

—r0.12

asin(p)
o

0
acos(p)

Figure 6.4: Experimental and theoretical infidelity as a function of o and
¢. (a) Red dots: measured infidelity 1 — F(«, 0) for 21 values of
a. Each point is obtained by averaging 10% samples. Purple line:
simulated infidelity 1 — F(c, 0) for the same parameters. Blue
dots: infidelities obtained by simulating also the measurement
procedure and taking into account the finite thermal population
ngn of the cavity. Green open circles: simulated infidelity using
pulses optimized by GRAPE followed by the Krotov method |3,
4, 236]. Double arrow: typical amount of infidelity change due to
possible T5 variations between 20 ps and 60 us over the 8 days of
measurement (see Sec. 6.14.2). (b) Bottom: simulated infidelity
for a sampling of the whole half-disk (reflected) in the parameter
space (a cos(y), asin(yp)). Top: experimental infidelities obtained
with 10° shots sampled optimally. The measurement of these
20 x 9 infidelities took about 8 days as well.
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We use this measurement protocol to characterize the performance
of the neural network in the preparation of many quantum states. In
Fig. 6.4a (red dots), we show the estimated preparation infidelities
1 — F(a, ) as a function of a for ¢ = 0 (N = 10° samples per pa-
rameter). For comparison, we simulate the evolution of the density
matrix p(a, ¢,t) under the same drives and compute predicted in-
fidelities 1 — F(a,¢) = 1 =7 [o Wiaom) (B)Wcey(cz(8)dS (purple
line in Fig. 6.4a). Both the experiment and the prediction exhibit
the same qualitative behavior. For the smallest amplitudes, the in-
fidelity decreases before increasing steadily. At low amplitudes, the
small sampling (proportional to ) of the network training dominates
the infidelity of the preparation and it gets better as a rises. Around
a = 0.5, the infidelity grows with « because it is harder and harder
to faithfully prepare a cat state with higher number of photons both
theoretically and experimentally. As seen in Fig. 6.2b, the number of
photons during preparation exceeds the final one. We trained the same
neural network on a dissipation-free model of the same system (see
appendix 6.8 and Fig. 6.8 for details and an experimental test), and
obtained about 2 to 6 times smaller infidelities than with dissipation
(purple solid line in Fig. 6.4a). This indicates that the dissipation is
the main mechanism limiting the theoretical fidelity of the prepared
states.

In order to illustrate the trade-off between preparation infidelity and
duration of pulse generation, we computed the infidelity one should
obtain using a standard direct optimization method. The green open
circles in Fig. 6.4a represent the theoretical infidelities obtained using
2 ps long control pulses optimized by GRAPE (GRadient Ascent Pulse
Engineering) followed by the Krotov method [3, 4, 236]. Note that
in contrast to the 9 coeflicients we use to parameterize the control
pulses with the NN, GRAPE & Krotov uses 2000 coefficients (one per
ns). Interestingly, the infidelity curve has the same slope as the one
obtained with the NN (solid purple line) in the region o 2 0.7. The
GRAPE & Krotov performs better by about a constant infidelity offset
of around 0.01 in this region. However, generating the control pulses
with GRAPE & Krotov for the 21 values of « plotted in Fig. 6.4 a
took about 6 hours on 14 cores 19 Intel CPU. This significantly exceeds
the time of approximately 0.5 hours needed to train the NN on a
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GPU. More importantly, once trained, the NN can generate control
signals for any cat state from the parameter space about five orders
of magnitude faster than using GRAPE & Krotov: generating the 21
control pulses takes 0.3 s on an i9 Intel CPU. Note that the generation
of pulses by the NN could be considerably accelerated using dedicated
hardware (GPU, FPGA, TPU...).

We also measure the preparation infidelities for several phases with
N = 10° samples per parameter pair (a, ¢) € [0.1,2] x [0, 7] (Fig. 6.4b
upper panel). The predicted infidelities for the same parameter set
are shown in the bottom panel of Fig. 6.4b. From this plot, it appears
that the neural network behaves similarly for any phase ¢ except
at low amplitudes a. Beyond scarce sampling at low «, this can be
understood since the cat state varies rapidly with ¢ next to w. At low
amplitude o, cat states |C&) are close to |0) except in the vicinity of
¢ = 7 where |C§) is close to the Fock state |1). The large infidelity
at ¢ = 7 illustrates that a neural network performs poorly in the
neighborhood of singularities since it inherently yields solutions which
are continuous with respect to the input parameters.

Overall, we observe larger infidelities in the experiment than in the
prediction. We attribute this mismatch to two main phenomena (see
Sec. 6.14). The first one is an underestimation of the fidelity by the
measurement protocol. Indeed the qubit is not always in the ground
state at the end of the pulse sequence, which can artificially lower
the measured fidelity, since the same qubit is then re-used for the
Wigner tomography. Likewise, but with a lesser impact, the parity
measurement procedure has a finite duration ¢y = %, during which
the cavity decay probability is non negligible. The second reason
for a deviation between experimental and theoretical fidelities is an
imperfect state initialization. After the qubit and cavity reset, there
is a remaining ny, = 0.6 % thermal population in the cavity (see
Sec. 6.11.3), which is directly responsible for the same amount of
fidelity decrease AFi, ~ nyn. This can be understood simply: when
the cavity (or the qubit) is in the Fock state |1) before the pulse
sequence, the system is in a state that has zero overlap with the
expected initial state (ground state). Thus, at the end of the unitary
evolution, it will also have zero overlap with the expected final state,
thus exhibiting zero fidelity to the target state. On average, the fidelity
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is then lowered by AFi, ~ ng,. Simulating the whole measurement
procedure and taking into account the remaining thermal population
nyn of the cavity, we are able to capture the measured infidelities to a
higher degree of accuracy (purple dots in Fig. 6.4a).

The measured fidelities seem to vary a bit more than expected from
the statistical error bars in Fig. 6.4a, which is not the case of the
theoretical predictions (purple solid line and purple dots). We explain
this behavior by the variability of the qubit decoherence time 75 during
the experiment. While the value of T5 for the theoretical predictions in
Fig. 6.4a was fixed to 42 us, we have observed variations from 20 us to
60 ps during the experiment. Since each of the two panels in Fig. 6.4
required 8 days of measurement records, it is likely that 75 varied
substantially from one point to the next. As shown in Sec. 6.14.2, our
measurement can be explained by variations of T that are compatible
with our observations.

6.4 CONCLUSION

In summary, the key findings of our work are the following. (i) Fast
generation of optimized pulses for quantum state preparation using
reinforcement learning: We introduce a new approach that can gen-
erate control sequences for quantum states 5 orders of magnitude
faster than existing methods. (ii) Neural network-based control: Our
method utilizes a neural network to directly generate optimized control
pulses for a class of tasks, eliminating the need to run an optimization
algorithm for each individual task. (iii) Experimental demonstration
on cat states: We present an experiment on a superconducting circuit
showing the fidelity of cat state preparation, a promising candidate
for quantum error correcting codes. (iv) Experimental and theoret-
ical comparison between GRAPE and neural network control: We
implemented both our method and also GRAPE in order to provide a
comparison between the fidelities and speed of both techniques. (v)
Demonstration of optimal sampling for fidelity estimation: We perform
an optimal sampling of the Wigner function of a microwave cavity for
the task of estimating the preparation fidelity, and compare it to the
traditional technique of uniform sampling.
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6.5 ACKNOWLEDGMENTS

There are multiple potential follow-up applications: one may promote
the model parameters as trainable, and directly use the experimental
measurements as input to learn the correct model parameters from the
experiment. Alternatively, one may train for a whole range of model
parameters in advance and adapt them to the experiment on the fly,
e.g. when parameters are drifting. Since the network structure is light
and easy to handle, it can form an efficient building block for complex
network-based real-time feedback control of quantum systems. In that
setting the moderate size of the network, efficient communication and
information compression are crucial for low-latency data processing,
whether the network is hosted on the FPGA controller itself or on a
dedicated hardware.

In future work on similar challenges, one can imagine variations in
the computational pipeline that connects the input task parameters
to the final control pulse shape. First of all, one may replace B-
splines by other suitable smooth parametrizations, such as Fourier
decompositions. Second, the neural network itself could take as an
additional input the time variable and be used to produce the entire
pulse shape by querying it at all required values of the time variable
on a grid, at the expense of longer inference times. Third, one can
at least imagine to replace the neural network by some alternative
architecture, such as kernel machines, or even use symbolic regression
approaches for interpretability (representing the output as a formula
whose number of terms is kept limited).

In the future, applying the scheme demonstrated here may be key
for potential applications requiring fast change of pulse parameters
(feedback, sensing, adaptive techniques, error correction etc.).
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6.6 B-SPLINE BASIS SET

Instead of working with the control fields directly, we consider their
expansion in a B-spline basis in the form described in Ref. [238] in
the context of computational atomic physics applications. A crucial
advantage of such an approach is a possibility to pre-load the B-splines
on the hardware and send only the expansion coefficients of control
signals for different cat states. A particular B-spline basis is built on a
fixed knot sequence t; <ty < ... <t,1k11 and is characterized by the
basis size n and the degree k of the B-splines. Each k-degree B-spline
B, (t) with ¢ = 1,...,n is a piecewise polynomial of degree k inside
the interval [t;,t;1,11) and vanishes outside this interval. They are
constructed recursively as follows:

1, iftet,tiv1),
Bio(t) = | 1 et (67)
0, otherwise,

t—t;

t; —t
e kil 7 Bit1,-1(t) . (6.8)
Livk — ti

B;p—1(t) +
Livkt1 — tit1

B (t) =

We follow Ref. [238] and choose for the k + 1 leftmost knots t; = ... =
tx+1 = 0 and for the k 4 1 rightmost knots t,11 = ... =tk 1 =1T.
The rest n — k — 1 knots are distributed uniformly between 0 and 7.
In this work we stick to a B-spline basis set of size n = 11 and degree

k = 3 shown in Fig. 6.5 for the excitation time interval T = 2 us. We
exclude the first and last B-splines which are the only ones having
non-zero values at the interval edges. In this way, we restrict our
driving signals to start and end with zero amplitude. The problem
of the control field optimization reduces to searching for a total of
9 x 4 optimal expansion coefficients for the 2 complex (qubit + cavity),
and thus 4 real driving fields. Apart from a compact representation of
the control signals, B-splines offer also a practical advantage of being
non-zero only in restricted intervals. In particular, for the chosen basis
set only up to 4 B-splines are non-zero at each point of the driving time
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interval. This ensures compatibility with existing real-time quantum
control hardware. For instance, the OPX from Quantum Machines
can generate up to 18 signals at the same time, which would allow to
use 4 B-splines for 4 control fields at the same time.

1.0

0.8 1

0.6 1

Bi(t)

0.4

0.2 A

0.0

0.0 0.5 1.0 15 2.0
t (us)

Figure 6.5: B-spline basis of size n = 11 and degree k£ = 3. In this work
the first and last B-splines are excluded in order to restrict the
driving signals to those starting and ending at zero.

6.7 NEURAL NETWORK TRAINING

Here we show details of the neural network training performed in
the way described in Section 6.2. Whereas we experimentally test
preparation of cat states with parameters o € (0,2) and ¢ € (0,7), the
neural network training is performed on a wider and more challenging
parameter space a € (—4,4) and ¢ € (0,7). Due to the equality
|CZ7?) = ¢'#|C¥ ) obtained directly from the definition of cat states
(6.2), the neural network is equivalently able to predict control signals
for a € (0,4) and ¢ € (0,27).

In Fig. 6.6 we demonstrate the training procedure performed in a
few stages by gradually increasing the “complexity” of the parameter
space and the numerical model of the system. Concretely:
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(train) (train)

e we increase the a-interval (0, max ') from amax = = 2 to
(train) 4
max - 9

e the number of Fock states included in the cavity numerical

modeling is increased from NJ3* = 20 to N53* = 60;

e since the volatility of the training loss is larger for a larger
parameter space, we increase also the batch size at later training
stages.

At the starting stage (first 1000 batches) shown by the red-
shaded area, the training often stagnates and the batch-averaged
loss (L(a, ¢))paten, does not decrease, see the upper panel of Fig. 6.6.
This is a local minimum in which the neural network learns not to
drive the qubit at all, whereas the cavity remains in a coherent state.
We overcome this trap by adding an incoherent excitation process from
ground to excited state with a rate I'y = (5 ps)~! at this initial stage.
We stress that this pumping is not present in the experiment and
is used here only to tackle the mentioned training problem. Numeri-
cally this is achieved within the perturbative framework for inclusion
of relaxation channels described in Sec. 6.9. While such a trapping
occurred at the beginning, training proceeded smoothly afterwards.

6.8 NEURAL NETWORK PERFORMANCE

In order to check the neural network performance, we apply it first
to a selection of size 3200 from the parameter space o € (0,4) and
¢ € (0,2m). In Fig. 6.7 we show the simulated fidelity of the target
states obtained by driving the system as suggested by the neural
network. The parameters (a, ¢) are encoded in polar coordinates. In
Fig. 6.8 (purple curve) we show additionally the results for ¢ = 0.
We observe indeed that the obtained fidelity is worse for larger a-s
justifying sampling with linearly growing density.

We demonstrate now how the final fidelity changes by increasing the
number of the B-splines in the basis set. As an example, we consider
a basis with parameters n = 25, k = 3 (see Appendix 6.6) without
the left and right B-splines consisting of 23 functions. Since the NN
outputs now 92 values instead of 36, we increased the size of the last
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Figure 6.6: Neural network training progress with batches. In the upper
panel we show the batch-averaged loss (L£(a, ¢))yaren, Whereas

the other panels show the gradual change of the parameters

O[S;fl?(in), NZax o and the batch size. See text for details.

hidden layer from 30 to 90. We train this NN and demonstrate its
performance by modeling preparation of cat states with a € (0,4)
and ¢ = 0. The results are shown in Fig. 6.8 (orange curve). For
states with @ > 2 (which were not experimentally tested in this work)
the increase of the B-spline basis leads to a better NN performance.
For smaller «, however, the quality of the constructed states drops.
Getting a larger fidelity for all a requires to optimize the sampling of
«a during training.

We switch now back to the original B-spline basis of size 9 and the
original NN architecture, and study the influence of decoherence on
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Figure 6.7: Simulated infidelity of cat states obtained by driving the system in
the way suggested by the trained neural network. The parameter
space (a, ¢) is shown in polar coordinates. The color indicates
the infidelity L(a, ¢) =1 — F(a, p).

the NN performance. We model an idealistic situation without deco-
herence and repeat the NN training following the scenario described
in Appendix 6.7. The NN is then applied to prepare cat states with
a € (0,4) and ¢ = 0 also in absence of the decoherence channels.
The results shown in Fig. 6.8 (brown curve) indicate approximately
2 to 6 times smaller infidelity than in the original realistic situation
suggesting that dissipation is the main source of infidelity.

6.9 ACCOUNTING FOR DECOHERENCE
In general, the decoherence effects cannot be addressed using the

Schrodinger equation, and need switching to an open quantum system
approach such as the Lindblad equation for the density matrix. In this
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Figure 6.8: Simulated infidelity of cat states with a € (0,4) and ¢ = 0
obtained using the original scenario (purple curve), a larger B-
spline basis set (orange curve) and in absence of decoherence
(brown curve).

work, however, we are not interested in the whole system dynamics
upon inclusion of decoherence, but only in the correction of the final
state fidelity. Therefore, instead of solving the more complicated Lind-
blad equation, we still solve the Schrédinger equation and correct the
fidelity for the decoherence using first-order perturbation theory.

We derive here the aforementioned correction. The Lindblad equa-
tion reads

Z’t) —ilH, p] + Z (6.9)

where the summation is performed over all decoherence channels with
respective characteristic times 7;. For each decoherence channel
D;[p) = aspal — QaTalﬁ — —pala; (6.10)

where @; is the corresponding jump operator. In our case, for instance,
the following decoherence channels (governed by the jump operators
shown in the parenthesis) are present:

e cavity dissipation (photon annihilation operator a);
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e qubit dissipation (6_);
e qubit dephasing (6./v/2).

The density matrix at time ¢ in absence of decoherence is the pure
state density matrix

pO) = (1) (w(t)| - (6.11)
The first-order correction due to the i-th decoherence channel is
t
W) == / dt' Ut t) Dip® ()] 0Ot 1) (6.12)
T Jo

leading to the change in the final state fidelity at ¢ = T with respect
to the target state |T)

= (118 @ =) || 5Pt =) 1T) (6.13)

We make at this point an additional assumption that the obtained
state without decoherence ¢(t = T') is very close to the target state
|7) and write

AF; & (p(t=T)| pV(t =T) o(t =T)[w(t = D) 5t =T) [t = T)) .
(6.14)
In this approximation, the evolution operator U(#,T') connects the

intermediate system state at time ¢’ and the target system state. From
here we obtain finally:

LT
AF%T/O dt' T | (o () aas () [ (1) s (¢

= (vt lafaihe(e) [p@)lalaile ) ) .

(6.15)

6.10 DEVICE AND MEASUREMENT SETUP
6.10.1 Device fabrication

The system is composed of one 3D A\/4 coaxial cavity resonator in
99.99 % pure Aluminum, into which a chip, containing the transmon
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Figure 6.9: Schematic of the measurement setup. A color matched RF source
is dedicated to each element. Room-temperature isolators are
not represented for the sake of clarity.

qubit with its readout resonator and Purcell filter, is inserted (see
Fig. 6.10). This chip is made of an etched 200 nm thick film of sputtered
Tantalum on a 430 pm thick sapphire substrate (deposited by Star
Cryoelectronics, Santa Fe, USA). The Josephson junctions of both
transmons are standard Dolan bridge e-beam evaporated Al/AlOx/Al

junctions [103].
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Table 6.1: Table of circuit parameters

NETWORKS

Table of circuit parameters

Circuit parameter || Symbol Hamiltonian term | Value
Cavity frequency || we/2m hweata 4.628 GHz
Qubit frequency wq/2m Tuog|1) (1]q 3.235 GHz
Readout fre- || wy/27m o, 71 7.960 GHz
quency
Cavity-qubit cross || x/2m —hxa'al1)(1], 238.5 kHz
Kerr rate
Circuit parameter || Symbol Dissipation opera- | Value

tor
Qubit decay time || T, 1/T4Ds 35 us
Cavity decay time || T, 1/T.Dg 225 us
Readout  decay || T, 1/T ,Ds 80 ns
time
Qubit dephasing || Ty, 1/2T,,.Ds, 175 us
time

Readout

7 Purcell filter

Figure 6.10: Scheme of the device.

6.10.2 Measurement setup

The readout resonator, the cavity and the qubit are driven on resonance
by pulses that are generated using an OPX from Quantum Machines®).
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It has a sampling rate of 1 GS/s. The generated pulses are modulated
at a frequency 68 MHz for readout, w}lF/Qﬂ' = 110 MHz for the
qubit, w¥ /27 = 70 MHz for cavity. They are up-converted using I-Q
mixers with continuous microwave tones produced by three channels
of an AnaPico® APUASYN20-4 for the readout resonator and cavity,
Agilent®) E8257D for the qubit.

The reflected signals from the readout is amplified with a TWPA
provided by Lincoln Labs [90] powered by a pump tone at 6.038 GHz.
The follow-up amplification is performed by a HEMT amplifier from
Low Noise Factory®) at 4 K and by room-temperature amplifiers. The
signal is down-converted using image reject mixers before digitization
by the input ports of the OPX.

The samples are placed inside a can comprising a layer of lead,
gold-plated copper and a layer of cryoperm. The inside of the can
is coated with an absorptive mixture of 86 % Stycast 2850 FT, 7 %
catalyst 23 LV and 7 % carbon powder.

For the cavity, the controls pipeline is as follows. We define I.(t) and
Q.(t) the time dependent voltages to send on resonance to the cav-
ity. These controls are then converted into 11" (¢) = cos(wg t)Ic(t) —
sin(wg ) Qc(t) and QL (t) = sin(wiFt) Io(t) + cos(wiFt) Qc(t) and sent
on DAC OPX 5 and 6. These signals are then mixed with a local
oscillator at frequency wl“o with an IQ mixer in a lower sideband
setting to give a RF voltage VEF(2) oc cos ((wh© — wlf)t) L(t) +

sin (w5 — wiF)t)Qc(t) at the output of the IQ mixer. The pulsa-
LO

C
attenuation in the lines and the coupling of the qubit to these lines,

this translates to the control amplitudes e(t) = &.(Ic(t) + iQ.(t)) on
the cavity. Details about the calibration of &. can be found in 6.11.4.

tions wl and wIF are chosen such that wl® — wIF = w.. Through

The qubit is driven similarly with control voltages I4(t) and Qq(t)
from OPX channels 3 and 8.

6.11 CALIBRATION AND HERALDING

This section aims at giving technical details about the system ini-
tialization and measurement. The initialization part was especially
complex, as we needed to make sure that both cavity and qubit are
in the ground state. This is done using standard measurement-based
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feedback techniques. On top of this standard reset protocol, the pres-
ence of a Two-Level System (TLS) made the frequency of the qubit
jitter between two frequencies at long timescales, which obviously
deteriorates the fidelity of the state preparation if not mitigated. Here,
we study this TLS dynamics and desmonstrate a heralding protocol
for the qubit Fig. 6.13, demonstrating close to total mitigation of the
TLS detrimental impact.

6.11.1  Qubit readout and reset

We readout the qubit with a square pulse of length 2.2 us and measure
the quadrature I that encodes the qubit information. Single-shot
fidelity is around 98 %. The reset of the qubit consists in a feedback
loop using two thresholds represented in Fig. 6.11a. Exceeding the
first one (red dashed line) is the ending condition, allowing to herald
the qubit in its ground state |0) with more than 99.9 % fidelity. The
second threshold (gray dashed line) triggers a 7 pulse (gate X) if the
qubit is more likely to be in the excited state, (i.e I below threshold).
Getting below a third threshold (yellow dashed line in Fig. 6.11a)
allows to herald the qubit in the excited state with the same fidelity,
and is used for the reset of the cavity (see section 6.11.3).

6.11.2 TLS mitigation

Probing the frequency of the qubit is done with a standard Ramsey
pulse sequence. The signal is obtained by subtracting the results of two
Ramsey sequences performed with opposite parity for the second /2
pulse (see Fig.6.12a). We see that the qubit has two possible frequencies
(see Fig. 6.12b). We attribute this to the presence of a spurious Two
Level System (TLS) dispersively coupled to the qubit, with a dispersive
shift §/2m = 32 kHz. This TLS has a thermal occupation of about
40 %, and its state switches over the course of the full experiment,
which makes the frequency of the qubit jitter between wq/2m and
wq/2m —0/2m. The experimental temporal Ramsey signal fits well with
a model including two frequencies with the same decay time T5, which
drifted between 20 and 60 us over a few hours (see Fig. 6.12b).
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while I < 0.004

if I <0
reset . @ X\ @
qubit
i i
I\

/ >

Figure 6.11: Readout and reset of the qubit. (a) Blue: Histogram of 20 000
single shot readouts of the qubit in its thermal state combined
with 20 000 more after an approximate 7 pulse. Dashed lines
represent thresholds for qubit and cavity reset operations (see
text). (b) Reset scheme. The qubit is read until the measurement
record exceeds the threshold I = 0.004 V. If the qubit is more
likely to be in the excited state, a 7 pulse is applied before the
readout.

The frequency jumps introduced by this TLS are detrimental to the
fidelity of the prepared state, as the state preparation needs a precise
calibration of the frequency of the qubit. We mitigated this effect using
a heralding procedure. Since the TLS state cannot be inferred from the
qubit state in one shot, we chose to take a decision using a repetition of
30 times the same Ramsey sequence on resonance with the frequency
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Figure 6.12: Ramsey measurement of the qubit. (a) Ramsey pulse sequence.
The /2 (\/Y ) pulses are detuned from the qubit frequency by
around 140 kHz, and are separated by a waiting time t. The
rotation axis of the second pulse is reversed at each repetition.
(b) Blue dots: Signal averaged over a 2000 repetitions as a func-
tion of ¢t. Orange solid line: fit with the sum of two oscillations
detuned by §/27 = 32 kHz and decaying with a time T5 = 51 pus.
(c) Blue dots: Spectral density obtained by a Fourier transform
of (b). Solid orange line: Spectral density of the fit function in

(b).

that the qubit takes when the TLS is in the ground state (identified
by the highest peak in Fig. 6.12), with a delay 7rr.s = § = 15.5 us.
The pulse sequence is schematized in Fig. 6.13a. To each of the 30
measurement outcomes {Ii}lgiggo, we associate

1if[ <0V
r, = (6.16)
0 else.

From this, we compute R = ZZ 1 7i- The heralding condition is then
fixed to R > 20. The Figure 6.13a shows the pulse sequence used to
perform a standard Ramsey measurement after this heralding sequence.
Figures 6.13b and ¢ show the resulting decaying Ramsey signal and its
Fourier transform. The beating in Fig. 6.12b disappears when using
the heralding, as well as the second peak in the spectrum of Fig. 6.12c,
whose expected position is materialized by the vertical red dashed line
in 6.13c. This demonstrates a successful mitigation of the TLS effects.
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while R < 20

TLS heralding

x 30
( vx | Trus VX @ reset \ ' Ramsey '
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Figure 6.13: Heralding the TLS. (a) Scheme of the TLS heralding procedure.

(b) On-resonance Ramsey measurement performed using the
TLS heralding procedure. Blue dot: experimental signal. Orange
solid line: exponential fit with T = 50 us. (¢) Blue dot and
orange solid line: spectral density of (b) transform. Vertical
dashed line: position of the expected second peak if it were not
suppressed by the heralding procedure.

Further analysis of the TLS dynamics, and details about the deter-

mination of the heralding procedure is shown in the following.

6.11.2.1  Dynamics of the TLS and high fidelity detection of its state

We first studied the dynamics of the frequency jumps of the qubit, by

performing

10° times the same Ramsey measurement on resonance

with the upper frequency in 6.12b with a delay 7rps. The procedure

is the same as for the parity measurement on a dispersively coupled

harmonic oscillator [145]. The pulse sequence is shown in Fig. 6.14a.

Without qubit decoherence, this would allow us to read out the state

of the TLS

in a single shot.
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With the associated measurement signals {I;}, we could first in-
vestigate the switching time of this TLS. To do this, we computed
the correlations between the measurement records I; and ;. We
define ¢ = Cov({L;},{li+r}), and plot this quantity as a function of
k (Fig. 6.14b). We observe a first decrease at short times k& < 100, cor-
responding to a correlation time shorter than 1 ms. This we attributed
to the cavity thermal population. The much longer drift that follows is
attributed to the frequency jumps. It is not clear to us why this does
not really follow an exponential decay. We believe that the correlations
at long times of the TLS state cannot be properly captured by our
measurement because it is too short (10° shots). Fitting the beginning
of the drifts gives a characteristic time of around 400 ms, which gives
plenty of time to perform post-selection. In order to have a good
fidelity, we need to accumulate statistics over several measurements,
as 7pr,g cannot be neglected compared to the decoherence time T of
the qubit. This measurement cannot be single shot.

6.11.2.2 Heralding on the TLS state

In order to understand how we can herald the state of the TLS, we

perform a running average on the {I;} over n = 30 values of I; defining
1M

JE— Ik (6.17)

30 k=—15

The histograms of the {f?o} are shown Fig. 6.14c in blue. If we

artificially cancel the effect of any correlation in the TLS dynamics

on the measurement record I; by shuffling the values I;, we obtain

the orange histogram in 6.14c. Since both histograms differ, it implies

that the measurement records contain extractable information about

the TLS.

We plot the histograms of the measurement record I; post-selected
on the condition 7?0 > —3.3 mV (Fig. 6.15a blue histogram) and
T?O < —3.3 mV (Fig. 6.15a orange histogram). The value of the
threshold is indicated in dashed line Fig. 6.14c.

We can now define the measurement records

{1ifIi<0V
r; =

6.18
0 else ( )
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20 pis x10°

( \/} TTLS \/)? @ reset \
T >

\ Lo
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0 20000 40000 10 -5 0 5
k I (mV)

Figure 6.14: TLS state measurement. (a) Pulse sequence of the TLS state
measurement. (b) Blue: Measured covariance ¢, as a function
of k. Orange: Exponential fit for £ < 10000. The characteristic
fitted time is 400 ms. (c) Blue: Probability density of the running
average of the {I;}. Orange: Same quantity, but with over
{I5@)}, where o is a random permutation. Red dashed line:
Threshold used for Fig. 6.15.

and infer a probability p(r; = 1|TLS in ground state) = pg = 0.80
and p(r; = 1|TLS excited) = p; = 0.45. The inferred corresponding
conditional probability laws of R p(R = n|TLS excited) and p(R =
n|TLS in ground state) are binomial laws with parameters 30 and
poy1- Histograms of these laws are shown in orange (for pg) and blue
(for p1) in Fig. 6.15b. We deduce from this histogram that p(R >
20|TLS in ground state) = 0.0013, while p(R > 20|TLS excited) =
0.975, justifying the heralding threshold presented in Fig. 6.13a.

Note that the heralding fidelity is actually a bit lower than this,
as I; enters in the computation of I;, which introduces a bias. This
bias is sufficiently small so that the heralding procedure still works, as
shown in Fig. 6.13.
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Figure 6.15: Distinguishability of the TLS states. (a) Probability densities
of I, post-selected on the value of T?O > —3.3 mV (blue) and
Y?O < —3.3 mV.(b) Estimated probability density for the value
of R conditionned on the TLS state.

6.11.3 Heralding the cavity in the vacuum state

The cavity is reset to the vacuum state before each State Preparation
and Measurement (SPM) sequence. The complete sequence thus con-
tains an upgraded version of the TLS heralding sequence that includes
a Gaussian 20 us long selective m pulse on the qubit at wq/2m —0x /27
at the end (see Fig. 6.16a). The corresponding linewidth of this trun-
cated Gaussian pulse is 50 kHz, well below x /27, which ensures the
selectivity of this gate. The readout of the qubit gives r¢,y = 1 if
the recorded quadrature goes below the threshold (dashed yellow in
Fig. 6.11). The full heralding sequence then consists in a while loop
that exits when both the cavity and the TLS are found in their ground
state.

In order to test the performance of this procedure in resetting the
cavity population, a Ramsey measurement is performed after each
heralding sequence. The result is shown in Fig. 6.16b. When the cavity
is occupied by a thermal state with n, average photons, the Ramsey
signal is supposed to be proportional to et/ T2(1 — N + Ny cos xt).
In blue, the measured signal and fit show a cavity population of
ngy = 0.6 % and fitted T5 is here 40 us after the heralding procedure,
to be compared to the orange curve, corresponding to the same fit but
with the cavity rigorously in the vacuum. This average photon number
nyp 18 attributed to the imperfect QNDness of the qubit readout.

228



6.11 CALIBRATION AND HERALDING

TLS and

vacuum heralding 20 while R <020
OF Teay =
20 us «

‘T:“ @ I[reset
i

reset (\/)_( TTLS \/)? @ reset

~p

-—>
7 >
\\ T Tcav /
(b) R
\>/ 15.5¢
= 15.
TLS and Rams — 5.0
vacuum heralding Amsey ~ 45
>» |
= 14.0 .
I~ ~
0 1 2t ( )3 4
s
(c)
TLS and TLS and
(Vacuum heralding@q(oa(w_(@(WJr(ﬁ j (facuum heralding@*(ﬁ D
>
2 2
2 - S I F T p
1
s |- -
EN 8 0=
-1
_9 2
™

Figure 6.16: Cavity vacuum heralding procedure. (a) Pulse sequence for the
TLS and vacuum heralding procedure. (b) top: Pulse sequence
and Ramsey measurement on the qubit. Blue points: measured
quadrature. Solid blue line: fit with a thermal population of
0.6 % using Eq. (6.19). Orange: expected signal for a pure vac-
uum. (¢) top: high-level pulse sequence for the measurement of
the Wigner of the vacuum. Bottom left: Wigner measurement
with square uniform sampling. Bottom right: Wigner measure-
ment with optimal sampling.

We also measure the Wigner function Wy of the cavity after this reset
Fig. 6.16¢ with a SPM sequence showed Fig 6.19(a), without playing
the NN pulses. The left one is a Wigner tomography with 31 x 31 pixels
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averaged 1000 times each, and gives a fidelity Fo"*"® = 99.4 %+0.5 %
to the vacuum. The right one is a measurement of 2I1(3) /7 using the
optimal sampling popt detailed in the text. The estimated fidelity is
ngt =98.9 % +0.15 %. We attribute the apparent disagreement with
the experiment to a remaining population of the qubit after the reset
possibly due to a slightly destructive behavior of the readout.

6.11.4 Pulse calibration

The control pulses consist in two pairs of voltages signals (I.(t), Qc(t))
and (I4(t),Qq(t)) each upconverted by the OPX controller and a
mixer so that the drive amplitudes in the Hamiltonian read e.(t) =
Ec(Le(t) +1iQc(t)) and eq(t) = £q(Iq(t) +iQq(t)). Determining &, and
& is required for a proper implementation of the pulse sequences
generated by the NN.

Calibrating &, is done using a standard measurement of Rabi os-
cillations. Calibrating . is done using a so-called populated Ramsey
sequence, which is a Ramsey sequence at resonance with the qubit,
which is performed after a displacement of amplitude S on the cavity
(see 6.17a). The measured Ramsey signal reads [239)

To(t) — T_(t) xxexp [_]

X exp[|ﬁ]2(cos(xt) - 1)] cos(|6]2 sin(xt)).

The curve Fig. 6.17b fitted with this expression indicates a displacement

(6.19)

amplitude g = 2.1 after a 200 ns long displacement pulse of amplitudes
I.(t) = 0.03 V and Q.(t) = 0 which gives &./2m = 55.2 MHz/V, as
well as a proper measurement for y. The fitted coherence time in the
presence of cavity occupation is T5 = 17.5 ps. What limits the 75 in
this case is the dephasing induced by the population of the cavity.

6.12 STATE PREPARATION AND FIDELITY MEASUREMENT
6.12.1 Fidelity estimation
The goal of this section is to define the fidelity estimators used to

construct the Figure 6.4 of the main text. For any target state |T) =
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TLS and Roms
vacuum heralding amsey

—0.005 -

t (ps)

Figure 6.17: Cavity displacement calibration. (a) Pulse sequence of the
populated Ramsey measurement scheme. (b) Blue dots: mea-
sured signal for a 200 ns long displacement pulse of amplitudes
I.(t) = 0.03 V and Q.(t) = 0. Solid line: fit using Eq. (6.19)
with T = 17.5 us and 8 = 2.1.

|te) |0), the fidelity of the prepared state p of the cavity and qubit
bipartite system is defined as

F=(ToIT)- (6.20)

Using the decomposition p = 5§, |0X0|+ 5%, [1X1|+ 55, [OX1|+ 55, [1)0],
we have

F = (Welptoltoe) = polelpblte), (6.21)
where pf = %5%0) is a properly normalized density matrix for the

cavity, and pg = Tr(pf,) is the probability of finding the qubit in the
ground state. This fidelity is thus the product of the probability of
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finding the qubit in the ground state and the fidelity of the cavity
conditioned to the qubit being in its ground state:

F = poFe. (6.22)

The probability pg is directly obtained by measuring the qubit at the
end of the pulse sequence. Measuring F¢ can be done with Wigner
tomography: we use the fact that

Foon /C Wi ton (B W (8)d5. (6.23)

where Wy )y (B) is the Wigner function of the target state, and W
that of the state represented by pf.

Let us assume that § is picked at random in the complex plane
following a law p(3). We can rewrite this expression of the fidelity as

the expectation

Wige) (el (B)
p(B)

This expression still holds when replacing the function Wf,(c)(ﬂ) by a

random variable Wexp(ﬂ ) representing the outcome of the measurement
of the observable 2I1(8) /7 with mean value Wi (8). Experimentally,
the measurement record is indeed typically a binary random number in

2 —2} A widely used choice for p(f3) is a square uniform distribution
1 Az
if |R. < —
o iR <5
— A
psquare(ﬁ) and |Im(ﬁ)‘ S Ty (6'25)
0 otherwise

approximated by averaging Wexp (B) on a grid of pixels. In this case,
for each B, Wexp(B) is the mean value of Wexp (Bi). We choose ngn,
evenly spaced pixels on a grid of size Ax x Ay centered around 0 in
the complex plane. This is the most natural way of reconstructing
the Wigner function, as it is visually exhaustive. However, it is not
the most efficient in terms of the number of samples. In [5], it is
demonstrated that the most efficient sampling strategy is given by

Wige) el (B)
) _ 6.26
P pt(ﬁ) H VVlwawc\ ||1 ( )
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with || Wigoywe 1= Jo IWjwe) (e (B)|dB. The procedure then consists
in sampling N points {5;} in the complex plane according to the law
Popt, and in recording one value Wexp(ﬁi) for each of these points. We
can then build the estimators F = poF¢ of fidelity for both strategies.
In general, we have

W c c /BZ
=N Vel (6.27)
Therefore, in the case of the uniform sampling, the fidelity estimator
reads
. TAxAy ~
fcsquare = T Z m¢c)(¢c|(/6i)wexp</8i)‘ (628)

In contrast, in the case of the optimal sampling it reads

- T Wigeytwel 1 = Wigeywe (Bi)
Fe — c c c c Wx 5 6.29
o N 2 Wigey el (B p(5) (6:29)

Note that the expression (6.28) of ]:"Square is formally equivalent
to computing a discrete version of Eq. (6.23) between the target
Wigner function and the experimental one. The estimated fidelities
are compared for both strategies in Fig.6.18 where the improvement
in the statistical error can be seen in the error bars. Some values
differ between both methods, which gives a sense of the uncertainty
originating from the low frequency drifts in the contrast ¢ due to drifts
in the qubit coherence time 75 (see Sec. 6.14.2).

6.12.2  Experimental implementation

The schematics of the State Preparation and Tomography (SPM) pulse
sequence is presented in Fig. 6.19a and b. Two parity measurements
with opposite polarity are performed for each amplitude 5;. Wigner
measurement of the vacuum at 8 = 0 are interleaved to calibrate the
possibly drifting contrast of the Wigner measurement.

Before each sequence, a heralding sequence on the TLS and on
the cavity emptiness is performed to start with a state as pure as
possible before applying the pulse sequence. For each a and ¢, the
SPM sequence is performed for N = 10° times for the optimal strategy,
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Figure 6.18: Comparison between optimal and square sampling on fidelity
estimation. Red dots: Fidelity measured with optimal sampling.
Brown dots: Fidelity measured with square sampling. The error
bars are wider for about the same number of samples. Purple
dots: theoretical expectation from the solid line in Fig. 6.4a.

and N = 21 x 51 x 10? times for the square strategy. Knowing that
the cavity is on average in a thermal state with n, = 0.006, we now
define the experimental contrast ¢ and Wigner estimator Wexp(5;):

exp(ﬁl) = grét(ﬁz) (630)
Wexp(ﬁi) - exp(/Bz) - We;p(ﬁi) (631)

Note that with this way of sampling the Wigner function, Wexp(ﬂi) is
a random number that can take discrete values in {—%, 0, % .
We now define the estimator F of the fidelity F:

N
_ 1 _
€= (1 — 2nth N (T(—:t)ntrast,i - Tcontrast,i) <632>
ch ¢c 1(Bi)
= Z e W () (6.33)

This renormalization by the contrast ¢ is necessary to take into
account imperfections of the measurement of ﬂ(ﬁ), in particular the
finite coherence time of the qubit and the 7/2 pulses and readout
fidelities. It is also crucial to interleave the contrasts measurement and
the fidelity estimation in a SPM sequence, as the contrast typically
drifts by 10 % over several realization of fidelity measurement (typically

234



6.12 STATE PREPARATION AND FIDELITY MEASUREMENT

(a)
SPM(a, ¢, )
( TLS and )( . )( . )NN Il ( , ) TLS and NN pulses|f" -
vacuum ﬁ:ralding V+(0) W,(O)l ((!});"J)SCS W-(5) (vacuum ;:ralding) (o, 0) (”7(‘39\
i i i i -
7,(t)utrast r;ontrast ’f(g) ’;(3)
(b)
N B for each f3;
Tcontrast "'contrast
SPM(a, ¢, )
i i >
rd(Bi)  re(Bi)
(c)
D(-p)
cavity -
Wi (p =
+(8) VX X +VX @ reset
qubit T
e (8)

Figure 6.19: State Preparation and Measurement (SPM) sequence. (a) High-
level diagram of the SPM sequence. It lasts 8 ms for each
realization, which is dominated by the cavity reset time. (b)
High-level diagram of the Wigner sampling scheme. (¢) Pulse
sequence for the Wigner measurement

comprising N = 10°> SPM sequences). These drifts are the main reason
why Fig. 6.18 red and brown do not always agree. The contrast ¢
typically ranges from 0.8 to 0.9.

Since we do not measure the qubit at the end of the NN drive pulses,
and do not reset it, doing the Wigner tomography right away biases
the estimator F towards

F' = (elpfoltbe) — (welpfiltbe). (6.34)

This can be simply understood: if we post-select the qubit to be in |1)
at the beginning of the Wigner pulse sequence, then the probabilities
for it to be in |0) or |1) at the end are flipped compared to the situation
where it starts in |0). The signal Wexp(ﬁi) becomes an estimator for
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Figure 6.20: Sensitivity of the fidelity estimation to the T, time of the qubit.
(a) Red dots: measured infidelity 1 — F(«,0). Each point is
obtained by averaging 10% samples. Purple solid line: simulated
infidelity 1 — F(a,0) for the same parameters, for To = 42 us,
T5 = 50 ps and T = 60 us (dark to bright). Purple points:
infidelities obtained by simulating also the experimental fidelity
measurement, procedure and taking into account the finite ther-
mal population of the cavity, for 75 = 42 us, To = 50 us and
T, = 60 us (dark to bright).

p'*c

—Wje, where we defined similarly p§ = ch)' In the end, our estimator
1

pL

Wexp(Bi) becomes such that:

E[Wexp(8i)] = poWsg (5:) — (1 = po)Wie () (6.35)

ElF] =F =F - F, (6.36)

where 1 = (| p5(1 — po) [¢1).-
The bias of this estimator thus depends on whether p{ is close to

|1)c) or not.

6.12.3  Wigner functions of various states

A series of additional experimental tomography of several states is
shown Fig 6.21. For the square sampling strategy (Fig. 6.21a), each
pixel is averaged 1000 times. To reconstruct Wigner functions from the
optimal strategy (Fig. 6.21b), we build an histogram of the {3;} with
100 x 100 bins and average the values of the {Wexp(8;)} corresponding
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Figure 6.21: Wigner functions of various cat states. (a) Renormalized re-
constructed Wigner functions for several parameters (indi-
cated in the top left) of the neural network, with square
sampling. Estimated fidelities are F(0,0) = 93.8 % + 0.3 %,
F(2,0) = 89.5 £ 0.4 %. (b) Reconstructed Wigner functions
for several parameters of the neural network, with the optimal
sampling. N = 10° samples were used for ¢ = 0, N = 10°
for ¢ = 7. estimated fidelities are F(0,0) = 94.3 % £ 0.2 %,
F(1,0) = 95.0 % £ 0.2 %, F(2,0) = 91.1 % + 0.3 % and
F(2,7) =91.5+0.8 %.

to each bin to get Wexp(/3;) inside each bin. The resulting Wigner is
then very noisy when Wy, .| is close to zero. The large Signal-to-
Noise Ratio (SNR) thus concentrates on the regions where the target
Wigner function has the highest values.

In order to more closely visualize the fidelity of this Wigner function,
we renormalize it by ¢. For visualization purposes, we kept the colorbar
between —% and %, even though some pixels contain the average of
only a few {Wexp(B:i)}/¢ € {—2,0, 2}, which can be out of range.

7w ) e
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Note that this does not happen on well averaged pixels. This allows
to take into account the imperfections of the measurement apparatus
to fully recover the contrast of the experimental Wigner function.

6.13 OPTIMIZATION USING GRAPE FOLLOWED BY KROTOV
In this section, we provide details on the numerical optimization of
the control pulses using the more traditional technique denominated

as GRAPE followed by Krotov [3, 4, 236], and about the experimental
implementation of these pulses.

6.13.1 Numerical optimization

(a) < (b)

>

— N
" "
[\o)

|
[N
N

Drive amplitude (MHz
o

Figure 6.22: GRAPE & Krotov-optimized control of the cavity and qubit.
(a,b) Control pulses generated using the GRAPE & Krotov
method for & = 2 and ¢ = 0. (¢) Simulated probability dis-
tribution of the photon number (top) and qubit excitation
(bottom) as a function of time for the control fields shown in
(a) and (b). The fidelity of the predicted final state to |C¥) is
F(2,0) =95.7 %.
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Figure 6.23: Comparison between the GRAPE & Krotov method and the
NN method. (a) Reproduction of Fig. 6.4 showing the predicted
and measured infidelities when generating the pulses with the
NN. (b) Green open circles: simulated infidelity using pulses
optimized by GRAPE followed by the Krotov method [3, 4, 236].
Green dots: infidelities obtained by simulating also the residual
qubit excitation during the measurement procedure and taking
into account the finite thermal population ny, of the cavity.
Blue dots with error bars: measured infidelity 1 — F (e, 0) for
21 values of « using the control sequences provided by GRAPE
followed by the Krotov method. The error bars are statistical.

GRAPE and Krotov methods are two optimization algorithms that
aim at minimizing the same loss function £, which is the infidelity
of Eq. (6.5). We respectively implemented them in python using the
packages QuTiP 4.7.6 [236] and Krotov 1.3.0 [4]. This implementa-
tion of GRAPE only works on Hamiltonian evolution but is easy to
parallelize. Feeding the output of GRAPE as an initial guess for the
Krotov method allows to take into account decoherence. In practice,
we combine the two for generating the four control sequences Re(ec(t)),
Im(ec(t)), Re(eq(t)), and Im(gq(t)) as follows:

1. Run GRAPE algorithm based on the unitary evolution set by
the Hamiltonian (6.1) on a grid of 163 time steps uniformly
spanning a time interval of 1956 ns. The algorithm is initialized
with sinusoidal functions (one of the few allowed initialization
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in the optimize pulse unitary function of control.pulseoptim

in QuTiP 4.7.6) ;

2. Upsample the resulting GRAPE optimization results into a
denser time grid of 2000 time steps over the total duration time
T = 2 us. Then smooth the pulses by convolving them with a
Gaussian function (standard deviation of 11 ns). This process
has the embedded benefit of flattening the beginning and end of
the pulses and to limit the bandwidth of the control signals to
an experimentally feasible range;

3. Run Krotov’s method based on the Lindblad master equation
on the 2000 time steps using the smoothed GRAPE pulses as
the initial guess.

Note that the dimension of the Hilbert space we use grows with
cat state amplitude «. The dimension Ny, is the nearest integer to
16 + 4o + 2a2.

An example of control pulses is shown in Fig. 6.22a,b for the opti-
mized preparation of |C4) with o = 2 and ¢ = 0. They present more
abrupt changes in time than the pulses that are generated by the neu-
ral network (Fig. 6.2), which can be explained by the freedom offered
by the tuning of every 2000 time steps as opposed to the 9 coefficients
of the B-spline decomposition. The photon number distribution is
shown in Fig. 6.22c.

6.13.2 Theoretical infidelities

We solve the Lindblad master equation (6.9) using the solution of
GRAPE & Krotov obtained for each amplitude «. The computed
infidelity at time 7" is shown in Fig. 6.4a.

Since we implement this optimization method experimentally on
a different cool-down, we rerun everything for the slightly different
parameters of the second cool-down (x /27 = 237.5 kHz, T = 38 us,
Typ = 70.5 ps and Te = 220 ps) and plot the predicted fidelities in
Fig. 6.23b as a function of a (green open circles).

To compare with the experimental results, we compute how the
estimation of infidelity is affected by the Wigner tomography errors.
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If we take into account the residual excitation probability of the qubit
and the thermal occupation of the cavity ny, = 0.6 % as in Fig. 6.24,
we obtain an overestimation of the infidelity as shown in Fig. 6.23
(green dots). This overestimation is similar in amplitude to the one we
find for the control pulses generated by the NN (purple dots compared
to purple solid line in Fig. 6.4a).

6.13.3 Experimental implementation of GRAPE

We implement the 21 control sequences generated by GRAPE &
Krotov on a different cool-down for the same device as the one used
with the NN. The procedure for the fidelity estimation is the same as
the one described in Sec. 6.12.2, except for the computation of ¢. It
is now estimated by measuring an evenly distributed grid of 11 x 11
complex amplitudes 8 = x + iy for the Wigner function Wy(8) where
—1 < z,y <1, obtained when the cavity is heralded in the vacuum.
In contrast, the formula given in Eq. (6.32) only relies on the point
B =0.

The resulting measured infidelity is plotted as blue dots as a function
of o in Fig. 6.23b. The error bars represent statistical errors. The
number of averaging of each point varies owing to frequent temperature
rises of the refrigerator triggered by another experiment. The fidelity
increases with amplitude « similarly as the prediction. However, qubit
frequency drifts and thermal occupation of the cavity varied often
during the run leading to a spread of the measured fidelities beyond
the statistical uncertainty.

Overall, Fig. 6.23a,b show that the experimentally observed fidelities
are close to the predicted infidelities we should observe, owing to
measurement errors. In Fig. 6.23, the actual state fidelities at the end
of the preparation are represented by the solid purple line for the NN
and by the open green circles for GRAPE & Krotov. Both differ by
about 0.01 for large amplitudes «.

6.14 ERROR ANALYSIS
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6.14.1  Error budget

In order to understand the difference between the prediction of the
state preparation fidelities (purple in Fig. 6.4a) and the measured ones
(red in Fig. 6.4a), we numerically solve a Lindblad master equation
of the whole measurement sequence that takes into account the three
phenomena leading to infidelity losses AJFy, due to the remaining
thermal population of the cavity before the pulse sequence, AFgissip
due to dissipation during the parity measurement sequence, and A Fey
due to the remaining qubit excited population before the parity mea-
surement sequence. Simulations removing separately these three effects
reveal their respective contributions. Results are shown Fig. 6.24. The
thermal population n¢, systematically leads to AFy, ~ ny, = 0.6 %,
and AFp,, varies monotonically from 0.6 % for small cat states to
2 % for the largest values. It is negative for small alphas, as relaxation
towards the vacuum actually improves the fidelity. AFex is of the
order of 2 %. Its non trivial variations depend on the way the NN was
trained.

« dissipation

3.0 1
qubit excitation
2.5 1
o thermal population

2.0 1
X
— 1.5 R
ke -3
< 101 .

0.5 '.:.......

0.01 L.

0.0 0.5 1.0 1.5 2.0
«

Figure 6.24: Influence of the measurement imperfections on the experimental
fidelity estimation. Blue dots: contribution to the infidelity
AFqissip due to the dissipation during the parity measurement.
Orange dots: contribution due to the residual qubit excitation at
the end of the pulse sequence. Green dots: effect of the thermal
population of the cavity ng, = 0.6 %.
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6.14.2  Effect of Ts fluctuations

The effect of T, fluctuations are shown in Fig. 6.20. Simulations are
run in the same way as Fig. 6.4(a), but T of 42 (dark), 50 (medium)
and 60 us (bright) are considered. The mismatch between theory and
experiment could thus be explained by variations in 75. However, we
still see that the experiment has a tendency to perform worse for
larger alphas compared to the prediction. We attribute this either to
imprecision in the measured value of y, or higher order processes taking
place during the preparation. The consequences of these two reasons
become more important when the cavity is loaded with more photons
during the preparation. As the intermediate number of photons in the
cavity typically increases for larger values of o, we expect a larger
deviation for larger a.
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QUANTUM INFORMATION TOOLS

This appendix aims to introduce the main quantum information tools

used in this thesis.

Al QUANTUM COMMUNICATION
A.1.1 Classical channel

A classical communication channel is depicted in Fig. A.1. The principle
is as follows: n codewords (here 0 to n—1) are used to convey a message
through a noisy channel A/. As a result, when Alice sends the word
a, Bob receives an outcome b with a probability conditioned on the
codeword p,(b). This gives an overall probability distribution for b:

p(b) =Y pa(b)P(a) (A.1)

The amount of information that can be transferred with a single use

Alice channel Bop

0

b po(b)

997

b — pa(b)

Figure A.1: Scheme of a classical communication channel. Alice communi-
cates with Bob through a noisy channel using letters a (here
numbers) with a prior probability distribution IP(a). Bob receives
outcomes that follow a distribution that depends on the letters
Alice sent, which allows him to infer the most likely message.
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of this channel is computed using the mutual information I(a : b),
which depends on the probability distribution P(a) of the codewords:

I(a :b) ZIP (A.2)

where H(b) = —>",p(b)log(p(b)) is the Shannon entropy of
the distribution of b, which depends on P(a), and H(bla) =
— >y p(bla)log(p(bla)) the entropies of the distributions p(bla) know-
ing the value of a. This expression is simple: it is the total entropy of
b lowered by the average entropy of b when a is known.

The mutual information has an interesting property, which is that
it is additive: the information conveyed when sending (independently)
m words a1, as...a,, and receiving outcomes b1, bs...b,, is

I ((a1, a2, ...;am) : (b1, b2..bp)) = mI(a:b). (A.3)

A.1.2  Quantum channel

The simplest way to extend the classical picture is illustrated in
Fig. A.2. The codewords a are associated to orthogonal states |1),) €
H 4, that are sent by Alice through a noisy quantum channel A’. When
Alice wants to send the word a, Bob receives a corresponding density
matrix p, on a Hilbert space Hp and can perform a measurement on
it, which gives him an outcome b. The corresponding density matrix
of the system reads

pap = ZIP ) [tha)tbal @ pa- (A4)

This is then essentially a classical communication channel carried
by quantum states. The information carried is then computed the
same way as in the previous section. Here, Bob is free to choose
the measurement (a POVM) he wants to perform on the state. The
information carried by the corresponding channel thus depends on the
choice of measurement. As an example, if the codewords are |¢g) = |g)
and |y1) = |e) the two states of a qubit, which are transferred perfectly
(po = |g)Xgl, p1 = |e)e|), Bob can choose to measure &, with outcomes
1 or —1. The information is perfectly transferred, and Alice is able to
send log 2 nats (or one bit) of information.
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Alice channel Bob
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Figure A.2: Scheme of a quantum communication channel. Alices sends
classical information in the form of quantum states indexed
by a through a quantum channel N. Bob performs a quantum
measurement (POVM) on the density matrices he gets, which
gives him outcomes b.

However, if Bob chooses to measure &,, the distribution of the
outcomes will be the same (50 % chance for each) for whatever state
Alice sent. Thus, the mutual information is zero, and no information
has been transferred: the information has been destroyed, and Bob
has no way of recovering it.

A third case that can be considered is when Bob performs a weak
measurement of 6, on the qubit. He will get a little information, or a
"hint" of the state of the qubit, but will not be able to discriminate
the two cases fully. However, further measurements may still give him
more information: some information still remains in the state of the
qubit. In [104], Han and coworkers formalize this decomposition into
the information available to Bob into the information he extracts from
his measurement, the information he destroys, and the information
remaining in the state.

The information available to Bob is obtained by performing the
measurement that maximizes the mutual information and is called
the accessible information I,c.(A : B). Given a set of measurement
operators IT = {IIy, I}, ...} such that >k ﬁ};f[k =1, wenote [ = I(a:
brr) when by is the outcome of the measurement.

Toce = mﬁxx([(a 2 b)) (A.5)
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As for the classical case, when repeating this procedure m times, the
total transferred information will be m times the information for each
step.

A. 1.3 Quantum channel with global measurements

Using m times the same channel is equivalent to considering a bigger
Hilbert space H%m and H%m. Alice sends product states made of her
initial set of states, and Bob performs a measurement comprised of
local POVM on each of the p;. We can now tweak the rules of the game

Alice channel Bob

| lia) = [1§) ® [158) ® [¢45) .- po = P © 1 @ 5. A<D

|¥6) Po
® ®
l¥1) H<D 1+ 0 palb)
® ®

~Q
P2

299 P

|¥%)

Figure A.3: Scheme of a global quantum communication strategy. Alice sends
multiple states |¢f) into the quantum channel. This forms a
product state |[¢¥§) ® [¢2) ® [¢§) .... Bob can perform a joint
measurement on the state p¢ he gets. This allows us to beat the
local measurement strategy shown in Fig. A.2.

a bit. What if Alice still uses product states (possibly different from
the original ones), but now Bob can use whatever global measurement
on this bigger Hilbert space? This is the situation described in Fig. A.3.
The Holevo-Schumacher-Westmoreland theorem [240, 241] states that
the information that we can carry this way can be larger than m/ ..
It is equal to m times the Holevo bound y [242], that reads:

x=5(>_P(a)pa) = Y P(a)S(pa) (A.6)

with S(p) = —plog(p) the von Neumann entropy of p. This quantity
was first derived as a bound for classical information transmittable
through a quantum channel by Holevo [242], before being shown to
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be asymptotically reached when allowing many copies for Alice (still
restricting to product states) and joint measurements for Bob with
the Holevo-Schumacher-Westmoreland theorem [240, 241].

The Holveo bound is the quantum mutual information of the state
describing this quantum communication scheme. The quantum mutual
information (A : B) is defined as

Iq(A: B) = 5(pa) +5(pB) — S(pas) = x (A7)

where pg = Trp(pap) and pp = Tra(pap) are the reduced density
matrices of each subsystem. It describes the amount of quantum
information that is shared between the subsystems A and B, and
constitutes another possible generalization of mutual information to
quantum systems, along with the accessible information.

We always have I,.. < Iy, and in general, I,. < Iy. The difference
is called the quantum discord [243] and provides a purely quantum
additional resource that can allow us to beat classical schemes at
certain tasks. The quantum radar [10, 244] is an example of such purely
quantum advantage arising from this difference. Another example is
shown in Sec 3.3.5 in the context of the dispersive readout of a qubit.

It can also be shown that

Y < — Z]P )logP(a (A.8)

It means that Alice cannot communicate more information than with
a classical noiseless channel.

Additional quantum effects and advantages arise when Alice can
use entangled states and when allowing shared entanglement between
Alice and Bob. For example, the latter case allows Alice to send 2 bits
of information with a single qubit. This protocol is called superdense
coding, and examples can be found in Gyongyosi’s work [245].

A.1.4  Pure qubit case

Quantum discord is a quantity that is hard to compute in general
because computing I, is an NP-complete optimization problem [246],
as one needs to find the optimal POVM. However, the case where
Bob receives a qubit is simpler and has closed-form formulas in the
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simplest cases [247, 248|. We will here consider the simple case where
Bob gets pure qubit states |bg) and |b;) from Alice, which sends them
with maximal entropy: IP(0) = P(1) = 1. This case is characterized
by the overlap | (bg|b1) | = cos /2 between the two states. Here, 6 is
the angle between their respective two Bloch vectors ;) and ).

Without loss of generality, up to a change of phase, we can write

lbo) = cos(”f) 9) + sm(”;e> ) (A.9)
b)) = cos<7T1_0> 19) —|—sin<w1—0> By (A.10)

(a) (b)

|m)

Figure A.4: Optimal measurement to discriminate two quantum states. (a)
Representation of |bg) and |b1) in the Hilbert space. The optimal
observable |m)m| to measure is given by |m) and |m)" as
pictured. (b) Representation of ),y and i,y in the plane (zy)
of the Bloch sphere. They form an angle 6, and the optimal
measurement is given by @,y o< @)y, —1)p,) - Here, it corresponds
to the measurement of 7., as | is parallel to the axis of the
Bloch sphere.

This situation is pictured in Fig. A.4a in the Hilbert space. In [247],
Fuschs shows that the optimal measurement is obtained with the
observable |m)(m/| given by the orthogonal kets |m) and |m)" such
that they are symmetric with respect to the bisector of |bg) and |b1)
(grey dashed line). The geometrical construction is simpler in the
Bloch sphere, pictured Fig. A.4. The ket |m) is given by its Bloch
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vector U,y o< U,y — Ujp,) in the Bloch sphere. Here, it corresponds to

measuring |e)(e|, which gives b =0 or 1. We write

plb=0)=p(b=1)=pb) = 5 (A1)
sin (¢

p(b = 0la = 0) = p(1]0) = H2(2) (A.12)
—sin(¢

o= 1]a = 0) = p(of1) — -—(2) (A13)

which gives the following accessible information:

Tacc(A : B) = —p(0) log(p(0)) — p(1) log(p(1))
+P(0) <p(0|0) log(p(0[0)) + p(1]0) log(p(1]0))

+ (1) (p(0]1) Iog(p(011)) + p(1]1) log(p(111))
(A.14)

and finally:

Tacc(A: B) :% ((1 +sin(6/2)) log(1 + sin(6/2))
(A.15)

+ (1 —sin(6/2)) log(1 — sin(@/Z)))

To get the formula Eq. (3.90), we take the limit # < 1, which gives,
at second order in 6
92

I..(A:B)~ 5 (A.16)

A.2 QUANTUM METROLOGY
A.2.1  Classical Fisher Information

The Fisher information is an important quantity in parameter estima-
tion problems. We want to estimate A the parameter of a probability
distribution py from n independent stochastic outcomes by, which fol-
low the law given by py. We can build an estimator A, ({bz}) from these

outcomes and assume that it is unbiased, i.e. that [\, ({bx})|Xo] = Ao.
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Here, E[X|)o] stands for the expectation value of X assuming the
value A\g for A. The precision of this estimator is given by its variance
SA2. If py is sufficiently regular, the Cramer-Rao bound gives a lower
bound on the variance of this estimator [249]:

- 1
2
> — .
SN2 > PO (A.17)

where F'()) is the Fisher information. It is defined as

F(xg) = B[ (8RO 1S (O ) o),
b

(A.18)
Under additional regularity conditions [249], it also reads
9?lo b
F(Xo) = _E[g()\p;( ))|>\0 : (A.19)

As the mutual information (see Appendix A.1.1), the Fisher informa-
tion is additive: iterating n independent times the same experiment
gives a Fisher information that is n times that of a single experiment.

The existence of an estimator that saturates the Cramer-Rao bound
is not guaranteed. However, a maximum likelihood estimator ;\?
asymptotically reaches this lower bound:

E[A | Ao] == Ao (A.20)
Im2 n—oo 1
noAy" ——— . A21

The Fisher information then gives the accessible asymptotic precision
in the parameter estimation.

A.2.2  Link with the mutual information

We can link the Fisher information to the mutual information obtained
in a classical communication setting. Up to now, we supposed that
Bob obtains the outcome b with probability pg(b) if Alice sends the
bit a = 0, and with probability p;(b) if she sends the bit a = 1. Let
us replace pi(b) by an aribtrary distribution py(b) parameterized by

A € R, such that px—¢g = po. In the case where P(0) = P(1) = %,
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we can establish a result very close to a known result in information

theory relating the Kullback-Leibler divergence of the distribution p)

with respect to pg with the Fisher information F(\g = 0) for small \!.
We write the mutual information Iy(a : b) as

b b b b
_ZPO( )‘;p,\( )log<po( )‘QHUA( ))

+5 Zpo ) log(po (b Zm ) log(pa(b)).
(A.24)

The first and second derivative for A = 0 of this expression gives

d
@) )y =0 (A.25)

i),y = ;(8% o)’ /o) = 1F(0)
(A.26)

where F'(0) is the Fisher information associated to the parameter A of
the distributions py. For A close to zero, we can expand I)(a : b) up
to the order 2, which gives

£0)

IN(a:b) ~ g

A2, (A.27)
The Fisher information thus becomes a relevant quantity to compute
when working in a low information regime in a classical communication
scheme.

1 The Kullback-Leibler divergence of the distribution p with respect to po is defined
as

L(pxllpo) = Zm log( ) (A.22)

If py is sufficiently regular with respect to A, we can link the Kullback-Leibler
divergence to the Fisher information F'(A = 0) associated to the parameter \ of
the distributions by expanding it in second order with respect to A [250]:

KLpallpo) = T2 (123
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A.2.3  Quantum Fisher Information

We can translate this parameter estimation problem to a parameter
estimation involving quantum states. Given O an observable, U (N =
e=\0 the unitary operation parameterized by A it generates, and
la) = U(N) |1) the probe states, evolved according to this unitary
evolution. The question we want to answer is: if we have access to a
system in state |1y ), how precise can we be on the estimation of A?
In other words, what is the best measurement to perform to get the
highest Fisher information? This is the Quantum Fisher Information

(QFI). It is defined as
FQ()\()) = ml_?X FH()\()) (A28)

where II defines a quantum measurement and Fpy the Fisher informa-
tion associated to its outcomes. In this case, where the probe states

are pure, the QFI has a very convenient form [251]:

W’*o>

where
AOY, = (V] O [) — (] O |v)? (A.30)

is the variance of O on the state |1)). Note that the measurement that
achieves this bound is dependent on g, so it is also an asymptotically
reachable bound that needs to use the previous estimations of the
parameter to get closer and closer to the optimal measurement.
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MULTIMODE PHASE-SPACE
REPRESENTATION

The P function, the Wigner function, and the Husimi @ function can
be generalized to n modes. This is done with two modes using the
characteristic functions in [28], but can be generalized to n modes,
as done in [43, 252]. We present here a generalized version of some
formulas given in Sec. 2.2.2.

B.1 MULTIMODE WIGNER FUNCTION

Given n modes, represented by their bosonic operators {ay}, we call
Dy the displacement operator of the k-th mode. We generalize the
displacement operator as a function of 3 = (59, 81, ..., Bn—1) one the

system by
n—1
D(B) = [[ D) (B.1)
k=0

We can then generalize the formula given by Eq. (2.44) by [253]
om .
W(B) = = Tx(D(=B8)/D(B)P) (B.2)
Here, P is the parity operator, which reads

~ ot
P = (—1)X &, (B.3)

B.2 MULTIMODE Q FUNCTION

From the generalized displacement operator, we can define a gener-

alized coherent state by applying them on the vacuum state, defined
as

[vac) = R [0), (B4)
k
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where |0), stands for the vacuum state of the k-th mode. It gives:

) = D(8) o) = @) |30 (B.5)

where now |fy),, is the state of the k-th mode in a coherent state of
amplitude 5.

The multimode Q function is then obtained by a generalization of
Eq. (2.64) as

Qo) = - (81718) B6)

which defines a multidimensional probability distribution. Alterna-
tively, it can also be obtained as the generalization of Eq. (2.67)
by performing a multidimensional convolution between the Wigner
function and the vacuum Wigner function Wy:

Q=W % W,. (B.7)
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We detail in this appendix the different experimental processes used to
fabricate the samples used in Chap. 4 and Chap. 6. These samples are
made of 200 nm of tantalum sputtered on a sapphire substrate grown
using a Heat Exchanger Method (HEM). A first optical lithography
is performed on 2’ wafers to create the circuit, which consists of
the capacitor of the transmon, the readout resonator, and the Purcell
resonator for the tomography qubit part. For the photon counting part,
it consists of the capacitor of the transmon and the filter. A second
step, the electronic lithography, is performed to create the Josephson
junctions of the transmons. The 3D cavity also goes through a cleaning
step after machining, which we will also detail in a third part.

C.1 OPTICAL LITHOGRAPHY

The main steps of our optical lithography process are summarized in
Fig. C.1. The first one consists in depositing a layer of optical resist
on top of the tantalum. This layer is then exposed where the tantalum
needs to be removed. The exposed resist can be selectively dissolved
by a developer, which exposes the tantalum. Finally, exposing the
sample to an etching agent removes the exposed tantalum, whereas
the resist protects the unexposed regions.

c.1.1  Cleaning
The cleaning is done in acetone or NMP (or remover PG). The wafer

is then rinsed 20 s in isopropanol (propan-2-ol), abbreviated IPA, and
finally dried using nitrogen on a cleanroom wipe.
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Figure C.1: Optical lithography procedure. (a) A layer of 200 nm of tantalum
is sputtered on the sapphire substrate. This was done by STAR
Cryoelectronics company. (b) The wafer is coated with a layer
of optical resist. (¢) The resist is exposed to UV light, which
alters its structure. (d) The resist is developed, which dissolves
the altered parts and exposes the tantalum. (e) The exposed
tantalum is wet etched, drawing the desired pattern in the
tantalum. (f) The resist is removed

c.1.2  Coating

The wafer is heated up to 115°C for 1 min to remove residual water.
The wafer is then coated in an S1813 photoresist with a spincoater.

The program is as follows:
e 500 rpm for 5 s, with an acceleration of 500 rpm/s ;
e 2000 rpm for 55 s, with an acceleration of 4000 rpm /s

The wafer is then baked 1 min at 115°C on a hot plate.

c.1.3  Ezposure

The exposure was first done using a Smart Print from Microlight3D. It
uses a projector and a digital micromirror device (DMD), which acts
as a configurable mask to expose the desired areas. It then exposes
the whole wafer by subdividing it into zones that are exposed one
by one. While it can lead to so-called stitching errors when adjacent
areas do not reconnect properly, it was not an issue regarding our
samples, as the typical size of the details is sufficiently large. The right
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exposure intensity is determined using a dose test, which consists in
developing the same pattern exposed with increasing UV doses. The
test is then visually examined to find the dose that renders the pattern
with the highest precision. The value of the optimal exposure time
was around 4s, which can vary over several months. Once again, the
desired features were sufficiently large so that the time of exposure
could be away from the optimal time by 50 % without significantly
impacting the quality of the lithography.

The group acquired a pMLA Heisenberg laser lithography system
during my PhD thesis. Compared to the Smart Print system, this
system has a higher precision, and the stitching issues disappear. The
procedure is essentially the same as with the Smart Print. This machine
was used for the fabrication of the qubit used in Chap. 6, which is
nominally the same qubit as the tomography qubit of Chap. 4.

c.1.4  Development

The development program is as follows:
e development in MF319 for 50 s ;
e rinsing in DI water for 20 s ;
e dry with a nitrogen gun.

The MF319 is stored in a fridge at 4°C. It is important to keep
the MF319 as cold as possible, as it slows down the reaction. The
development is then less sensitive to the development time, which
makes it more stable.

Cc.1.5  FEtching

The etching program is as follows:
e Transene Tantalum etchant 111 at room temperature for 17 s ;
e DI water for 60 s ;

e dry with a nitrogen gun.
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The result of the lithography is very sensitive to the duration of the
etching step. It is regularly updated, as external parameters like the
temperature can significantly change the optimal time. If we stop the
etching too soon, it does not have the time to remove perfectly the
tantalum in the exposed regions. If we stop it too late, it will start
to etch unwanted regions, as the resist is also etched, although at a
slower rate.

C.1.6 Dicing

The wafer is then cleaned in acetone and coated again in resist. It is
finally diced in the Nanolyon clean room. The samples are now ready
for electronic lithography.

C.2 ELECTRONIC LITHOGRAPHY

The Josephson junction (JJ) has a typical size of 200 x 200 nm?.
To properly fabricate it, we need a precision of 10s of nanometers,
too small to be handled by optical lithography, which uses light at
365 nm wavelength. The exposure is then done in a Scanning Electron
Microscope (SEM) using electronic beam (e-beam) resists, which is
much more precise and allows to reach the desired precision. The
lithography procedure is summarized in Fig. C.2. The junctions are
fabricated using a Dolan bridge technique [254] to deposit two lay-
ers of aluminum (superconducting) separated by an aluminum oxide
(insulating) layer. The sample is coated with a double layer of poly-
methylglutarimide (PMGI) and Polymethyl methacrylate (PMMA).
The latter is a positive e-beam resist, which means that the exposed
regions are weakened and will be dissolved by the developer. After
exposure and development of the PMMA layer, the PMGI becomes
accessible in these regions. Immersing the sample in a second devel-
oper allows us to dissolve the PMGI in these regions and to create
an undercut: the PMGI is removed under the PMMA in the vicinity
of these regions, which crucially creates a bridge. Aluminum is then
deposited in two steps, following two different angles, separated by an
oxidation step, which creates the junction in AlOx. Its area is fixed by
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the two widths W7 and Wy, and the thickness by the oxygen pressure
and the duration of the oxidation step. We will detail the recipe used
in the fabrication of the junctions.

(a) I (b) pMMA
Wa : undercut
T PMGI —

sapphire

Wi
(© U (@
NN :

bridge

first
evaporation

second 1]
evaporation

Figure C.2: Josephson junction fabrication procedure. (a) Shape of the pat-
tern exposed during the lithography. The width W7 and W5 sets
the area of the JJ. (b) Scheme of the layers of PMMA and PMGI
after exposure. The PMGI is removed on a larger region under
the PMMA, creating the undercut. (¢) Aluminum deposition.
A first evaporation is done with an angle of 0° (light gray) and
a second with an angle of 30° (dark gray, the angle has been
exaggerated on the figure) after an oxidation step. The oxidized
zone is materialized as a solid black line. The zone containing
the JJ is highlighted by the green rectangle. (d) Top view of the
two evaporations. The JJ is created in the overlap region.

c.2.1 Cleaning

The cleaning part of the lithography process is the part that evolved
the most in the past three years. It started from the recipe given in
[103], using toluene, acetone, methanol, IPA and a stabilized version of
the piranha solution (a mixture of sulfuric acid and hydrogen peroxide)
called Purestrip. Using this protocol during the first year, we finally
abandoned it, as the Purestrip seemed to deteriorate the samples (see

263



FABRICATION TECHNIQUES

Fig. C.3). It started to be visible after a few cycles of fabrication
performed on the same sample, but we highly suspect that it already
deteriorated the quality of the sample at the first cycle. Only after
we abandoned this step could we obtain a decay time of the cavity
T. > 200 ps with a sapphire sample inserted, whereas it was stuck to
a few tens of us before.

(a)

Figure C.3: Pictures of the influence of the Purestrip on the cleaning proce-
dure. Clean (a) versus dirty (b) qubit capacitor.

The use of Buffered Oxide Etch (BOE), introduced in the group
around one year ago, further improved the quality factor of the qubit:
whereas the T of the tomography qubit is around 3.6 us in Chap. 4
with the old cleaning process, it reaches 38 us in Chap. 6, with the same
design. This is not the only factor, as the shielding of the experiment
also improved during this time, but it participated a lot. The recipe
presented here is the last one, followed for the qubit of Chap. 6.

If a lithography was performed before on the sample, the sample
is first immersed in a potassium hydroxide solution with 2 % mass
concentration for a few minutes to remove the aluminum. The following
steps are as follows:

e NMP at 60°C for 30 minute ;
e rinse in IPA for 20 s ;

e dry with nitrogen gun ;
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e BOE (7:1) for 15 min ;
e DI water for 60 s ;

e dry with a nitrogen gun.

The BOE ratio of 7:1 sets the ratio between the two water solutions
it is made of; one constituted of 40 % of ammonium fluoride and the
other of 49 % hydrofluoric acid. It is important to lower as much as
possible the time between the BOE and the cooldown of the qubit to
limit the size of the reconstituted oxide layer after this step.

c.2.2  Coating

The coating step starts with a minute on the hot plate (at least 115°C)
to remove any residual humidity on the sample. Two steps are then
followed. First, the PMGI:

e 500 rpm for 5 s, acceleration 500 rpm/s, then 2000 rpm for 55 s,
acceleration 4000 rpm/s ;

e bake 5 min at 200°C.

We then let the sample cool down for at least a minute before the
second step with the PMMA:

e 500 rpm for 5 s, acceleration 500 rpm/s, then 4000 rpm for 55 s,
acceleration 4000 rpm/s ;

e bake 15 min at 180°C.

C.2.3 Ezposure

The exposure step is done in a ZEISS Supra 55 VP SEM after the
deposition of 10 nm of aluminum to evacuate the electrons. The settings
are:

voltage 30 keV ;

working distance around 7 mm ;

aperture 7.5 pym (current around 12 pA) ;

380 pC cm™2.
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C.2.4  Development

The development steps are listed below:

aluminum removal: KOH solution (2 % mass concentration) for
1 min ;

deionized (DI) water for 20 s
dry with nitrogen gun ;

PMMA development: stir in a MIBK-IPA (1:3 in volume) solution
for 1 minute ;

rinse in IPA beaker for 20 s ;
dry with nitrogen gun ;
inspect the sample with the microscope ;

PMGI development: stir in MF319 taken straight out of the
fridge for 35 s ;

rinse in DI water beaker for 20 s

dry with nitrogen gun ;

C.2.5 FEvaporation

The evaporation steps are the same as in [103]. Using a Plassys

evaporator:
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insert the sample in the evaporator ;

pump the chamber at least overnight so that it reaches a pressure
below 1 x 10”7 mbar ;

ion milling for 30 s (400 V, 22 mA, Ar, 0° tilt) ;
ion milling for 30 s (400 V, 22 mA, Ar, 30° tilt) ;

titanium evaporation at a rate of 0.2 nm/s for 2 min, while the
sample is protected by a shutter to lower the oxygen pressure ;
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20 nm aluminum evaporation at rate 0.5 nm/s at 0° tilt ;

static oxidation for 25 min with pressure between 1 and 5 mbar ;

40 nm aluminum evaporation at rate 0.5 nm/s at 30° tilt ;

static oxidation for 10 min at 10 mbar.

C.2.6 Lift off

The lift-off is performed in NMP at 60°C for 30 min. After 30 min,
the sonication is turned on for a few minutes until the aluminum on
top of the resist is completely removed. The sample is then quickly
moved to another NMP beaker to get rid of the aluminum bits that
remain. It is then rinsed in IPA for 20 s and dried with nitrogen.

C.2.7 Junction resistance

After the fabrication process, we measure the resistance of the junction.
The normal-state resistance R(0) at 0 K is linked to the critical current
of the junction through the Ambegaokar—Baratoff formula [255]:

TA

R(0) = 5+ s

(C.1)

where A ~ 180 peV is the superconducting gap of the aluminum. As
a function of the Josephson energy E, it reads:

A
R(0) = 1240

= b, (C.2)

The resistance measurement is performed at room temperature, which
yields a resistance R(300) at 300 K that is typically 10 to 20 % smaller
than R(0). To adjust the frequency of the qubit, we can either play on
the area W1W5 or on the oxidation pressure P and time t. We indeed
have

~ VPt
WiWy'

R(0) (C.3)

The relationship R(0) o v/ Pt is considered less accurate than R(0)
1/W1Ws. In our case, we fabricated the samples in batches of 2 to
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4. A good practice is then to make the main adjustments with the
junction geometry and to evaporate the samples one by one or two by
two to be able to tweak the oxidation parameters if the first sample
resistances are off.

During the development of this fabrication process by Antoine
Essig, a lot of junctions were destroyed by electrostatic discharges (see
Appendix A in [103]). The solution chosen consists in fabricating a
wire that connects the two pads of the qubit capacitor. This line is cut
using the tip of a probe at the probe station under an ionized airflow.
The airflow is maintained until the qubit is inserted into the cavity.

C.3 ALUMINUM CAVITY

The 3D cavity is machined in a block of pure aluminum at 99.99 %.
The cleaning step is crucial to reach a large bare Q factor. After

receiving the cavity, the following steps are followed:
e wash with dishwashing liquid ;
e rinse in DI water ;
e acetone in sonicator for 10 min ;
e [PA in sonicator for 10 min ;
e dry with nitrogen gun ;
e type A aluminum etchant at 50°C for 45 min ;
e rinse in DI water ;
e acetone in sonicator for 5 min ;
e rinse in IPA ;
e dry with nitrogen gun ;
e bake 30 min at 50°C ;

The most important part is the etching part, which removes a
few nanometers of contaminated aluminum. Note that after several
cooldowns, the Q factor of the cavity decreases. This procedure allowed
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to reach a decay time 77 of 1 photon in the cavity of around 1 ms at
around 4.5 GHz, which corresponds to a quality factor above 4 x 106.
This was obtained for the cavity "bare", i.e. without anything else
coupled to it.
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