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Abstract

Superconducting Josephson junction devices are one of the most promising candidates for the
realization of a quantum computer. With these solid-state macroscopic quantum systems it
is possible to reach the strong coupling regime in circuit quantum electrodynamics, where
a superconducting qubit is coupled to the electromagnetic field of a microwave resonator.
While these systems allow for accurate quantum operations, a major challenge is the efficient
fault-tolerant quantum computation.

In this thesis, we present a method for measuring the quantum state of a superconducting
qubit inside a microwave cavity based on a Mesoscopic Shelving Readout. The proposed
protocol associates one qubit state with the generation of a mesoscopic coherent field, while the
other qubit state remains associated with a vacuum field. By measuring the outgoing cavity
field with conventional devices, an efficient detection of the qubit state can be achieved. The
method uses a cyclic transition in a three-level qubit configuration to build the large cavity
field which enables a high-fidelity measurement in the spirit of the successful electron shelving
readout for trapped ions. We expect that the proposed technique can be adapted to different
superconducting qubit designs and contribute to improve further the qubit readout fidelity.
For the development of this Mesoscopic Shelving Readout, we also review the properties
of superconducting qubits including their theoretical description in a self-contained manner
and examine the coupling of these “artificial atoms” to a one-dimensional transmission line
resonator in circuit quantum electrodynamics.
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Introduction

Since the pioneering works of Feynman [1] and Deutsch [2] in the 1980s, an interdisciplinary
community of scientists has been exploring the idea of quantum information processing. A
quantum computer employs quantum-mechanical phenomena, such as state superposition and
entanglement, that lead to a kind of parallel processing during computational operations. Due
to this novel type of information processing, quantum algorithms can run exponentially faster
than their classical counterparts.

Practical implementation of quantum computation requires the replacement of classical
bits, that carry the information in an ordinary computer, by quantum bits (qubits). These
qubits can be composed of any quantum system with two distinct quantum-mechanical states
(|0) and |1)) that can be placed into quantum superpositions. A computation then proceeds
by combining manipulations of the superpositions in single qubits and controlled interactions
of multiple qubits.

Many different implementations of quantum computers are being pursued today. Most of
the proposals are based on qubits that are constructed from the microscopic degree of freedom,
such as the spin of electrons or nuclei or transitions of single atoms or ions. Due to their
naturally well isolation from the environment, these microscopic implementations decohere
very slowly but are also hard to couple and to control without introducing decoherence.

We discuss a different experimental approach based on superconducting (SC) electrical
circuits that behave as “artificial atoms”. Here, qubits are constructed from collective elec-
trodynamical modes of macroscopic SC electrical elements. These superconducting qubits
(SC qubits) [3; 4; 15; 6] are very promising candidates for the realization of quantum infor-
mation processors as they can be designed and fabricated using standard techniques from
conventional electronics thus allowing for large-scale integration. Another advantage of this
approach is that SC circuits have intrinsically large electromagnetic cross-sections, which im-
plies they may easily be coupled together in complex topologies via simple linear electrical
elements like capacitors, inductors, and transmission lines.

In the past decade, several different types (“flavours”) of SQubits have been engineered,
quantum-mechanical Rabi oscillations have been observed [7], and two qubits have been cou-
pled and entangled [8]. The current state-of-the-art allows for superposition states that live
several microseconds, long enough for hundreds of operations on a single qubit. With im-
provements in the design of SC qubits, as well as in the materials and methods used for
fabricating circuits, the lifetime of the stored quantum information may be further increased
and the precision of qubit control enhanced.

Another advantage of SC qubits is that they can be coupled to the electromagnetic field
of a microwave resonator in circuit quantum electrodynamics (QED). Circuit QED is a novel
subject of interest in the field of solid-state quantum computation. It appears from the asso-
ciation of quantum-optical cavity QED with macroscopic quantum mechanics. This approach



2 Introduction

offers the prospect of reaching an upper limit for the strong coupling of a quantum-mechanical
two-level system to a single mode of the electromagnetic field.

The main focus of this work is the readout of SC qubits and the search of high fidelity.
An open issue in SC qubits is the efficient determination of the qubit state. For quantum
computation and quantum error correction, an accurate state measurement with a fidelity
above 99% is essential [9]. Though several promising candidates for such a high-fidelity
readout have been proposed [10; [11; [12; [13; [14], until now it was not possible to achieve the
required fidelity.

In this work, a novel measurement technique for SC qubits that we term the Mesoscopic
Shelving Readout is theoretically modelled. This technique uses ideas from the electron
shelving readout of trapped ions and combines them with features from circuit QED. This
may result in an accurate measurement of the quantum-mechanical state of an SC qubit.

Outline

The thesis is organized as follows. In the first chapter, we introduce DiVincenzo’s criteria for a
scalable quantum computer. We give a general overview of the dynamics of a qubit including
decoherence mechanisms. Then, we show how the coupling of a qubit to a single mode of
the electromagnetic field can be described with the Jaynes—Cummings model; we discuss the
resonant and strongly detuned case with this model. Lastly, we present the implementation
of qubits in different experimental architectures, where we especially discuss trapped ions and
cavity QED.

In the second chapter, we focus on SC qubits. We show how to implement qubits using
the charge, flux, or phase degree of freedom of a Josephson junction (JJ). We discuss the
theoretical model for each of these qubits including certain attributes and features. Then, we
introduce the concept of circuit QED with SC qubits. Here, we obtain the coupling strength
of a charge, flux, or phase qubit coupled to a transmission line resonator.

In the third chapter, we present the state-of-the-art in the readout of SC qubits. We
consider four readout techniques, the charge qubit readout with a single electron transistor
(SET) [10], the dispersive readout using circuit QED [11], the Josephson bifurcation ampli-
fier readout [12; [13], and the tunnelling-readout of phase qubits [14]. We examine each of
these measurement schemes on its readout properties such as the readout fidelity and the
measurement time.

In the fourth chapter, we firstly discuss the electron shelving readout of trapped ions.
We then introduce our concept for the readout for SC qubits which is inspired from the
electron shelving: the Mesoscopic Shelving Readout (MSR). We present the full analytical
and numerical model of this readout technique including the dissipative dynamics. Lastly,
we discuss the signal-to-noise ratio, the fidelity, and the quantum non-demolition character
of the MSR. We show that it is possible to achieve a readout fidelity that approaches unity
(> 99%) in a fast qubit readout. To our knowledge, our proposal is the first that aims at
such a high fidelity for the measurement of the state of an SC qubit.



Chapter 1

Qubits and their Physical
Implementation

In theory, quantum computers have an amazing computing power that cannot be beaten by
any classical computer [9]. However, the question appears how to implement quantum compu-
tation in realistic architectures. For this implementation, criteria are needed to identify useful
ideas. For this purpose, in this chapter we firstly examine the “hows” of quantum computa-
tion, that is, we discuss the DiVincenzo requirements [15] for a scalable quantum computer.
Secondly, we study qubit dynamics which includes the dynamics of a pure two-level system,
the decoherence of a qubit, and the Jaynes—Cummings (JC) coupling to an electromagnetic
field. At last, we have a look at the realization of qubits in different experimentally achievable
architectures as in atomic, optical, electronic, and spin systems.

1.1 DiVincenzo’s Requirements for a Scalable Quantum Com-
puter

For the implementation of quantum computation, five criteria have to be fulfilled: the DiVin-
cenzo requirements [15]. These criteria deal with the conditions that are needed for qubits and

Qubit

5=

Initialization Preparation Readout

069> bobde »[7
v

Figure 1.1: Diagram of the DiVincenzo requirements. For quantum computation, a scalable
qubit that can be coupled to other qubits, initialized, controlled, and read out is needed.




4 1 Qubits and their Physical Implementation

the experimental setup, as the measurement and the control of the qubit. The DiVincenzo
requirements are (see also Fig. [1.1)

1. Well-defined register of n scalable qubits with 2" states accessible—Scalability,

2. Preparation of the qubit in a pure state, such as |000...), possible—Initialization,
3. Coherence times much longer than the gate operation time—Stability,

4. Universal set of gates for state manipulation—Control,

5. Single quantum measurement of the qubit—Measurement.

In the following sections, we take a closer look on these five criteria.

1.1.1 Scalability

To implement quantum computation, a physical system containing a collection of qubits is
needed. A qubit is a quantum-mechanical two-level system like the two spin states of a spin-
1/2-particle. A common way to describe the state of a qubit is to write it in terms of the

eigenvectors |0) and |1) of the Pauli matrix o* !,

m=(). m=(3): ()

Many quantum phenomena are accepted for the implementation of qubits such as the elec-
tron spin (up/down), the polarization of a photon (horizontal /vertical), the spin of the atomic
nucleus, the current in a superconducting (SC) loop (clockwise/anticlockwise), or the pres-
ence/absence of a particle, see also Sec. 1.4l

The general state of a single qubit (=one-qubit state) is a superposition of the two eigen-
states |0) and |1),

(W (t)), = a(t) [1) + B(1) [0), (1.2)
where a(t) and ((t) are time-dependent complex numbers obeying the normalization con-
dition, |a(t)|> + |B(t)|> = 1; the probability to find the qubit in state |1) (|0)) then is
p1(t) = |a(t)|? (po(t) = |B(t)?|). The state of a single qubit fills up a two-dimensional
complex vector space.

Writing o and 3 in terms of their argument and phases,

a = ee¥sin g, B = e cos g, (1.3)

the state of the qubit can be described as a rotation of the state |0),

(10N feosd —sin®\ (1Y n L o
|\I]>_<0 €w> (Sing cosg><0>_cosg|0>+e Sm§’1>’ (1.4)

[\

where the factor e?7 in Eq. (1.3) was ignored due to no observable physical effects [9]. The
real values 1 and ¢ provide the phase information of the qubit state and define a point on



1.1 DiVincenzo’s Requirements for a Scalable Quantum Computer )

Figure 1.2: Bloch sphere representation of a qubit. The vector |¥) represents the state of
the qubit in this three-dimensional sphere that represents the two-dimensional complex vector
space. The state of the qubit is defined by the angles n and .

a three-dimensional unit sphere, the so-called Bloch sphere, see Fig. [1.2. The Bloch sphere
provides a useful means of visualizing the state of a single qubit.

For quantum computation, coupling of at least two qubits is required. The state of
an n-qubit register can be written as a time-dependent superposition of 2™ many-particle
configurations,

D)), = a1(t)]0...00) + az(t) |0...01) + as(t) [0...10) + ... +an(t)|1...11), (1.5)

where, again, the complex numbers «;(t) (i = 1,...,n) obey the normalization condition,
S Jai(t)|* = 1. In general, the state of n qubits is described by a 2"-dimensional complex
vector. Vice versa, if the state of n physical two-level systems has a dimension < 2%, it cannot
be used as an n-qubit state. The n-qubit state in general represents an entangled many-body
state and thus cannot be written as a product of one-qubit states.

1.1.2 Initialization

It is generally necessary to initialize registers to a known value before performing computation.
In addition, a continuous, fresh supply of qubits in a low-entropy state is required for quantum
error correction (for more information on quantum error correction see e.g. [9]).

There are two major ways to initialize the state of the qubit: the system can be cooled
down naturally to its ground state or it can be rotated into the desired state by a measurement
or a gate operation.

1.1.3 Stability

The dynamics of a qubit in contact with its environment is characterized by coherence times,
see also Sec. [1.2. For quantum computation, the “relevant” coherence times should be long

!The Pauli spin matrices are: o* = <$ (1)) = |0)(1] + [1)(0], 0¥ = (S BZ> = —(]0)(1] —|1)(0]),

1 0

and o” = (0 71) =10)(0] — |1)(1], as can be found in any standard textbook of quantum mechanics; see

e.g. [16].
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enough for carrying out quantum gates. A quantum particle can have many coherence times
corresponding to different degrees of freedom. Many of these coherence times can be irrelevant
for the use of the particle as a qubit. The choice of the qubits basis states |0) and |1) determines
the relevant coherence times.

The magnitude of the coherence time scale that is acceptable for fault-tolerant quantum
computation (to maintain coherence “forever”) is 10* — 10° times the “clock time”? of the
quantum computer. In this case error correction can be successful [15].

1.1.4 Control

In quantum computation one has to allow the n-qubit state to evolve in a coherent way
through unitary transformations acting on the qubits. These quantum gates are described by
Hamiltonians 9{93 which generate the transformations as Uy = e~t/h The only constraint
for }, is that the generated transformation has to be unitary, Ug Uy = 1; any unitary matrix
specifies a valid quantum gate [9].

Single qubit gates are generated by two-dimensional matrices that rotate the qubit state in
the Bloch sphere. For multi-qubit gates a universal set of gates is required. A set of universal
quantum gates is any set of gates to which any operation possible on a quantum computer
can be reduced, that is, any other unitary operation can be expressed as a finite sequence
of gates from the set. Equivalently, a set of universal quantum gates is a set of generators
for the group of unitary matrices. Any unitary transformation acting on the state space of
n qubits can be composed from single-spin operations and the controlled-NOT gate that is
used to create entangled states. For more information on quantum gates see [9].

1.1.5 Measurement

One important requirement for quantum computation is the efficient readout of the qubit
states. Successful fault-tolerant operations require certain minimum thresholds for the fidelity
of state measurement. Moreover, qubit readout is important, not only for the determination of
the final output state, but also for error correction which is essential for quantum computation.
For efficient error correction in realistic implementations, errors below 1073 = 0.1% and thus
a fidelity above 99.9% are required [9; [17].

The ultimate objective of a qubit readout device is to distinguish the eigenstates of the
qubit in a single-shot quantum non-demolition (QND) measurement [4]. A QND measure-
ment does not destroy the state of the qubit; after the measurement, the qubit remains in the
measured eigenstate. This means, the measurement Hamiltonian, i.e. the interaction Hamil-
tonian of the qubit and the measurement device, commutates with the qubit Hamiltonian.
The QND character of the measurement is not strictly required; nevertheless, it is a useful
tool for preparation of the qubit state (see Sec. 1.1.2).

The density matrix corresponding to the single-qubit state (1.2) is given by

p=laf?[1) (1] + |87 [0) (O] + a* [1) (0] + a*30) (1]. (1.6)

An ideal measurement of the qubit state should give the output “1” with probability piqeal =
|a|? and “0” with probability 1 — pigeal = |3|? independent of a3* (a*3) or other parameters
of the system.

2The “clock time” is the time needed for the execution of an individual quantum gate.
3For any operator O we only write O if the difference between O and O is not evident.
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At this point it has to be noted that one cannot read out the state of a qubit in a single
measurement since this is prohibited by quantum mechanics. One can only determine the
etgenstate of the qubit. This means, the measurement projects the quantum-mechanical
qubit state onto a classical state. It takes repeated measurements on a large number of
replicas of the quantum state to determine the exact qubit state. This is known as quantum
tomography |4; [18]. This means, the ideal measurement is conform to a spin projection of the
qubit state on its eigenstates; the phase of the qubit is lost.

The difficulty of the readout problem is to extract information from the qubit without
introducing noise at the same time. Furthermore, readout of a specific qubit must not destroy
the state of other qubits in the system. The measurement connects the qubit with the
open system of the detector, which collapses the combined system of qubit and measurement
device to one of its common eigenstates. The measurement is accompanied by an inevitable
perturbation of the qubit; this perturbation is given by the commutator of the interaction
Hamiltonian (that describes the interaction of the qubit and the measurement device) and the
qubit Hamiltonian. In the ideal QND case where this commutator is zero and the perturbation
is minimal, the magnitude of the perturbation is given by the Heisenberg uncertainty relation.
We will return to qubit measurement in chapter 3.

1.2 Qubit Dynamics

In quantum computation, one changes the qubit states, that was initialized in a first step, by
applying dc- or rf-pulses to the qubit via control gates. To study the dynamics of the qubit
under certain control operations, we firstly describe the dynamics of the general two-level
state in this section, including the time evolution of the qubit state and the transformation of
the spin in the energy eigenbasis. As a second step, we have a look on decoherence dynamics.

1.2.1 Two-level State

A qubit is described by two parameters: its level splitting €, and the coupling A, between
the levels?. Hence, the single-qubit Hamiltonian expressed in the {|0),|1)} eigenbasis of the
qubit (cp. Eq. (1.1)) has the general form

A
Hy, = 25" + =L5%, (1.7)

with % = |0)(0|—|1)(1] and &% = |0)(1]|+|1)(0| being the Pauli matrices in the spin basis®.
In this basis, we can write the state as |¥) = « <(1)> +03 <[1)> (in this thesis, a and 3 in general

denote the complex constants which determine the probability to find the qubit in a specific
eigenstate, independent of the basis). The matrix representation of the Hamiltonian in the

spin basis thus is
_Llfeg 4y
Hy = 5 ( . €q> (1.8)

“Tt has to be noted that for most of the qubit implementations, only the level splitting e, is required in the
qubit Hamiltonian; however, we consider the most general form with a coupling A, that appears in SC qubits.

5In this thesis we denote the Pauli matrices in the spin basis {|0),|1)} of the qubit with &* and that in the
energy eigenbasis {|g), [e)} with ¢’ (i = x,y,z).
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a) b)
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Figure 1.3: Energy spectrum of a two-level system (=qubit) with transition frequency ¢, in
the case of (a) no coupling (A, = 0) between the qubit states |0) and |1) and (b) a coupling
A, # 0 between the two states. For ¢, = 0, the degeneracy of the levels is lifted by the coupling
Ay; this leads to an anti-crossing between the two qubit states. The qubit then is in its dressed
states |g) and |e) (see also text).

The eigenvalues of this matrix are

h 1 7
Ee,g = :l:§wq = Z|:§ 82 + Ag’ (19)

with corresponding eigenvectors

le) = cosvy|0) +sindy, |1) (1.10a)
|g) =—sind, |0) + cosvy |1). (1.10b)

which are always dressed states except for A, = 0, see also Fig. 1.3. ¥, is given by tand, =

71:|:\/ 1+(Eq/A1)2

. _ 2t .
=/ . Using tan(2z) = =247~ we obtain
A
tan 29, = —£. (1.11)
&q

which is defined for all values of A, and ¢, except for £, = 0, the so-called degeneracy point,
where ¥ = /4.
The Hamiltonian of the qubit in its energy eigenbasis reads

H, = h%az, (1.12)
with 0” = |e)(e| — |g)(g|; the qubit state in this basis is
V) = alg) +Ble). (1.13)

Here, o and 3 are, again, complex numbers. If ¢, and A, and therewith the Hamiltonian, are
time-independent, the evolved state® of the qubit after a time ¢ is (cp. App. [A.2, Eqs. (A.20)
and (A.21))

(1)) = a [e) 20t + § |g) e, (1.14)

Thus, we can easily determine the time evolution of the qubit state in the energy eigenbasis.

A detailed discussion of the time evolution in the different quantum-mechanical pictures, including unitary
transformations, is given in App. A.1.



1.2 Qubit Dynamics 9

The transformation of the spin basis in the energy eigenbasis is given by
0% = cos2¥,0” —sin2v9,0%, (1.15a)
o* = sin2940” 4 cos 2940". (1.15Db)

sin 21, and cos 29, have to be chosen such that the condition

€q_,  Ag_ h
%2’1 = He, & Eqaz + 7(102 = §wqaz (1.16)
is fulfilled. This is given for
A
cos 2V, = S and sin 29, = < (1.17)

/-2 2’
€q+Aq

At the degeneracy point, ¢, = 0 and therefore sin?,; = cosv, = % (for Ay, > 0); the qubit
then is in its maximally dressed states, the ¢* eigenstates.

1.2.2 Qubit Decoherence

In this section, we give a short definition of quantum decoherence, that is, we examine the
mechanism by which quantum systems interact with their environments; a detailed description
of decoherence can be found in e.g. [19]. Decoherence dynamics can influence the stability of
the qubit and thus the computational process strongly. Therefore, it is useful to know the
decoherence dynamics of the system as good as possible. Without decoherence, the system
is described by the density operator p = |W(t) ){ W(t)], that follows the master equation’ (see
also App. A.3)

plt) = == 9. (1.18)
Here, H{ and ¥ are the Hamiltonian and the qubit state in either the Schrodinger or the
interaction picture (see App./A.1). Note that for a time-independent Hamiltonian, Hi,; = 0
and hence p = 0.
We now take into account the effect of the environment. In the most simple picture, the
decoherence of a two-level system is described by two processes that are associated with two
characteristic times scales with their corresponding decoherence rates:

(i) The longitudinal or energy relazation rate v = T; ' (Ty being the decay time of the
system) which describes |e) < |g) transitions that are induced by high-frequency fluc-
tuations of the environment. Mostly, the energy relaxation results in the spontaneous
emission of light; however, in solid-state systems other excitations such as phonons may
also be important.

(ii) The transversal or pure dephasing® rate v, = Ty 1 (T, being the pure dephasing time)
which refers to the loss of phase coherence by low-frequency noise.

"The master equation corresponds to the Heisenberg equation (Eq. (A.7)) for the density operator. The
density operator is also called density matrix.

8Since the relaxation of the system also has a contribution to the dephasing rate, the dephasing process
itself is usually referred to as “pure”.
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The Hamiltonian of the qubit in the energy eigenbasis {|g),|e)} and in the Schrédinger
picture is H = %wqaz. The spontaneous emission of the qubit is described by the stochastic
master equation in the Schrodinger picture? (see App. |A.3)

(t) = — 130, p) — 2o (), (1.19)

with the Liouvillian superoperator L[o~|p(t) = 7o p(t) — 20~ p(t)o™ + p(t)oTo~ and the
decay rate 7. Therewith, the probability p. = {(e|ple) = (¢70c~) to find the qubit in the
excited state (corresponding to |3|? in the previous section) satisfies the equation

pe(t) = _’Vpe(t) = pe(t) = pe(o)eivt' (1‘20)

This means, the excited state decays exponentially in time, which describes spontaneous
emission. The dipole polarization of the qubit is (e|p|g) = (¢~) and obeys

=—(iw+3) 07 = (o) = (o (0))e /N, (1.21)
The dipole oscillates at the transition frequency and decays, as it radiates.

Dephasing of the system can be described by coupling the ¢* component of the qubit
to a reservoir, see App. [A.3l The corresponding master equation in the interaction picture
including spontaneous emission is [20]

p=—2Llo7lo = Lo "], (1.22)

with the dephasing rate 4. The system is now described by the Bloch equations

dg) T (% + W) (@), = (e*(0) = (X (O)elFTR), (1.23a)
d<dat - (3+%) @), = (O = (oY)l TEr, (1.23b)
dgt )=+ 1) = (") = ((o"(0)) + 1) e — L. (1.23¢)

The dephasing yields a decay in the z- and y-direction and thus of the qubit polarization;
however, it does not affect the decay in z-direction.

1.3 Coupling to an External Field

A particularly interesting case appears when the qubit is coupled to a single mode of the
electromagnetic field of a resonator. With this coupling, one can induce Rabi oscillations
between the qubit states in the nearly-resonant regime (Sec. 1.3.1). In addition, one can
very easily perform quantum gates with this coupling. In the strongly detuned regime, the
coupling between the resonator and the qubit yields a qubit-state dependent shift of the
resonator frequency (Sec. 1.3.2).

9Since the dynamics is more intuitive in the Schrédinger picture, we firstly use this picture.
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The coupling between the resonator and the qubit is described by the Jaynes—Cummings
model (JC) [21]. In this model, the interaction between the two systems is a dipole interaction.
In the rotating wave approximation (RWA), the JC Hamiltonian reads

H = hwya'a + h%az + hg <G+a + J_aT> ) (1.24)

with w, being the resonator frequency, w, the transition frequency of the qubit, g the coupling
between the qubit and the resonator, al (a) the bosonic creation (annihilation) operator of
the resonator field, o™ = |e)(g| (6~ = |g)(e|) the qubit raising (lowering) operator, and o =
le)(e| —1]g)(gl; the detuning between the qubit and the resonator is A = wy; —w,. A detailed
derivation of the JC Hamiltonian, including explanations on the RWA, is given in App [A.4.
We speak of strong coupling if the coupling g between the qubit and the electromagnetic field
is much larger than the decay rates, |g| > {7,x}, with Kk = w,/Q being the cavity decay rate
(@ is the quality factor, also called Q-factor) and v the decay rate of the two-level system. In
the strong coupling limit, the splitting of the resonator states induced by the coupling to the
qubit exceeds the linewidth given by the decay processes and thus the states can be resolved
in a spectroscopy experiment [22].

1.3.1 Rabi Oscillations

In the nearly-resonant regime (A ~ 0) one can induce Rabi oscillations between the qubit and
the resonator, see also [4]. For the solution of the JC interaction in the nearly-resonant case
the Hamiltonian has to be diagonalized only in the subspace {|e,n),|g,n + 1)} of the Hilbert
space [23],

F(n) — ( (e;n| Hyc lesn) (e;n|Hyc lgin +1) > , (1.25)

(gn+13clen) (gn+1Hiclgn+1)

with |n) being the Fock state of the resonator (n is the number of photons). The Schrédinger
equation in this subspace then reads

== S R | (R R (120

The eigenvalues are given by

1 h
Ey = hw, (n+2> 15\/A2+492(n+1) (1.27)
with corresponding eigenvectors
|+,n) = cosVy, |e,n) +sind, |gn+ 1), (1.28a)
|—,n) =—sind, |e,n) + cosV,, |g,n + 1), (1.28b)

and the ground state |g,0). ¢, is given by (cp. Sec. [1.2.1)

2gv/n+1

29, =
tan 29 A

(1.29)

Fig. [1.4(a) shows the energy spectrum of these dressed states for A = 0. The degeneracy
of the states |g,n + 1) and |e,n) is lifted by 2¢gv/n + 1 due to the coupling to the resonator.
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Figure 1.4: (a) Energy spectrum of the uncoupled (black) and the dressed (blue) qubit—
resonator states in the case of zero detuning (A = 0). The degeneracy of the pair states with
n + 1 quanta is lifted by 2gv/n + 1 due to the interaction between the qubit and the resonator.
(b) Energy spectrum in the dispersive regime (blue dashed lines). The second order coupling
between the qubit and the resonator yields a shift in the resonator frequency that depends on
the state of the qubit. See also [20; 22].

For a single excitation (n = 0), the dressed states of the qubit-resonator system are
maximally entangled,
1

V2

In this case, the excitation is half qubit and half photon. If we assume the qubit to be initially
in its excited state, |¥o) = (|+) —|—)) /v/2, the evolved state in the case of zero detuning
after a time ¢ is

£) (l,0) £ le,1)) . (1.30)

|Wint(t)) = cos gt |e,0) +singt|g,1) . (1.31)

The probability P, to find the qubit in state |z) (x = (g,1),(e,0)) after a time ¢ therewith is
P, = sin? gt, P, = cos® gt. (1.32)

An initial state with an excited qubit (|e,0)) therefore flops into a photon (|g,1)) and back
again at the vacuum Rabi frequency g/2m. For the solution of the system with n photons see
e.g. [23].

Note that the derivation of the dynamics only works in the nearly-resonant regime since
the Hamiltonian in the interaction picture then is time-independent. In the intermediate or
dispersive regime, the Hamiltonian in the interaction picture is time-dependent. Therefore,
the time-evolution operator can no longer be obtained easily (cp. App. A.1).

1.3.2 AC Stark Shift

Now, we consider the non-resonant, dispersive regime, with |A| ~ v/n + 1g. In this regime,
no virtual excitations can be exchanged between the qubit and the resonator on the time
scale At < h/AE, but due to second order corrections, a shift in the transition frequencies of
the qubit and the resonator is observed, see Fig. [1.4(b). This is the so-called ac Stark shift.
To calculate the dynamics in the dispersive regime, we use the method of the effective
Hamiltonian, which is derived in App.[A.5. We search for a transformation U = e~ that
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eliminates the interaction part of the Hamiltonian to first order. A convenient choice is [22;24]

S = % (a+a - a—aT) . (1.33)
Performing the transformation (A.42) up to the order g?/A, the effective Hamiltonian of the
dispersive qubit-resonator coupling thus reads

geeff h g9 z g9 z\ ot
a ¥ 5 (wq + A> +h (wr + N ) a'a. (1.34)

One can see from this expression that the qubit transition frequency is ac Stark shifted
by (¢2/A)n; the ac Stark shift depends on the photon number. Vice versa, the resonator
frequency is shifted by éw, = +g¢%/A, whereas this shift depends on the state of the qubit.
The constant shift g?/A of the qubit transition frequency is the so-called Lamb shift.

The off-resonant coupling between the qubit and the cavity also yields a phase shift of the
cavity [25; 26; 27],

¢ = rtn<292> 2 (1.35)
= arcta Y o”, .

with k being the decay rate of the resonator (1/x is the photon life time). The phase shift
also depends on the qubit state; it has different signs for the two states |g) and |e).

1.4 Types of Qubits

In this last section of the chapter we present the implementations of qubits in different archi-
tectures. Since we use several methods from trapped ions in this thesis, the main focus lies
on this qubit realization. SC qubits are introduced in detail in the next chapter. It has to be
noted that most of the introduced systems are many-level systems. Therefore, it has to be
possible to truncate the infinite-dimensional Hilbert space of such a system to two levels—the
qubit levels. This can be done if the system provides a certain anharmonicity in its levels.
A sufficiently large anharmonicity is needed to prevent qubit operations from exciting other
transitions in the system.

1.4.1 Trapped Ions and Cavity QED

The first implementation of quantum gates in a physical system was proposed by Ignacio
Cirac and Peter Zoller [28]. They suggested to use cold (alkaline earth) ions that are confined
in a linear Paul trap [29]—trapped ions. Qubits can be encoded either by using narrow-
optical (“forbidden”) transitions, radio-frequency transitions between Zeeman-splitted states
or the internal hyperfine states of the ion [30]. Several other atoms can be added to achieve
scalability. The other states of the qubit do not disturb the computation process; on the
contrary, they are needed for the implementation of quantum gates and qubit readout [28§].
Initialization of the qubit is done with optical pumping. The decay times of the qubit states
in trapped ions, especially those for hyperfine qubits, are very long compared to the gate
operation times.

Each ion can be manipulated individually with a focused laser beam, i.e. single-qubit
operations are possible. The ion motion provides an additional degree of freedom which can
be used to carry and convey information; the ions tend to move as a single body [3(]. Cirac
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and Zoller showed that linkage between the electronic states of the ion and the motion of
the ensemble is possible and therefore the controlled-NOT gate can be achieved. The final
readout of the ions is done with the very successful electron shelving technique (see Sec. 4.1)).
With this readout technique, a spectacular high fidelity readout above 99.99% is possible [17].

In these systems, one is able to control the qubit with a single mode of the electromagnetic
field coupled to the qubit (which is theoretically described by the JC interaction, see Sec. 1.3);
this is called cavity quantum electrodynamics (cavity QED). Strong coupling of the laser to
the qubit can be achieved if the dipole momentum of the qubit is large. Therefore, Rydberg
atoms are especially suitable for cavity QED.

Quantum computation with trapped ions is a highly advanced field. The control of the
qubits is very good, the readout is the best possible, and the decoherence is small. Further-
more, a few years ago, the Innsbruck group was able to entangle eight qubits [31].

1.4.2 Other Architectures

There are several other proposals to implement quantum computation in different physical
systems. The most intuitive idea is to use the spin of an electron or a nucleus as a qubit [32].
Control and readout of these devices is done with electron spin or nuclear magnetic resonance
techniques. These qubits that are constructed from microscopic degrees of freedom are natu-
rally very well isolated from their environment, and hence decohere very slowly. Due to this
isolation from the environment, the main challenge of these implementations is enhancing
the inter-qubit coupling and the qubit control to the level required for fast gate operations
without introducing decoherence.

One can also use the polarization directions of a single photon as the two levels of a qubit.
This design is especially suitable for quantum cryptography and quantum communication as
the photons are moving with the speed of light [33].

Besides the atomic, spin, and optical devices there is also the field of electronic devices.
For example one can use the excitonic levels of a quantum dot as a qubit. In these systems,
strong coupling to an electromagnetic field was already achieved [34].

Finally, there is a variety of interesting proposals which use the quantized states of Joseph-
son junctions involving either the charge, flux or phase degree of freedom; we discuss these
SC qubits in detail in the following chapter.



Chapter 2

Superconducting Qubits and
Circuit Quantum Electrodynamics

An interesting subject in the field of solid state quantum computation is that of superconduct-
ing qubits (SC qubits) where one uses the quantized states of Josephson junctions (JJs) to
implement qubits in SC circuits. Due to their macroscopic size, SC qubits can be fabricated
with standard lithography methods [6]. Thus, in contrast to microscopic systems like ion
traps or nuclear spins, SC qubits are suitable for large—scale integration. It is also possible
to achieve strong coupling of an SC qubit to a single mode of the electromagnetic field in the
novel field of circuit QED with SC qubits. Moreover, the transition frequency of an SC qubit
and the coupling strength can be varied with external fields. Nevertheless, due to their larger
size, SC qubits are not well isolated from the environment resulting in short coherence times.
A comparison of SC qubits with other architectures is shown in Fig. 2.1.

All SC qubits use the dynamics of a single JJ or several JJs connected in a loop such
that they build a superconducting quantum interference device (SQUID). These junctions
act as nonlinear resonators thus providing a sufficiently large anharmonicity in the energy
dispersion. This gives the possibility to truncate the infinite-dimensional Hilbert space of the
whole many-level system to a two-dimensional Hilbert space and thus to use the system as a
qubit.

A JJ consists of two superconductors connected via a tunnelling barrier; it can be described
by its critical current I. (that depends on the SC material and the size of the junction) and
the gauge invariant phase difference ¢ across the junction. The phase difference, ¢, and the
charge of the Cooper pairs, ), represented by the number of Cooper pairs N, are canonically
conjugated variables, yielding the commutator []\7 .| = —i. Thus, N can be associated
with the momentum operator and ¢ with the position operator, which gives the operator

replacement N = —i0/0¢p. This choice results in the Hamiltonian of a nonlinear oscillator,
Lso
cos p’?

built by the Josephson capacitance Cy and the nonlinear Josephson inductance Ly =
with Ly o = ®g/2nl.. Here, &9 = h/2e is the SC flux quantum.
Therefore, JJs are characterized by two characteristic energies—the Cooper pair charging

2
energy! E, = %, which is the energy required for storing a Cooper pair with charge 2e on

the junction capacitance, and the Josephson energy Ey = %Ic, that is required for storing
the flux quantity ®¢ in the Josephson inductance and is a measure of the coupling strength

!Note that in several works the charging energy E. denotes the single electron charging energy; in this case,
E. would change to 4F. in the entire calculations.

15
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Figure 2.1: Comparison of SC qubits with other qubit implementations. The quantum systems
can be compared according to their electric or magnetic dipole moments (or the magnitude
of the emitter strength, top bars), the required transverse size of a cavity to reach maximal
coupling (second bar), their coupling rates (third bar) to a technologically feasible (1 pm) cavity,
and the expected lifetimes of coherent superpositions (bottom bar). Which quantum system is
optimal depends on many details, including the ease of trapping or fabricating in a cavity, and
on the many factors in the qubit environment that can affect the coherence times. Besides an
SC qubits, many other quantum systems have microwave transitions that could be coupled to
photons in a transmission line. Nevertheless, the maximal coupling strength is achieved with
SC qubits due to their large size. Taken from [3)].
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Figure 2.2: Scanning electron microscopy of the different SC qubit flavours including groups
that are recently working with them. The ratio Ej/E,. increases with increasing junction sizes.
In the different regimes either the phase or the Cooper pair number N are well defined and
thus good quantum numbers. Taken from ﬂ; @; lﬁ; @]
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across the junction. Ej represents a potential barrier that confines the particle representing
the phase of the JJ with the corresponding potential U = —FEjcos p; E. is associated with
the quantum-mechanical kinetic energy T = E.N?, yielding energy quantization. Rigorously
speaking, particle confinement is impossible due to macroscopic quantum tunnelling through
the potential barrier; however, the probability of tunnelling is small and the tunnelling may
be neglected if the particle energy E is small compared to the Josephson energy, £ < Ej [4].
The transition frequency of the qubit strongly depends on E. and Ej; it lies in the microwave
regime.

SC qubits can be divided into three species where each of them uses a different degree of
freedom for qubit implementation—charge, flux, or phase—and operates in a different regime
of Ej/E., see Fig. 2.2. The size of Ej/E, can be varied by fabricating larger or smaller
junctions, leading to larger or smaller Cj and therewith, respectively, to smaller or larger
E.2. Each of these possibilities to implement a qubit in SC circuits has its advantages and
disadvantages which we discuss in detail in the following sections.

In this chapter we firstly illustrate the different types of SC qubits including their theo-
retical description and specific features®. Secondly, we present the implementation of quan-
tum optics on a chip—circuit QED. Since a detailed discussion of superconductivity and the
physics of JJs, including the derivation of the Hamiltonians, is given in App. Bl we focus on
the physics of SC qubits and do not go into detail on several aspects of superconductivity.

2.1 Charge Qubits

In this section we discuss SC qubits where the relevant degree of freedom in the dynamics
is the charge on a SC island that is called Cooper pair boxz (CPB). These charge qubits are
operated with an external gate voltage Vj; one- and two-qubit gates can be performed with
voltages and magnetic fields. Charge qubits can be coupled via capacitors, by shunting them
in parallel with an additional inductance [3], or by connecting them via a JJ [39]. The latter
proposal gives the possibility to turn the coupling between the qubits on and off.

The original proposal for the charge qubit—the CPB qubit—works in the charge regime,
where Ej/E. < 1 (Sec. 2.1.1). In this limit, the charge is well defined and the phase
fluctuates strongly. A small Josephson coupling implies a good isolation of the island of the
CPB, with a specific number of Cooper pairs trapped on the island [4]. The qubit then is
built by a superposition of the two lowest charging states. This qubit is highly sensitive to
fluctuations of V; leading to short coherence times 77 and 75. A new design, the transmon
(Sec. 2.1.2)), is operated at Ej/E. > 1, giving the possibility to improve the coherence times.
Even though both designs use a CPB, we only call the original proposal CPB qubit due to
historical reasons.

2.1.1 Cooper Pair Box in the Charge Regime

The simplest architecture that is used to implement a qubit in SC circuits is the CPB qubit,
which is the CPB operated in the charge regime. The CPB was first described by Biittiker [40)]
and experimentally realized by the Saclay group [|41; 42]. The first realization of a charge
qubit, including qubit dynamics in the time domain, was done by Nakamura et al. (NEC

2E. can also be made small by shunting the device in parallel with a large capacitance.
$We do not go into detail on coupling of SC qubits; for more information on SC qubit coupling see e.g. [3; 4].
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Figure 2.3: (a) Circuit diagram of the CPB qubit. The CPB is coupled to a reservoir via
a dc SQUID (Josephon energy Ej, capacitance Cj) that consists of two identical JJs that
are shunted in parallel; an external flux &, threads the dec SQUID. Additionally, the CPB is
operated with a gate voltage V,. (b) Energy landscape of the CPB (blue) for Ej/E, < 1 as
a function of N,;. The Josephson coupling yields an anti-crossing of the charging parabolas
(dashed lines). At Ny = % (degeneracy point) the degeneracy of the charge states is lifted by
Ej due to the Josephson coupling. (c) Electrostatic energy of the CPB at N, = %; the two
degenerated ground states are coupled via the Josephson coupling Fj (see also text).

group) [7; 143; 44; |45] by manipulating the CPB with external fields resulting in Rabi oscilla-
tions.

A circuit diagram of the CPB is shown in Fig.2.3(a). A mesoscopic SC island—the CPB—
is connected to a large SC reservoir through a de¢ SQUID that is built by two identical JJs
shunted in parallel; additionally, the dc SQUID is threaded by an external flux ®.. The use
of two junctions gives the possibility to control the Josephson energy of the JJ with ®. [46].
If we assume the loop inductance of the dec SQUID to be negligible?, it acts as a single JJ

with tunable, flux-dependent Josephson energy (see App. B.4.1). Ej = 2E§J cos (7?%3) and

Josephson capacitance Cy = 2C57, with E?J and C’?J being the properties of a single junction.
The CPB is operated with a gate voltage V,, coupled to the CPB via the gate capacitance
Cy. This allows to control the charging energy of the island.

The Hamiltonian of the voltage-biased CPB is given by

. 2
Hepp = E. (N - Ng> — Ejcos p, (2.1)

where ¢ = (¢1—2)/2 denotes the gauge-invariant phase difference over the SQUID loop (¢1,2
being the phases of the single JJs), N the Cooper pair number operator, Fy the Josephson
energy, E. = (2¢)?/Cy the Cooper pair charging energy (Cx, = Cj + Cy being the total box
capacitance), and N, = ngg the dimensionless gate charge. A detailed derivation of the
Hamiltonian (2.1) is given in App. B.3.3 and B.4.1.

4This assumption is fulfilled for charge qubits since the loop size is very small. For L = 0, we can also
neglect the induced flux and thus the magnetic energy of the loop. This is not fulfilled for the rf SQUID qubit
that is described in Sec. 2.2.1.
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We now assume that the CPB is in the charge regime, with Ej/E, < 1 (Ej/E. ~ 0.1—-1).
Hence, the only relevant degree of freedom is the number of Cooper pairs N on the island; in
this case, N is a good quantum number. The charge regime is achieved when the SC energy
gap is larger than both the charging energy Ej and the temperature®. Under these conditions
only Cooper pairs tunnel and the system is described by the Hamiltonian:

H=>) (E (N — N,)?|N)(N| - % (|N +1){N| +H.c.)> . (2.2)
N

The derivation of this Hamiltonian starting from Eq. (2.1) is given in App. (C.1. Fig. 2.3(b)
shows the energy landscape of the CPB qubit for Fj/E. < 1; the Josephson coupling leads
to an anti-crossing of the charging parabolas (corresponding to the charging part of the
Hamiltonian, E.(N — Ny)?). At N, = 1/2 mod 1, where the two lowest charging states are
degenerate, the splitting between the levels is only given by the Josephson energy Ej. Due to
the large anharmonicity of the CPB states in the charge regime, the two lowest states thus
can be used as a qubit.

To show that we can build a qubit between the two lowest states |0) and |1)8 we firstly
assume that we work near the degeneracy point, where Ny = 1/2. Therefore, we only have to
take into account terms with N = 0 and N = 1 in the charging energy (since other terms have
much higher energy) and only terms with N = 0 in the Josephson energy. To demonstrate
the latter one, we utilize the Hamiltonian (2.2) in the interaction picture that is related to the

Schrodinger picture via the unitary transformation U = exp [—% YnEc(N - Ng)2 |IN)(N| t] 1.

E i i
e == (eﬁEc[Q(Ng‘N)‘”t INV(N + 1] + e~ i Bel2WNo=N)=11t |7 4 1 ><N|) . (23)
N

All the terms in Eq. (2.3) except of [0)(1| and |1)(0| are fast rotating terms when we work
near the degeneracy point, N, = 1/2, and in the charge regime, F;/E. < 1, and therefore
can be neglected in an RWA (see App.[A.4.2 for more information on the RWA). Back in the
Schrodinger picture, and after an energy shift —Ngg — (1 — 2Ny,)/2, the Hamiltonian of the
CPB qubit then reads

Ec — EJ _

:HCPB ~ —?(1 — QNQ)O‘Z — 70‘)(, (2.4)
with 6 = ]0)(0] — |1)(1] and * = |0)(1]| + |1)(0]. This means, the CPB can be mapped
to a pseudospin-1/2-particle with magnetic fields E.(1 —2N,) and Ej in z- and z-direction,
respectively.

Diagonalization of the qubit Hamiltonian yields the eigenstates (cp. Sec. 1.2.1))

le) = cosVeq|0)+sindeq 1) (2.5a)
|g) =—sinVeq |0) + cosVeq |1) . (2.5b)
with corresponding eigenvalues
h 1/ ;
By = g = j:i\/EJ - [B(1 - 2N,)2, (2.6)

®In this case, quasi-particle tunnelling is suppressed, see App. [Bl

In general, we can build a charge qubit between the states |N,) and |N, + 1) in the environment of the
degeneracy point Ngq = N4 + % We concentrate on N; = 0 without loss of generality.

"See App./A.1.3/and App.[A.2/for more information on the interaction picture and unitary transformations.
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and tan 2. = Ej/[E.(1 —2N,)]. At the degeneracy point, sineq = —cosVeq = —1/v/2.
Working in this eigenbasis, the Hamiltonian of the CPB takes the form

Heq = gwcqua (2.7)
with 0% = |e){e|—|g)(g| being the o%-operator in the energy eigenbasis {|g) , |e)} of the qubit.
At the degeneracy point, Ny, = 1/2, the diagonal part of the qubit Hamiltonian vanishes and
the levels are separated only by the Josephson energy Fj. At this point, the qubit states can
no longer be distinguished into |0) and |1). For the dressed states at the degeneracy point,
lg/e) = (]1) F |0)) /+/2, the average charge on the island is zero, while it changes to F2e far
from the degeneracy point, where the qubit eigenstates approach pure charge states [4].

2.1.2 Transmon Qubit

The transmon is a charge qubit that is operated in an intermediate regime where Ej/E, ~ 102
(transmon regime); it was first proposed and experimentally realized by the Yale group [25;
47). This design leads to improved coherence times (77 and T») and therewith to a larger
stability of the system. A precursor of the transmon qubit is the quantronium that is used
by the Saclay group [36; 48; 49; |50]; it is also operated in an intermediate regime, but with
smaller Josephson energy (Ej/E, ~ 1)8.

The crucial features of the CPB qubit are its anharmonicity and the charge dispersion of
the energy levels. The anharmonicity is needed to prevent excitations of the other transitions
in the system; the larger the anharmonicity, the better the many-level system is suitable as
a qubit. The charge dispersion describes the qubit sensitivity to charge noise; the smaller
the charge dispersion, the less the qubit frequency changes in response to gate fluctuations.
In general, the sensitivity of the qubit to first-order charge fluctuations is directly related
to the differential charge dispersion 0Fy; /0Ny, with Ey = E; — Ej being the transition
energy between the levels |k) and |l). In the CPB qubit, the sensitivity to charge noise is
reduced by biasing the system to the charge degeneracy point (N, = 1/2) since the charge
dispersion has no slope there. However, the fluctuations even affect operations at this first-
order insensitive sweet spot since they can drive the CPB away from this optimal working
point. The magnitudes of charge dispersion and anharmonicity are both determined by the
ratio Ey/E.. Increasing this ratio decreases the charge dispersion and therefore the sensitivity
of the system to first-order charge fluctuations; however, it also decreases the energy level
anharmonicity of the qubit [25].

The transmon now exploits the fact that the charge dispersion decreases exponentially
in Ej/E. while the anharmonicity only decreases algebraically with a slow power law [48].
As shown in Fig. 2.4(a), the design of the transmon is similar to that of the CPB qubit
(Sec. 2.1.1). Again, an SC island is coupled to a gate voltage V; via the gate capacitance Cy
and to a reservoir via a dc SQUID with Josephson energy Ej and Josephson capacitance C'y.
However, the dc SQUID is now shunted by a large capacitance Cg that reduces the sensitivity
to fluctuations of the gate voltage by reducing E,'%. One could also use a large junction to

8Even though we are calling the quantronium “precursor”, it has different features as the transmon in
several details. However, the theoretical steps yielding the quantronium and the transmon are very much
alike.

9The sensitivity to second-order noise is consequently described by the curvature 92 Ey; /ONZ,.

10Tt has to be noted that the quantronium is also shunted with an additional capacitance to reduce phase
fluctuations.
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Figure 2.4: (a) Circuit diagram of the transmon qubit. Again, the CPB is coupled to an
SC reservoir via a dc SQUID (see also Fig. 2.3(a)) and operated with a gate voltage V,. But
now, an additional capacitance Cp is shunted in parallel to the dc SQUID to suppress charge
fluctuations. (b) Energy landscape of the CPB in the transmon regime where Ej/E. > 1.
In this case, the anharmonicity of the states decreases. Again, the two lowest states build the
qubit.

reduce the charging energy; however, a large junction would lead to quasi-particle processes
disturbing the qubit operations.
The Hamiltonian of the transmon is the same as for the CPB qubit (2.1), but now with
Cs = Cy + Cy + OB,
Hopp = Eo(N — N,)? — Ejcos . (2.8)

Again, E, = (2¢)2/2Cs; is the charging energy, N = —10/0p the Cooper pair number operator,
FE5 the flux-dependent Josephson energy, and ¢ the phase difference of the SQUID.

Fig. 2.4(b) shows the energy landscape of the transmon; due to the large capacitance
Cp, the charging energy FE. is now reduced. Therewith, the parabolas corresponding to the
charging part of the Hamiltonian are broadened which decreases the anharmonicity; the levels
split due to the Josephson coupling (see also Sec. 2.1.1). In this system, the qubit states |e)
and |g) cannot be related to charge states; this was the same for the CPB qubit but only
at the degeneracy point. With increasing Ej/E., the transmon eigenstates spread over an
increasing number of charge states.

According to [25], N, can be eliminated by a gauge transformation W(p) = eNe¥ f(i)
since the strong Josephson coupling restricts ¢ to small values around zero which motivates the
neglect of periodic boundary conditions. ¥(y) is the wavefunction that obeys the stationary
Schrodinger equation Hepp¥ () = EY ().

By expanding cos ¢ until p? and neglecting constant terms, we obtain the Hamiltonian of
a nonlinear oscillator,

0% 1

E 1 E 4
~ — —_— — 2——J 4: t — ) === f
H EC%? +2EJ9 0% = hwy, <d d+ 2> (d+d) , (2.9)

24 12

with w, = V2E.Ej/h=1/,/L;oCjy being the Josephson plasma frequency and

E, [ hw o E, [ hw 0
T e p__ = — c p .
d \/ 7o, <2Eﬁ9 &p)’ d o, <2ECSD+ &p)’ (2.10)

denoting the regular bosonic creation and annihilation operators for the harmonic oscillator
approximating the transmon, respectively.
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Figure 2.5: Reduced anharmonicity A, of the CPB as a function of E;/E.. The anhar-
monicity decreases fast for small Fj/E,; for values above Ej/E. ~ 4, the decrease is no longer
exponentially.

Since we work in the transmon regime (E. < Ej), we can apply a first-order perturbation
theory on the oscillator Hamiltonian (2.9), which is done in App.C.2. We obtain the energy
levels (k = (d'd) being the occupation number),

E,
By = hwpk — 2 (6k* + 6k + 3) (2.11)

where we have neglected the zero-point energy of the oscillator. Due to the nonlinearity of
the JJ that leads to the (d -+ dT)4—term in Eq. (2.9) (corresponding to (%), an anharmonic
correction to the harmonic energy level dispersion of the oscillator occurs.

According to [25], we define the absolute and relative anharmonicity by

A= E12 — E()l, .AT = .A/E()l. (212)
The level spacing between the levels |k) and |k + 1) is

k+1 k
Ek,k+1 = FEp41 — Ep = hﬂ)p _ECT - hwp _ECZa

where, in the last step, we have neglected the constant term —F.. Therewith, the absolute
and relative anharmonicity of the transmon in the nonlinear oscillator approximation are

(2.13)

E. E.
— = — . 2.14
A A Yo ( )

Thus, for a non-vanishing charging energy E., the required anharmonicity is available. Fig.2.5
shows the reduced anharmonicity of the CPB as a function of Ej/E.. For Ej/E. 2 4, the
anharmonicity decreases slowly with a power law. Though, the anharmonicity of the transmon
is still smaller than for the CPB qubit. With the relations (2.14), the optimal Ej/E, range
can be estimated [25].

The transmon Hamiltonian can also be solved exactly in the phase basis using Math-
ieu functions |0; 48]. With this functions it can be shown [25] that the differential charge
dispersion is

ONy

= me sin(27N), (2.15)

where €1 o« exp [—«/2E 3/ Ec} is a fast decreasing function for Ej/E. > 1.
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It is important to note that due to the reduced anharmonicity of the transmon, virtual
transitions through excited transmon states must be taken into account. Only after this
we can restrict the transmon Hilbert space to the ground state and first excited state. The
effective Hamiltonian of the transmon thus can only be obtained when the transmon is coupled
to an electromagnetic field, which we discuss in Sec. 2.4.1.

The overlap of the transmon eigenstates with pure charge states is larger than that of the
CPB qubit. For increasing Ej/E. the transmon eigenstates spread over an increasing number
of charge states. However, the transmon states can still be related to charge states since the
charge fluctuations only grow slowly as Ej/E. increases. To demonstrate this, we calculate
the charge fluctuations in the oscillator approximation, where the transmon number operator

is N = —i(Ey/2E)Y4(d - d")/v2,

(N2) — (N)2 = (2%0)1/4 (k: + ;) . (2.16)

The fluctuations grow with (Ej/2E.)Y*. As an example, for Ej/E. = 100, the number of
Cooper pairs only fluctuates by approximately 1 or 2 in the ground and first excited state;
thus, the charge fluctuations are only in the order of unity [25].

In conclusion, the transmon is an improved design of the CPB. It provides the anhar-
monicity required for quantum computation and is less sensitive to charge fluctuations of the
gate charge. Thus, the transmon, in contrast to the CPB qubit, can also be operated away
from the charge degeneracy point, yielding an improved controllability. It is also possible
to obtain higher couplings in circuit QED (see Sec. 2.4) with the transmon. Therefore, the
transmon is the best choice for quantum computation with SC qubits that use the charge
degree of freedom.

2.2 Flux Qubits

In the previous section we have described the dynamics of SC qubits that use the charge
degree of freedom. For this purpose, we were working in the charge regime (Ej/E. < 1)
where the charge is well defined and the phase fluctuates strongly. In this and the next
section we review the quantum properties of SC qubits in the opposite regime, that is, the
phase regime (Ej/E. > 1) where the phase is well defined and the charge fluctuates. These
systems were first proposed by Caldeira and Leggett [51] as test objects to study various
quantum-mechanical effects, including macroscopic quantum tunnelling of the phase (or flux)
as well as resonance tunnelling [3].

SC flux qubits use the flux degree of freedom of JJs, where circulating currents build the
qubit states, for qubit operations. They are operated in the flux regime, where Ej/E,. ~ 10.
Flux qubits exploit quantum tunnelling in a double-well potential to achieve an interaction
between the two qubit states that are built by clockwise and anticlockwise currents circulating
in a SC loop. They are controlled with external fluxes and can be coupled via a direct inductive
coupling or, as the charge qubit, with an LC circuit. We firstly discuss the original design for
the flux qubit in Sec. 2.2.1. It is a single JJ in an SC loop that builds an rf SQUID. Due to
high sensitivity of this design to fluctuations of the magnetic environment, nowadays a three—
junction qubit, the persistent current qubit (PCQ), is used as a flux qubit (see Sec. 2.2.2).
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Figure 2.6: (a) Circuit diagram of the rf SQUID qubit. An rf SQUID, that consists of one
JJ (Josephson energy Ej and capacitance Cj) in an SC loop with inductance L, is coupled to
the inductance L7 of a tank circuit via a mutual inductance M. With this tank circuit, the
rf SQUID is biased with an ac current I (t) that leads to a flux ®, threading the loop. The
induced flux in the loop is an integer multiple of the flux quantum ®,; the corresponding current
circulates clockwise (left, [1}) or anticlockwise (right, |r)). (b) Potential energy landscape of
the rf SQUID qubit for the cases f # 3 (dotted for f > 1, dashed for f < 3) and f = % (blue).
The degeneracy of the flux states |1} and |r) is lifted by A,¢ due to the Josephson coupling (see
also text).

2.2.1 RF SQUID Qubit

The primarily implementation of a flux qubit is the flux-biased rf SQUID. With this system
it was possible to observe resonant tunnelling of macroscopic quantum levels [52]. The first
superposition of states was shown by Friedman et al. [53].

Fig.2.6(a) shows the circuit diagram of the rf SQUID qubit. A single JJ is placed inside a
large SC loop with a large inductance L. The system is coupled to a tank circuit via a mutual
inductance M; an ac current in this tank circuit results in a flux ®, threading the loop. The
biasing induces a flux in the loop that is an integer multiple of the flux quantum ®, = h/2e.
The corresponding current circulates clockwise (left, |1)) or anticlockwise (right, |r)). As for
the CPB qubit, instead of one JJ one could also use two junctions shunted in parallel which
gives the possibility to control the Josephson coupling with an additional flux.

In Sec. 2.1/ we have neglected the geometrical inductance L of the dc SQUID loop.QThough,

for SC circuits this inductance is important if A = Ljo/L < 1, where Lyo = 4:;?% is the
Josephson inductance. If A <« 1, the quantum variables can be related to the flux in the
loops and their time derivatives. The rf SQUID qubit now is fabricated such that the loop
inductance is large and the magnetic energy can no longer be neglected. Taking into account

this magnetic energy, the Hamiltonian of the flux-biased rf SQUID reads

- E
Hrp = E.N? + TL (¢ — 0z)? — Ejcos . (2.17)

=U(p)

Here, ¢ and ¢, are fluxes in units of ®q/27 (p = (2}%(;(1), Yy = %’;@x), N = —i0/0yp, again, is

2
the Cooper pair number operator, E. = (222,)J is the charging energy of one Cooper pair, Ej the

2
Josephson energy, and Ey, = ;:—SL the magnetic energy of the persistent current circulating in



2.2 Flux Qubits 25

the loop. A detailed derivation of the rf SQUID Hamiltonian is given in App. B.4.2. Usually,
the external flux is given in terms of the magnetic frustration f = “ = £,

The potential of the rf SQUID qubit Hamiltonian (2.17) for dlfferent values of ¢, is shown
in Fig. 2.6(b). At f = §—the flux degeneracy point!!—we obtain a double-well potential
with two degenerate phase states |I) and |r) corresponding to a clockwise and anticlockwise
circulating current, respectively. For Fj/Ep 2 1, the potential U(yp) has three minima at
¢ =m and 7+ ¢p; po can be obtained by numerically solving ¢ — ¢, = —FEj/E.sin¢g. The
two phase states are coupled via macroscopic quantum tunnelling resulting in the maximally
entangled states

1 1
le) = 7 () +1),  lg)= 7 (D) =), (2.18)

with an energy splitting A,¢ corresponding to the tunnelling amplitude. If we move away
with the external flux from the value f = 1/2, the double-well potential is tilted to the left
or the right, lowering the |I) and |r) state, respectively (cp. Fig. 2.6(b)) [54].

By increasing the ratio Ej/Ey, one can increase the distance of the minima'? and the
height of the barrier between the wells. We choose the magnetic and the Josephson energy
in the same order of magnitude, A = Ljo/L < 1, (yielding a large self-inductance) since
firstly the tunnelling is suppressed strongly if the tunnel barrier is too high and secondly the
required anharmonicity would not be achievable.

For the derivation of the qubit Hamiltonian we mainly follow [5]. The potential in
Eq. (2.17) can be approximated in the case that the tunnelling barrier is much smaller than
the Josephson energy. We firstly introduce the new, shifted variables

p=¢—m and @y =y — . (2.19)

The cosine-part of the potential then changes as — cos ¢ — cos ¢. Expanding the cosine and
neglecting constant terms we get

A 1-A
U ~F; | —= —_— 2.20
() L( 5P~ PP+ w) (2.20)
with A = Ej/Ep — 1 = (¢ — 1 < 1 determining the height of the tunnel barrier. In this
approximation, the positions of the minima at ¢, = 0 are @9 = +1/6A/(1 + \). Therewith,
the barrier height is approximated by

2 2
AU =U(0) - Uli) = ~5 Buyy = =5 (B1 -2+ 25) 0 (22)
it directly depends on Ej with corrections in Fy.

To derive the qubit Hamiltonian we have to project the whole Hilbert space onto a sub-
space of the two qubit levels. Therefore, we firstly approximate the double-well potential
with two harmonic potentials Uy, = U(Fgo) + 5U" (o) (¢ £ ©0)” (see Fig. 2.7(a)) with cor-
responding Hamiltonians H; and K, and ground states |1) and [r), respectively. The level
spacing between the different energy levels in the two wells is equal since the potentials are
that of a harmonic oscillator. The ground states of the two harmonic oscillators have the
same energy; if one considers the two oscillators as one system, the two states are degenerate.

1 As for the CPB, the degeneracy point f = 1/2 has to be seen as f = 1/2 mod 1.
12The maximal distance, which is obtained for Ej5/EL > 1,is Agpo = 2¢0 = 27.
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Figure 2.7: (a) Truncation of the flux qubit Hamiltonian at f = 3; dashed lines indicate
potentials of the left and right wells. Taken from [5]. (b) Energy levels of the flux qubit
Hamiltonian. The two lower states build the qubit. As can be seen, the distance to the upper
levels to the two qubit levels is large enough to use the rf SQUID as a qubit. Taken from [55].

This degeneracy is lifted due to state-dependent macroscopic quantum tunnelling between
the two wells.

We now assume the bias flux to be near the degeneracy point, ¢, = 7; accordingly, the
states are nearly degenerate, F; =~ FE,. Due to the tunnelling between the potential wells, the
true ground state eigenfunction |¥) is a superposition of these two states

HW)=EW), with |[O)=all)+4]). (2.22)

The qubit Hamiltonian is given by the matrix elements of the full Hamiltonian (2.17) taking
into account only the two levels |1) and |r).

Hy = E+ <1| U-U |1> s (2.23&)
Ko = Bt (o|U—Tipr), (2.23b)
Hy = E1<I"l> + <I"U — U1’1> = J’Cikr. (2.23C)

The second terms in the diagonal matrix elements (2.23a) and (2.23b) are proportional to
¢*, corresponding to a nonlinear oscillator with a quartic nonlinearity (see App. C.2). The
level spacing is now no longer equal thus resulting in the required anharmonicity. Note that
this approximation is only valid for Ej/E. > 1 (see also the calculation for the transmon in
Sec. 2.1.2). For the ground states |l) and |r), the energy corrections can be neglected since
both states are equally shifted. Choosing the wavefunction real, H,; = Hj;, and introducing
Ayg/2 = H, and e = E; — E} we obtain the Hamiltonian of the rf SQUID qubit,

Hrr ~ 5 0"+ 0%, (2.24)

with 6% = |r)(r| — [1)(]] and * = [1)(r]| + |r)(]] being the Pauli matrices in the {|I),|r)}
basis, and e,f = 2L,¢®o (f — 1/2). The maximum circulating current I¢ and the level splitting
A.¢ depend on Ey, Ej, and E.; they have to be determined numerically. €, can be tuned by
the applied flux ¢, and is zero for &, = ®¢/2 mod 1 (f = 1/2). At the flux degeneracy point,
f = 1/2, only the tunnelling probability A+ determines the level spacing of the flux qubit
states. The wavefunctions then correspond to the maximally entangled flux states (2.18). Far
away from the degeneracy point, the qubit states are almost pure flux states, analogue to the
charge states of the CPB qubit.
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The Hamiltonian (2.24)) can be diagonalized according to Sec. [1.2.1 which yields the qubit

transition frequency
Buwe = (/€4 + AZ. (2.25)

The states of the qubit are built by currents with equal amplitude and opposite sign circulating
clockwise (|1)) or anticlockwise (|r)) in the loop. In the energy eigenbasis {|g),|e)}, the two
eigenstates of the qubit have the expectation value [37]

_ . _ Erf
(Icim)e’g = (Ipcqaz>e7g = (I;f (cos 20,¢6” — sin 2’[9rfO'X)>l’r = iﬁfpcq, (2.26)
\/ Ert + Arf
for the excited and ground state, respectively, whereas ;¢ is given by tan 20,y = As/er (see
also Sec. 1.2.1)).
Fig. 2.7(b) shows a numerical calculation that has been done with the program Matlab

[55]. The two qubit states are well separated from the other states of the rf SQUID. Thus,
the approximations made above are valid for this system.

2.2.2 Persistent Current Qubit

The persistent current qubit (PCQ)!3 is a flux qubit consisting of three JJs. It has been
proposed and experimentally realized by the Delft group [56;157]. A full theoretical description
was done by Orlando et al. [58]. The design solves the problem of dephasing of the flux qubit
by the environment.

The rf SQUID qubit requires a large inductance of the SQUID loop (A = Ljo/L < 1)
since the magnetic energy of the loop has to be comparable to the Josephson energy to form
the required double-well potential. However, the main problem of the rf SQUID qubit is this
large inductance; it makes the qubit vulnerable to dephasing by magnetic fluctuations of the
environment [4]. To overcome these difficulties, it was suggested to replace the large loop
inductance by the Josephson inductance of an additional tunnel junction. Thus, one can use
circuits with A > 1 that are no longer sensitive to magnetic fluctuations.

Fig. 2.8 shows the circuit diagram of the PCQ); the architecture in principle is the same as
for the rf SQUID qubit (see Fig. 2.6(a)), but now the SC loop contains three JJs connected
in series. The two side junctions are identical, with Josephson energy Fj, whereas the third
junction has a smaller area and therewith a Josephson energy aFy, with a < 1. An external
flux @, threads the loop. For the rf SQUID, this external flux produces a current, circulating
in the SQUID loop; due to the large size of the loop this results in a magnetic energy. For
the PCQ), the loop is small and thus we can neglect the magnetic energy of the circulating
current, that is, we neglect the loop inductance. Therefore, the potential energy of the PCQ
is the just the sum of the Josephson coupling energies of each junction,

U(p1,02) = —Ej]cos p1 + cos pa + acos gs3) , (2.27)

with ¢123 being the gauge-invariant phase differences of the junctions.
For a negligible loop inductance, fluxoid quantization around the loop containing the
junctions requires
=21 f =1 — 2+ 3, (2.28)

3The name persistent current qubit has its origin in the two persistent currents of opposite direction that
build the two qubit states.
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Figure 2.8: Circuit diagram of the PCQ. The loop now contains three JJs connected in series,
whereas the two side junctions are identical (Josephson energy Ej), while the central, third
junction has a smaller area (aEj, o < 1). Again, an external flux ®, is applied via a tank
circuit. The arrows define the direction of the currents.
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Figure 2.9: Potential energy landscape of the PCQ for f = § and o = 0.8. In (a) the
potential is plotted three-dimensional (taken from @}) An egg-box-like structure is evident.
In (b) the potential is plotted in a contour line plot. The nested nearly circular shapes mark
the maxima in the potential, and the figure—eight—shaped contours enclose two minima. The
blue line marks the connection between the minima in one unit cell, where ¢ = 0. The green
line marks the connection between the minima in neighbouring unit cells, where s o 7 (see
also text). (c) and (d) show the potential energy landscape along the blue and green line in
(b) at @« = 0.8 and « = 1, respectively. As for the rf SQUID, a double-well potential is formed.

with f = ®,/®( being the magnetic frustration. The potential then reads

U(p1,p2) = —Ej[cosp1 + cospa + acos (2 f + o1 — ¢2)] (2.29)

Figs.2.9(a) and (b) show this potential for f = 1/2. For 1/2 < a < 1, a double-well potential
is formed within each 27 x 27 cell in the phase plane. The optimal value o = 0.7 — 0.8
results in a separation of these cells by high potential barriers while tunnelling between the
two minima within one cell is still possible |3]. The two minima thus contain the degenerated
states |1) and |r) that build the qubit. The qubit states |g) and |e) are superpositions of these
states and, again, correspond to clockwise and anticlockwise currents circulating in the loop.

We now set the external flux to half integer flux quantum, f = 1/2. Introducing the new
variables o+ = (1 £ p2)/2, the potential then reads

U(p4,p—) = —Ej[2cos pq cosp_ —acos2p_]. (2.30)
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For o < 1/2, U has one minimum at (¢4, p_) = (0,0) (mod 27) (corresponding to ¢1,p2) =
(0,0); the calculation of the critical points is given in App. [C.3). For o > 1/2, this min-
imum splits into two minima at (p4,p—) = (0, & ¢*) (corresponding to (¢1,p2) = (¢*, —
©*),(—p*,p*)) with ¢* = arccos % The minima form a two-dimensional pattern repeated in
a two-dimensional square lattice [58] enclosed by the maxima at (¢4+,9—) = (£7,0),(0, £ m)
(corresponding to (y1,p2) = (7, = 7)).

Figs. 2.9(c) and (d) show the potential energy along the directions between two minima
in the same (blue) and neighbouring (green) unit cells (e.g. (—¢*,¢*) and (¢*,2m — ¢*)); this
corresponds to setting o4 = 0 or w9 = (7/¢* — 1) o1+ 7 = ¢,. For both values, a double-well
potential is formed; the maxima correspond to the saddlepoints (¢1,¢2) = (0,0) and (0,7/2)
for o1 = 0 and ps = @, respectively (cp. App.[C.3). For @ = 0.8 the energy barrier between
the two minima in one unit cell (¢4 = 0) is much lower than the energy barrier between
the two minima in neighbouring unit cells (¢2 = ¢, ). For a = 1 the two barriers are nearly
the same. Since we want to build a qubit between minima in one unit cell, « is optimal for
a ~ 0.7 — 0.8. The potential landscape can be manipulated by changing «. Therefore, as
for the CPB (Sec. 2.1.1)), one could replace the central junction (aFEj) by two JJs shunted in
parallel such that o can be controlled with external magnetic fields.

We choose a such that the energy barrier between to minima in one unit cell is lower
than that of two neighbouring cells (blue line in Fig. 2.9(c)) A double-well potential with the
minima (¢4,p0—) = (0, £ ¢*) is formed. Setting ¢ = 0 we can expand the potential (2.30)
n ¢,

2 L2 4
Ulp+ =0,p-) = Ej [(1 —2a)p” — (12 - 3a> w_} : (2.31)
This potential has the same form as the approximated potential for the rf SQUID qubit
(Eq. (2.20)). Correspondingly, the arguments that were given for the rf SQUID hold for the
PCQ.

Therefore, the PCQ), as the rf SQUID qubit, is formed by two qubit states that correspond
to a clockwise and anticlockwise current circulating in the loop. The Hamiltonian of the PCQ
can be written according to [13],

Hpoq ~ 61’2“1 5% + Agcq &, (2.32)
with 6% = [1)(1] — |r)(r| and ¢* = [1)(r| + |r)(]] again being the Pauli matrices in the
{I), |r)} basis, and epeq = 2Ipeq®o (f — 1/2). The minimum energy level splitting Acq and
the maximum persistent current I,.q have to be determined numerically and depend on Ej,
FE., and a. The expectation value of the current circulating in the qubit loop can be calculated
according to Eq. (2.26). Since the PCQ is no longer sensitive to magnetic fluctuations of the
environment, it is the best choice for quantum computation using the flux degree of freedom.

2.3 Phase Qubits

An architecture that is operated in the pure “superconducting” limit, where Ej/E. > 1
(Ej/E. ~ 10* —10%), is the phase qubit. First works with this system were done in the 1980s;
macroscopic quantum tunnelling and resonance tunnelling have been observed in several ex-
periments, e.g. [60; 61; 62].
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Figure 2.10: (a) Circuit diagram of the phase qubit; a single JJ, with Josephson coupling
energy Ej and Josephson capacitance Cj, is driven with an external dc current I,.. (c) Potential
energy diagram of the phase qubit. The current bias creates a tilt of the cosine-potential of the
JJ (“tilted washboard potential”). The phase states |g) and |e) build the qubit.

The phase qubit uses the macroscopic phase of a JJ to implement a qubit, whereas a large
nonlinearity is obtained by biasing the junction with a dc current very close to the critical
current. The qubit states are built by the states of a nonlinear oscillator approximating
the phase qubit. Superposition of these states and Rabi oscillations have been measured by
the Martinis group [63]; recently, high-fidelity operations with a gate fidelity of 98% were
performed [64]. It was also possible to couple and entangle two phase qubits [8]. Phase qubits
can be coupled capacitively and controlled with microwave pulses.

A circuit diagram of the phase qubit is shown in Fig. 2.10(a); it is a JJ with Josephson
energy Fj and Josephson capacitance Cj that is biased with a dc current I,. Instead of one
junction, as for the CPB (Sec. 2.1.1)), one could, again, use two junctions shunted in parallel
which allows to control the Josephson coupling to the SC reservoir with an external flux.

The Hamiltonian of the current-biased junction is given by

- )
Hpq = EN? —Ej cos p — 2—01'33% (2.33)
T
U(e)
with, again, N = —2'8% being the Cooper pair number operator, Ej the Josephson energy,

b, = (228]2 the charging energy of one Cooper pair, and I, the externally applied flux. A
detailed derivation of this Hamiltonian is given in App. B.3.2.

Fig.2.10(b) shows the tilted cosine potential U (p)—the so-called tilted washboard potential—
corresponding to the phase qubit Hamiltonian (2.33). For I, < I. the external current yields
a tilt of the cosine potential resulting in several wells where each well can be approximated
with a cubic potential. This tilt increases with increasing I,. In the classical regime, the
particle representing the phase would either rest at the bottom of one of the wells or oscillate
within the well. Due to the periodic motion, the average voltage () across the junction and
therewith the average number of Cooper pairs N is zero. In the quantum regime the particle
can no longer be confined due to macroscopic quantum tunnelling. However, for £ < Fjy, with
FE being the particle energy, the probability of tunnelling is small and thus can be neglected.
As we show later in this section, this is fulfilled in the phase regime, where Ej/E. > 1.

Do Ip

The minima and maxima of U(p) are located at ¢y = arcsin (27r o

). Since arcsinz is
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defined only for values |z| < 1, minima and maxima occur only for I, < %EJ = I.. Whereas
charge and flux qubits have to be biased near a suitable working point to allow good coherence
times, the only restriction for the phase qubit is that it has to biased at I, < I. to obtain
the tilted washboard potential, since for I, < I., we would just have a cosine shape and for
I, > I. no minima would occur. Thus, we obtain the energy barrier of the potential, that is,
the difference between the minimum and the maximum,
. P

AUpq = U(pg™) = U(pp™) = o [I; (209 — ™) + 21, cos ¢g] . (2.34)
We now make a Taylor expansion of the potential U(y) about the minimum g, where cos ¢y =
/1 —(I;/I.)?. Therewith, one well of the tilted washboard potential can be approximated

by the cubic form

Ue) ~ 52 51V T= TP (= 0 = 1o 0= ). (2.35)

where we have neglected the constant term U(pp). In this approximation, the height of the
potential barrier (2.34) is given by [61; 62; 65]

2V/29,
AUpq = =21,

(1—1./1,)®? . (2.36)
The quadratic term in Eq. (2.35) forms the potential of an harmonic oscillator leading to
quantized energy levels with the oscillation frequency

apll) = Y22 () (2.37)

which is the current-dependent plasma frequency. Thus, in first order, the level spacing is
homogeneous; the lowest energy levels Ej, = hw,(I;)(k+1/2) (k being the occupation number
of the oscillator) are determined by the plasma frequency. The levels are close to the bottom
of one potential well if Ej/E. > 1 and if the bias current is not too close to the critical value,
I, < I.; thus, no tunnelling out of the wells occurs. Note that, as I, — I., AU, decreases
rapidly to zero while wy(I;) decreases much slower. Consequently, the number of states in
the well decreases as I, approaches I..

However, because of the cubic term in the potential, the energy levels are shifted, whereas
the shift depends on the energy of the level itself. Therefore, the spacing between adjacent
levels decreases with increasing energy in the well, see also App.|C.2. Here, an increase of
the bias current I, decreases the spacings of the energy levels. This results in the required
anharmonicity.

The two lowest transitions have the frequencies (Wi, = Wy, — wy) [65]

5 hwp(Iy

wio =~ wp(ly) <1_36 ApU( )>, (2.38a)
P
10 huwp (I

wor = wy(ly) <1—36 A’é )>, (2.38b)
paq

These two frequencies must be different to obtain a two-level system as a controllable qubit.
The ratio AUpq/hwp(I,;) parameterizes the anharmonicity of the cubic potential with regard
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Figure 2.11: Potential energy diagram of the flux-biased phase qubit. Due to the flux bias at
f = 1, the quartic potential of the rf SQUID (cp. Fig. 2.6(b)) is tilted to the right. The left
well of the resulting potential can be approximated by a cubic potential. Since Ej is very large,
the distance of the two minima is approximately Ay = 2rA® /P ~ 27.

to the qubit states, and gives an estimate of the number of states in the well. The reduced
anharmonicity is A, ~ —0.1.

The state of the qubit can be controlled with the dc bias current I, and a time-varying
bias current AI(t), where AI(t) are the variations of the difference I. — I,. Making the
transition I, — I, + AI(t), the qubit Hamiltonian then is given by [6]

h h
Hpo = ~wigd”
PQ = W0t o0

with x = /hwio/3AUpq ~ 1/4 for typical parameters, 6* = [1)(1] — |0)(0], and 7* =
|0)(1] +]1)(0|. In contrast to the flux and charge qubits, the phase qubit does not have a
sweet spot, that is, a bias point where the |0) < |1) transition frequency has a local minimum.
The Hamiltonian (2.39) cannot be cast into the typical form (1.7) and thus a 6* rotation also
produces a 6” rotation. However, a sinusoidal current signal AI(t) ~ sinwjot can still produce
o* rotations, whereas a low-frequency (quasi-dc) signal produces 6% operations. Hence, the
phase qubit state can be fully manipulated with dc and microwave pulses that are applied
directly to the circuit.

AI(t) (5% + x5?) | (2.39)

The essential feature of the phase qubit is the cubic potential. This cubic potential can also
be achieved with a flux-biased phase qubit. The direct application of a current to the phase
qubit results in large noise disturbing the qubit coherence. Therefore, a current applied via a
tank circuit is more suitable for qubit operations. The design of the flux-biased phase qubit
is that of the rf SQUID qubit which was described in Sec. 2.2.1. In contrast to the rf SQUID
qubit, the Josephson energy for the flux-biased phase qubit is now much larger than the
magnetic energy. Moreover, the qubit is not biased near the degeneracy point, but far away
from it, f = ®, /Py ~ 1. Note that the applied flux corresponds to a current in the qubit
loop; thus, we will speak of applied currents in the following chapters. As shown in Fig. 2.11,
the resulting potential is strongly tilted to the right. The left well of this potential can again
be approximated by a cubic potential. Macroscopic quantum tunnelling to the right well
changes the flux through the loop by ~®q. The flux-biased phase qubit is an improved phase
qubit design since the inductance L of the SC loop minimizes quasi-particle generation [66].
Therefore, nowadays, the flux-biased phase qubit is used instead of the current-biased phase
qubit because of improved coherence and additional features for qubit readout that we discuss
in Sec. 3.4l
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2.4 Circuit Quantum Electrodynamics with Superconducting
Qubits

In the previous sections we have shown that SC circuits act as artificial atoms whose many-
level Hilbert space can be truncated to two qubit levels. In this section we now focus on the
implementation of circuit quantum electrodynamics (circuit QED) with these systems. Circuit
QED is the analogue to cavity QED in solid-state quantum computation. The emergence of
circuit QED in the past few years has opened up new horizons for these solid-state based
devices and has lead to a confluence of the research in the fields of quantum optics, cavity
QED, and mesoscopic superconductivity. This “quantum optics on a chip” gives the pos-
sibility to e.g. study fundamental quantum mechanics with macroscopic devices, to control
solid state systems with quantized fields, and to use the coupled cavity for readout purposes.
In contrast to quantum-optical cavity QED, circuit QED offers the tunability of the qubit
transition frequency.

The idea of the implementation of circuit QED in SC circuits is to use a transmission line
resonator and to couple it to an SC qubit. The first proposals by Schwab and collaborators [67;
68] study the effect of a CPB capacitively coupled to the resonator. During the last years,
several circuit QED experiments have been accomplished with different types of SC qubits, as
for example the generation of Fock states with charge or phase qubits [69;|70] or the analysis
of the dynamics of a two-photon driven flux qubit [71]. In this section, we demonstrate the
implementation of circuit QED with the different SC qubit flavours and calculate the coupling
strengths of the qubits to a resonator.

2.4.1 Capacitive coupling to the CPB Qubit

We firstly consider the realization of circuit QED with SC charge qubits proposed by Blais et al.
[22]. As shown in Fig. 2.12, the CPB is fabricated at the centre of a transmission line res-
onator (TLR) that consists of a full-wave section (I = A =~ 1 cm) of an SC coplanar waveguide.
The CPB and the TLR are coupled via the capacity C;. The quasi-one-dimensional coplanar
waveguide is built by a narrow- centre conductor (the TLR) and two nearby lateral ground
planes that allow measurements of the amplitude and phase of the resonator transmission,
and the introduction of dc and rf pulses to manipulate the qubit states. This on-chip “cav-
ity” can be fabricated with existing lithographic techniques, e.g. by patterning a thin SC film
deposited on a silicon chip [72].

The zero-point energy of this design is distributed over a very small effective volume which
is an important advantage for the choice of a one-dimensional TLR. As shown in App.|C.4, this
leads to significant rms voltages between the centre conductor and the adjacent ground plane
at the antinodal positions and thus to a strong coupling between the qubit and the resonator.
In contrast to lumped LC' circuits or current-biased large JJs, the qubit can be placed within
the cavity formed by the transmission line to strongly suppress the spontaneous emission [22].
Furthermore, quality factors with Q ~ 10% can be achieved in TLRs and therewith the internal
losses are very low.

For a finite length [, the transmission line behaves as a harmonic oscillator with resonance
frequency w, = 1/v/L;C, (L, and C, being the capacitance and inductance of the TLR,
respectively). It is described by the Hamiltonian

Hrir = hwrala. (2.40)
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Figure 2.12: Schematic layout and equivalent lumped circuit representation of the proposed
implementation of cavity QED using SC circuits. The 1D TLR (inductance L,, capacitance
C) consists of a full-wave section of a SC coplanar waveguide. A CPB is placed between the
SC lines and is capacitively coupled to the centre trace at a maximum of the voltage standing
wave via Cy, yielding a strong electric dipole interaction between the qubit and the cavity.
Input and output signals of the box are coupled to the resonator via capacitive gaps (Co and
() in the centre line. Taken from [22].

Here, a and a' are the bosonic annihilation and creation operators of one resonator mode,
respectively. We have neglected the zero-point energy hw, /2 of the resonator.

For a CPB fabricated inside a resonator, the dimensionless gate charge has an additional
ac component NJ¢ As shown in App. |C.4, if the qubit is placed at the centre of the TLR,
this quantum part is given by

N2 = N®) (a + aT) . with  N@. = N (2.41)

rms rms 26 2C7~ N

Nr(i)s is the dimensionless rms charge between the centre conductor and the ground plane. The

full quantization of the TLR including the calculation of the rms values is given in App. (C.4.

To calculate the interaction of the CPB with the resonator, we have to add the quantum

part Nj¢ to the dc component N, [22] which corresponds to making the transition Ny, —

dNy = Ny + Nj¢ in the CPB Hamiltonian (2.1). The total Hamiltonian of the whole qubit—
resonator system then reads

Hoqr = hwrata + E(N — N,)? — Ejcosp — 2E N3 (N — N,)(a+ al). (2.42)

rms

We did not include the (5Ng)2—term since it is an artefact from the derivation of the charge
Hamiltonian (see App. B.3.3).

We firstly consider the CPB qubit, that is, the CPB in the charge regime, cp. Sec. 2.1.1.
In this regime, N is a good quantum number and the Hamiltonian can be expressed in terms
of the number of Cooper pairs on the island, see Eq. (2.2). If the resonator frequency is much
smaller than the transition frequencies to higher CPB levels, we again only have to take into
account terms with N = 0 and N = 1 which yields

%a—x — E.NZ2)(a" 4+ a)[1 — 2N, — 57]. (2.43)

rms

E.
Her = hwrala — - (1=2Ny) 0" —

In the energy eigenbasis {|g),le)} (see also Egs. (2.5) and (2.7)) the system takes the
form

rms

h
Her = hwpata + @ea0” = E.N@).(a+ah) [1 — 2N, — €08 20¢q 0% + 5in 204 0|, (2.44)
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Figure 2.13: Scanning electron microscopy of the experimental realization of circuit QED
with a CPB. (a) The SC niobium coplanar waveguide resonator is fabricated on an oxidized
silicon chip using optical lithography. It is coupled by a capacitor at each end of the resonator
(see (b)). (b) The capacitive coupling to the input and output lines and hence the coupled
quality factor @ is controlled by adjusting the length and separation of the finger capacitors
formed in the centre conductor. (c) False colour electron micrograph of a Cooper pair box
(blue) fabricated onto the silicon substrate (green) into the gap between the centre conductor
(top) and the ground plane (bottom) of a resonator (beige) using electron beam lithography
and double angle evaporation of aluminium. The JJs are formed at the overlap between the
long thin island parallel to the centre conductor and the fingers extending from the much larger
reservoir coupled to the ground plane. Taken from @]

with 0” = |e)(e| —|g)(g| and o* = |e)(g|+|g)(e|. At the degeneracy point, where Ny = 1/2
and therewith ¥oq = —m/4, Eq. (2.44) immediately reduces to the JC Hamiltonian. To show
that we obtain a JC interaction also for Ny # 1, we utilize the Hamiltonian (2.44) in the

interaction picture via the transformation U = exp [—i (wraTa + wgq O'Z) t},

Hit = — E.NO)

e S1N 20¢ (0+a eilwea—wr)t | U_aTe_i(“’Cq_”T)t)
~ENi [Sin 2Woq (0T alefleeaten)t 4 gmgeilveamten)t) fast rotating (2.45)
+ (ae—iwrt + aTeiwrt) (1 o 2Ng P Qﬁcq GZ):| terms.

We can neglect the fast rotating terms in a RWA and therewith obtain the interaction Hamil-
tonian of the CPB qubit and the resonator,

h
Hicc = hwra'a + §wcqaz — hgcq(aTJ* +ao™), (2.46)
with Ageq = ECNI‘(I%I)S sin20.q = g—;e %: Sin 20cq, hweq = \/Eg—i— [EC(1—2N9)]2, ot =
le)(g|, and o~ = |g)(e|. At the charge degeneracy point, sin2d,, = —1; the Hamilto-

nian (2.46) then takes the well-known form of the JC interaction with the coupling geq. Since
sin 2 can be tuned via N, the coupling between the qubit and the resonator can be varied
from zero to g.q. The coupling gcq is in the order of 100 MHz in this architecture. This means,
we can achieve a tunable JC interaction with strong coupling in circuit QED with the CPB
qubit; this gives the possibility to apply methods from quantum optics on this qubit. The
experimental realization of circuit QED with a CPB is shown in Fig. [2.13.
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2.4.2 Circuit QED with the Transmon in the Dispersive Regime

Hitherto, we have only considered the CPB in the charge regime. However, circuit QED is
also possible for the transmon qubit that has been described in Sec. 2.1.2. In fact, the name
“transmon qubit” has its origin in “transmission-line shunted plasma oscillation qubit”. After
eliminating N, with a gauge transformation, we obtain the Hamiltonian (2.42)) rewritten in
the basis of the uncoupled transmon states |k) [25]

Hrr = hwpala + Y wp k) (k[ + B g 1) (k] (a + af) (2.47)
k k.l

with the coupling energies

hgi = g = 2E.N2L| (k| N|l)

rms

7 (2.48)

where we have only considered the absolute value of the matrix element since the phase of the
(complex valued) matrix element can be removed via a unitary transformation, see also App.
A.4.1": note that for the transmon E, = (26)2/202 with Cs = Cj+Cy+Cg. For Ej/E. > 1,
the transmon is well approximated by a nonlinear oscillator with the oscillation frequency
wp = V2EjE, and the creation and annihilation operator d = 3", vk + 1|k + 1)(k| and
d = 3, Vk|k)(k+1]|, respectively (cp. Eq. 2.10), where |k) now denotes an oscillator
eigenstate (k being the occupation number). Since N = —i(Ey/(2E.))Y/*(d — dt)/v/2 in
this approximation, the general expression (2.47) can be simplified, so that only the coupling
between neighbouring states |k) and |k + 1) has to be taken into account,

X (1/4) X
}%+HNWM=Mk;1(£i) = |[(k|Nk + 1)|. (2.49)

The coupling |(k+i|N|k)| between non-neighbouring states (|i| > 1) decreases with increasing
j and increasing Fj/E..

Finally, after employing the RWA, we arrive at the effective generalized JC Hamiltonian
of the transmon qubit

Hicr =Y welk )k + hwrala + 1 grpa [\k><k+ Hal +k+1)(kla]. (2.50)
k k

This generalized version of the JC Hamiltonian does not allow for an exact analytical solution.
Due to nearest-neighbour coupling of many transmon levels, the solution of the general case
requires numerical methods. However, the dispersive limit of (2.50) allows for analytical
solutions.

In the dispersive limit, the detunings Ay ;41 = wr4+1 — wi — w, are large compared to the
couplings, |Ag k41| > vn + 1gi k+1. In this case, we can eliminate the interaction between
the resonator and the qubit to lowest order with a canonical transformation, see App. (C.5
Eq. (C.49). Taking into account only states with £ = 0,1 in Eq. (C.49) we get

o = b [0)(0] + hwy [1)(1] + hwyala

, T (2.51)
+ hixo,1 [1)(1] = Aixo1a’al0)(0] + h(xo,1 — x1,2)a’a|1)(1],

4This argument also can be applied to possible minus-signs.
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with xgg+1 = 91%,k+1/Ak,k+1- Henceforward, we denote the states |0) and |1) with |g) and
le), respectively, for consistency in the notation. After neglecting constant terms and renor-
malizing the qubit and resonator frequency, we obtain the effective JC Hamiltonian of the
transmon in the dispersive limit

eff h 9t z / gt2 z }
Hicr=5\we— o'+ | hw, + thU a'a, (2.52)

3 — C(] hwy. 2E‘J 1/4
with wy = we —wg ® wp = V2EjE,, gt = gge = Gty /58" (E—P> , Ay = wp — wy, and the

Lamb-shifted resonator frequency w,. = w, — Xe2/2.

As already mentioned, the coupling g; increases with increasing Ej/E.. Thus, the achiev-
able coupling is larger than for the CPB qubit. This result is quite remarkable. While the
sensitivity of the transmon spectrum to the dc component N, decreases exponentially, the ac
response to the oscillating cavity field NJ¢ increases in a power-law fashion [25].

2.4.3 Inductive Coupling to Flux Qubits

Circuit QED with flux qubits can be achieved with an inductive coupling of the qubit to a
TLR. After the first experimental implementation [73], several impressive experiments have
been performed with this design, e.g. [37; [71; |74]. An intuitive theoretical description of the
system is given in [75]; we mainly follow this work to derive the coupling strength.

Figs. 2.14(a) and (b) show a schematic layout of the implementation of circuit QED with
flux qubits. As the charge qubit, the flux qubit is placed at the centre of a TLR, but now it
couples to the resonator via a mutual inductance M.

For the calculation of the JC Hamiltonian, as for the charge qubit, an additional quantum
part has to be added to the bias of the qubit, but now this quantum part is the external ac
flux,

rms

ox =02, (a+a),  with @), = My/w2L,. (2.53)

A detailed calculation of the inductive coupling of the TLR, including an approximation for
the mutual inductance, is given in App. [C.4.

Replacing f by f + ®2°/®q in the flux qubit Hamiltonian (Eq. (2.24) or (2.32)) we obtain
the Hamiltonian of the coupled system,

rms

A
Hrr = hwpa'a + %62 + %6" + Ifq@@) o’ (a + aT> (2.54)

with erq = 2L P (f — 1/2) (fq represents the rf SQUID and the persistent current qubit,
with fq = rf or peq; cp. Sec. 2.2)), 3% = [r)(r| — [1)(]], and * = 1) (x| + |r){]].

Again, we evaluate the Hamiltonian in the energy eigenbasis {|g),|e)} of the qubit; the
Hamiltonian then reads

Hrr = hwiqo” + hwra'a + Ifq<I>(2) (a + aT> (cos 2044 0 — sin 204 ) (2.55)

rms

with o = [e) (e[ — |g)(gl, o = [e)(e| —[g)(s],

A
wig = \[[2T1q (2 — /2P + A, and  tan20y = ?Zq (2.56)
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Figure 2.14: (a) Sketch of typical coplanar waveguide resonator of length [ = A &~ 1cm (cp.
Fig.12.12)). Also shown is how the qubit can be placed in between the centre conductor and the
ground plane of the waveguide. (b) Circuit diagram of a flux qubit (PCQ or rf SQUID) coupled
to a coplanar TLR via the mutual inductance M. The TLR (capacitance C,, inductance L,) is
weakly coupled to external transmission lines via coupling capacitors C.. The qubit is biased
with the magnetic flux ®,. A persistent current I¢, circulates in the loop. Both taken from ﬂﬁ]

As for the charge qubit, we apply an RWA to eliminate fast rotating terms (cp. Eq. (2.45)).
Therewith, the final JC Hamiltonian of the interaction between the resonator and the flux
qubit is

Hycr = hwiqo” + hwyata — hgtq (aTJ_ + aa+) . (2.57)

The coupling hgsqy = M ng:Sin 29¢q is now maximal at the flux degeneracy point, where

f=1/2.

2.4.4 Circuit QED with Phase Qubits

Circuit QED with SC phase qubits is a very advanced field. It was possible to couple two
phase qubits to a TLR and to control the quantized field of the cavity ﬂﬁ; @; @] Fig. 2.15
shows the experimental implementation of circuit QED with phase qubits used in [76]. Two
flux-biased phase qubits are coupled to the input ports, and therewith to the A\/2-mode, of a
TLR. The state of the qubits can be determined via dc¢ SQUIDs coupled inductively to the
qubits (see Sec. [3.4)).

In first order, the phase qubit can be described by a harmonic oscillator with the oscillation
frequency wy(Il) = V2EjE. (1 — (I, /IC)Q)l/ % The annihilation and creation operators are
the same as for the transmon (2.10), but now with the current-dependent plasma frequency
wp(ly) and Ey/E. ~ 10* — 108. Therefore, the coupling of the TLR to the phase qubit can be
calculated the same way as for the transmon, but now only the two qubit states |g) and |e)
have to be taken into account since higher transitions would yield to quantum tunnelling out of
the potential well. The TLR couples to the phase qubit with charging energy E. = (2¢)?/2C}
and Josephson energy Ej via a gate capacitance Cy. As for the transmon, we express this
coupling in terms of the dimensionless gate charge NJ¢ = Nr(él)rs(a + aT) (Nr(l}ﬂ)rS = r(i)s / V2
since the qubit now couples to the lowest eigenmode of the resonator, see also App.|C.4); the
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Figure 2.15: (a) Illustration of a quantum memory element with two Josephson phase qubits
connected via coupling capacitors Cy to either end of a resonant cavity. The red line depicts
the voltage amplitude of the lowest A/2-mode. (b) Equivalent circuit of the element near the
A/2-resonance. The cavity, with an effective capacitance C, and inductance L,, is capacitively
coupled (C,) to the qubits (C?/ B, EJA/ B). The qubits are flux-biased via flux coils; readout is
done with a dec SQUID inductively (La,/g) coupled to the qubits. Both taken from ﬂﬁ]

coupling strength of the TLR to the phase qubit then is @]

A 1 [hoy(L) Cy [hior
hgpq = 2E: N (g|Nle)] %2\/?5\/; (2.58)

Since Ej/E. > 1, this coupling is very large; therefore, strong coupling can also be achieved
with SC phase qubits capacitively coupled to a TLR.

Summary

In this chapter we have presented the implementation of qubits in SC circuits. We have shown
that the first four DiVincenzo requirements are fulfilled in these systems. SC qubits can be
built and coupled to each other by using different degrees of freedom (scalability). They can be
initialized by letting them decay to the ground state in the beginning. Stability of SC qubits is
achieved by biasing them at a suitable working point or choosing improved designs. Coupling
SC qubits to resonators in circuit QED furthermore suppresses the spontaneous emission.
Lastly, SC qubits can be controlled with external dc and rf fields and with a single mode of
an electromagnetic field in circuit QED. However, we have not considered the measurement of
SC qubits until now. We discuss the readout of SC qubits in detail in the following chapters.



40

2 Superconducting Qubits and Circuit Quantum Electrodynamics




Chapter 3

State-of-the-Art in
Superconducting Qubit Readout

While SC qubits have the advantages of scalability of the physical parameters and easily
achievable strong coupling in circuit QED, they also suffer from serious deficits compared to
other proposals (especially in comparison with trapped ions, their quantum-optical counter-
parts). As already mentioned, the coherence times of SC qubits are very short due to their
mesoscopic size. Accessorily, the lack of highly efficient readout techniques is a major problem
in these systems. Focusing on the last point, though all the proposed readout schemes for
SC qubits have in principle no fundamental limit to fidelity, they mostly suffer from technical
problems such as noise and parameter constraints.

A measurement technique can be characterized by its readout fidelity, the QND character
of the measurement and its back-action son the qubit, and the measurement time!. The

readout fidelity of the measurement is defined as [6]
F=1-(Fy(e) + Fe(g)) = Pele) + Py(g) — 1, (3.1)

where P,(x) is the probability of measuring the (classical) output y when the qubit was
projected on the eigenstate |z) by the measurement (x,y = g,e). According to the definition
of Py(z), Py(g) + Pe(g) = 1 and Py(e) + Pe(e) = 1. Ideally, Py(g) = Pe(e) = 1 and thus
F = 100%. We again note at this point that the qubit is in a superposition of the ground and
excited state after the state preparation, |¥o) = «a|g) + [ le). Due to the laws of quantum
mechanics, a single measurement can only yield the eigenstate of the qubit, i.e. the state
on which the qubit was projected by the measurement. To determine the complex-valued
numbers « and [, that correspond to the probability of a projection on state |g) and |e),
respectively, several measurements have to be accomplished.

For the measurement, the qubit has to be coupled to the measurement device via a Hamil-
tonian Hpeas. For an ideal QND measurement, the commutator of the measurement and the
qubit Hamiltonian is zero. The QND property is only needed if the qubit must be left in
the measured eigenstate after the qubit readout. However, a QND measurement can be used
for state preparation and additional measurements that improve the readout fidelity. If the
QND character is not ideal, the measurement has a back-action on the qubit. This means,
the detection might change the qubit eigenstate or have an influence on the coherence times.

!There are several other attributes that can be used to characterize a readout; however, we focus on the
most important ones.
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For fast quantum computation and error correction, the measurement must not take too
long. A short measurement is also required since otherwise the qubit would decay before it is
measured. Furthermore, the back-action of the measurement on the qubit is less for a short
measurement time.

In this chapter we review the state-of-the-art in SC qubit readout. We focus on the most
promising techniques which are the readout of charge qubits with a single electron transistor
(SET), the dispersive measurement of charge qubits with an oscillator, the flux qubit readout
with a Josephson bifurcation amplifier, and the tunnelling-readout of phase qubits. All these
proposals have their advantages and disadvantages which we also examine.

3.1 Readout of Charge Qubits with a Single Electron Transis-
tor

A readout method that uses the charge degree of freedom to measure the state of the CPB
qubit was proposed by Astafiev et al. [10]. The charge on the CPB island is measured via
quasi-particle tunnelling to a SET island. The use of a charge trap between the SET and the
CPB allows separation in time of the state control and the state readout and enables further
processing of the data in a classical way. This single-shot measurement is a simple and easily
applicable readout scheme that results in a calculated readout fidelity of 87% for the state |1)
and 93% for |0) (where the states correspond to the charging states |N)). Astafiev et al. do
not use a resonator coupled to the qubit to achieve a JC interaction, forgoing the advantages
of circuit QED. Furthermore, the CPB qubit is not biased at the charge degeneracy point;
therefore, the stability of the qubit is rather low compared to other proposals. This readout
method can only be used for the CPB qubit since it detects the charge on an SC island.

3.1.1 State Detection

Figs. 8.1(a) and (b) show the experimental setup for the state detection. The CPB qubit
is capacitively coupled to a charge trap via Cpy that is, in turn, capacitively coupled to a
single-electron transistor (SET) via Cs. The CPB, trap, and SET island are each biased
with a gate voltage V ;. via a gate capacitance Cj 1, with k = b,t,s, respectively. The islands
are each connected to the ground via Cj (whereas Cy, = Cx, = Cj + Cy,). Due to the trap,
the qubit becomes electrostatically decoupled from the SET and a separation in time of the
state manipulation and readout processes is possible.

Fig. 3.1(c) shows the pulse operation. Firstly, a control pulse is applied for a time t. to
prepare the qubit state. During this qubit manipulation, the trap is kept unbiased to prohibit
charge relaxation to the trap. After a delay time tq, a readout pulse, that leasts a time t,, is
applied to the trap to measure the state of the qubit. If there exists an extra Cooper pair on
the SC island when the readout pulse starts, it can escape to the trap through quasi-particle
tunnelling, and one can detect if the trap has additional electrons. Thus, one can determine
if the qubit is in state |1) (trap charged) or state |0) (trap uncharged).

A detailed discussion of the CPB qubit Hamiltonian has been done in Sec. 2.1.1. We deal
with quasi-particle tunnelling in this section, thus, the change of the notation in the qubit
Hamiltonian from N, denoting the number of Cooper pairs, to N, denoting the number of
excess electrons on the box, is self-evident. Therefore, the electrostatic energy of the island &
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Figure 3.1: Experimental setup for the charge readout where (a) shows the scanning electron
micrograph (taken from [10]) and (b) a sketch of the device. A CPB is coupled to a charge
trap via a capacitance C, ;. The trap, in turn, is coupled to a measurement SET via Cs¢. The
potentials of the islands are controlled via capacitively (Cyp, Cy ¢, and Cy ) coupled voltage
gates (Vyb, Vg1, and Vg 5, respectively). Readout is done with the readout gate (Cyr, Vy.r).
(c) Schematical representation of the pulse operation. After the control pulse t., a delay time
tq is awaited. Lastly, a readout pulse ¢, is applied to measure the state of the qubit. See also
text and [10].

(k =Db,t) is
U(NENE) = EF (NE— N2 (3.2)

Here, E¥ = ¢€2/2C), (C, = Cy) is the single-electron charging energy of the island k, N¢
the number of additional electrons on the island, and N;,k: = Cy1Vyr/e the dimensionless
gate charge, but now for one electron (V,; being the gate/pulse voltage of island k). The
Hamiltonians of the CPB qubit and the trap then read

E
Hepg = AEG” —TJU" (3.3)
Hr = Ue(N{,Ngi) INE) (NE]- (3.4)

The energy difference AE = 1 [Ub(O,N;’b) - Ub(2,N;b)} — 92EP (1 - N;,b> between the
states |0) and |1) is the same as in Eq. (2.4).

For the preparation of the state, one firstly lets the qubit relax to the ground state, which
is nearly the pure charge state |0). During this process, the gate charge of the qubit is fixed
to N¢ .50 = 1. For the duration of the control time t., the qubit eigenbasis is now instantly
changed by applying a rectangular control pulse, which brings the system to N gb1- We choose
the gate voltage at the charge degeneracy point N¢; = 1. Therefore, the qublt will be rotated
only by the d*-term of the Hamiltonian (3.3). After the state preparation, the qubit is in the

dressed state
t t
), = cos <w‘; C) |0) + sin <°’J C) 1), (3.5)

where wy = Ej/h. Hence, after the pulse, the probability of finding the qubit in state |1) is
2
[sin (“4)

. The gate charge now is switched back to the initial value N2g,b0.
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After the state preparation (and a delay time tq), the trap gate voltage is changed from
Ng o to Ngiy. The SET current is adjusted to an operation point where either one or two
trapped quasi particles yield a negative switch of the SET current [10].

To achieve quasi-particle tunnelling from the CPB to the trap, the process (N{,Nf) —
(NS — 1,Nf 4+ 1) has to be energetically feasible ((INg,N{) represents the box-trap quasi
particle configuration). Neglecting the Josephson coupling to the reservoir in (3.3), we obtain

the inequality

Up (N N vo) + Ut(NENG 1) > Up(Ng — 1,Ng1,0) 4+ Up(Ny + 1,N§ 1) 4 24, (3.6a)

= ANgy > Ny + N +ne (2= NS), (3.6b)

where ANg‘it = Ng,tl - N;}to is the amplitude of the readout pulse (cp. Fig. 3.1(c)), n. =

Cy/Ch, Ngt =1/2 -, (3/2 — Ngeb()) + 2A4.Cy/e — N¢ 10, and 2/, is the energy gap of the
SC material.

For three different quasi-particle tunnellings, three threshold amplitudes for the pulse
amplitude ANy can be defined:

Region (I): (2,0) — (1,1), ANgy > Ngs, Ngy= N;t. (3.7a)
Region (I (2,0) — (1,1) — (0,2), AN{, > Nip, Nip=Nge+(1+n). (3.7b)
Region (III):  (0,0) — (—1,1), ANE > Nio,  Nio =Ngg+ (247, (3.7¢)

Within region (I) one quasi particle tunnels from the box to the trap. In region (III) tunnelling
becomes possible even for state [0). In region (II) where N7z < AN{, < Ngo, two quasi
particles may escape to the trap. Hence, the highest probability of measuring the trapped
quasi particle occurs in this region. Thus, the pulse amplitude should be adjusted within
region (II). N7, (i = A,B,C) has to be developed from the experiment [10].

After the measurement, the trap relaxes to its ground state in a tunnelling process of the
extra charge to the reservoir via the box.

3.1.2 Fidelity of the Readout

To compare the readout design with other proposals, we want to know the efficiency of the
measurement, defined as the probability of measuring state |0) or |1) of the SC qubit correctly.
For the calculation of the readout fidelity, we assume that once the charge is trapped, it is
detected with 100% probability. We now examine the relaxation dynamics of the system.
Since the relaxation of the qubit is very small at the charge degeneracy point, we neglect
the decay of the qubit during the control time ¢.. Thus, we expect the qubit to be perfectly
in state |1)., introduced in Eq. (3.5). Three main relaxation processes, described by the
relaxation rates y:1, V0, and v remain. The relaxation rate ;1 describes relaxation of state
|1) to the trap during the measurement pulse ¢,. The corresponding quasi-particle tunnelling
process is (2,0) — (0,2). The relaxation dynamics of state |0) to the trap is describes by the
weak relaxation rate 79, according to the “dark switches” (0,0) — (—2,2). v (v < 1) is the
relaxation rate of the qubit to the reservoir (the decay rate) during the delay time t4 between
the control and readout pulse ((2,0) — (0,0)).

The total number of shots is nista1. We denote the number of events in which the qubit is
in the excited state |1) with n*, the number of ground states |0) with n, and the number of
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events in which the trap is found to be charged with m. Expressed in terms of the box—trap
quasi particle configuration (Ng,N¢), n* corresponds to the (2,0) configuration, n to (0,0),
and m to (0,2). Initially, that means, right after the control pulse, the number of excited
states is n*(0) = ngj, and thus, the number of ground states n(0) = niotal — 7. No charges
are trapped in the beginning and hence m(0) = 0.

We want to determine the change in time of m within the time interval [t,t +dt]. n
can relax to the trap with the rate 4 or to state |0) with 4. The number of ground states
n is changed by the relaxation of state |1) and by relaxation to the trap with the rate ~y.
Therefore, we obtain a set of differential equations?,

*

()= — (w + ) e @, n7(0) =, (3.80)
dn(t) = (—yon(t) +yn*(t)) dt,  n(0) = niota — 1y, (3.8b)
dm(t) = (v n*(t) + won(t)) dt,  m(0) =0. (3.8¢)

These equations are solved by

. =0 ot o (e = 70) () ¢
m(t) = | Niota] — g ———————— | |1 —e M0 4n [1—6 %17].
Q ( rota 0%1+’Y-%0> [ ) O (v +7) (v + v — o)
(3.9)
Since v < 41 and thus v /(1 +7) =~ 1, m(t) is approximated by
m(t) ~ Niotal [1 — e o t] + na _u T [e—%ot — e~ (yat7) t} . (3.10)
Y1+ = Yo

If the readout pulse length ¢ = ¢, satisfies the conditions 0 < t;! < (1 +7), Eq. (3.10) is

approximated by

Yt1
1—vot:. 3.11
’Y[ 10 1] ( )

m(tr) R Niotal Y10 tr + na

With this result we can estimate an efficiency of the single-shot readout. Py(x) is defined
as the probability to detect state |y) (y = 0,1, corresponding to a charged or uncharged trap)
when the qubit was projected on state |z) (z = 0,1). Writing the total number of detected
events after the readout time, m(t,), in Eq. (3.10) in terms of Py(x), we obtain

m(tr) = ng P1(1) + (ntotal — ng) P1(0). (3.12)
Therewith, the efficiencies of the readout are

_ + Yo tr

B (1) Yer Y

P1(0) = ot (3.13)

Since Py(x), Py(0) + P1(0) =1 and Py(1) + Pi(1) = 1, we then can calculate the probabilities
of detecting the correct state.
The values 41, ¥, V0, and t, have to be determined by the experiment; they are |10]

o= (37ns)™t, oy = (4.2ps)7Y, 4 =(220mns)"!, ¢, =300mns. (3.14)

%It has to be noted that the equation for m(t) in the original work |10] differs from our equation. However,
the solution of the set of differential equations presented in the work of Astafiev et al. is not in agreement
with the given equation. Moreover, the units in the equation for m(t) are wrong in [10]. Thus, we assume a
mistake at this part of the paper and present an alternative equation.
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The energy relaxation time 77 = 1/ of the qubit is relatively low compared to other experi-
ments (see e.g. |11; 22;72]). This is due to the fact that during the delay and readout time,
the qubit is not biased to charge degeneracy. Adequate decay rates can only be achieved at
charge degeneracy. A slight detuning to a point N;b = 1 results in a huge decrease in the
decay time. Moreover, the readout time ¢, is rather long compared to other experiments (see
e.g. the experiments described in the rest of this chapter).

We obtain the probabilities of detecting state |1) or |0) correctly

Pi(1) =087,  Py(0) = 0.93. (3.15)

These efficiencies might be improved a little by optimizing the relaxation rates and fabrication
procedure. Note that the fidelities were obtained with many assumptions, such as the perfect
detection of the electrons with the SET. Consequently, very likely, the real fidelities are less
than these values.

The charge qubit readout with an SET has a relatively high readout efficiency. However,
this efficiency cannot be improved a lot since many decay effects disturb the readout scheme.
Furthermore, the measurement destroys the state of the qubit and is very slow since the
readout time is ¢, = 300 ns, where the delay time has not been taken into account.

3.2 Dispersive Measurement Using Circuit QED

In this section, we examine the readout suggestion of the Yale group [11; 122; [72]. This
proposal uses a circuit QED setup to induce Rabi oscillations and to measure the qubit.
The measurement is done with a QND homodyne measurement. It measures the phase and
frequency shift of a resonator coupled to the qubit; this shift depends on the qubit state.

A visibility, defined as the maximum qubit population difference observed in a Rabi os-
cillation experiment, of more than 95% is obtained. This experiment is the first to obtain a
visibility that approaches unity. Therefore, a very accurate qubit control is achieved. The
readout proposal yields a very low single-shot readout fidelity of only 70 — 80% [79]. Never-
theless, this proposal is a QND measurement since the interaction between the resonator and
the ac measurement field does not affect the qubit state. Thus, the fidelity can be increased
by measuring several times. Since the qubit is coupled to a resonator and operated at the
degeneracy point, the coherence times can be enormously enhanced compared to the previous
proposal (11 = 7 us).

The measurement scheme uses two fields and a resonator to control and read out the qubit
state. Hence, several higher-order interactions, that are hard to control, between the fields,
the resonator and the qubit may occur.

A sketch of the driven cavity is shown in Fig. [3.2(a). In this experiment, an SC qubit,
with ground and excited state |g) and |e) and transition frequency wy, is coupled to a single
mode of the electromagnetic field of a TLR with resonance frequency w,. The proposals of the
Yale group use the CPB qubit and the transmon in the experiment. However, since all types
of SC qubits can be coupled to a resonator in circuit QED (Sec. 2.4), this readout scheme
can also be applied to flux and phase qubits.

The quantum state of the SC qubit is coherently controlled with a microwave pulse of
frequency ws ~ wy. The microwave pulse and the qubit are strongly detuned from the
resonator with detunings Ay, = ws —w, and Ay = wy — w;., respectively (later in this section
we will set Ay, = Ay = A). However, due to higher-order corrections, this microwave pulse
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Figure 3.2: (a) Sketch of the measurement scheme. The qubit (transition frequency wy), is
placed inside a cavity (transition frequency w,.), that is far detuned from the cavity (detuning
|Agr| = |wg — wr| > g, with g being the coupling between the qubit and a single photon of
the cavity; Ay will be set to A later in this section). The cavity is driven axially with two
microwave fields with frequencies ws; ~ w,; and wy =~ w, that populate the cavity with n,
and n,s < ng drive photons, respectively, due to higher order corrections in the Hamiltonian.
(b) Measurement sequence of Rabi oscillations, with Rabi pulse length At, pulse frequency ws
(amplitude o y/n), and continuous measurement at frequency wyr (amplitude oc /7).

populates the cavity with ng drive photons that rotate the qubit and generate Rabi oscillations
(see below). Readout is done with a second, weak microwave pulse, wyf & wy.

Fig. 3.2(b) shows the pulse sequence of the measurement. The weak measurement pulse
wyt is applied during the whole time. The control pulse w; is applied for a time At to induce
Rabi oscillations in the qubit. Once the qubit is rotated, the phase and frequency shift of
the measurement pulse is detected in a homodyne measurement. The qubit state can be
determined from these shifts.

We now consider the case of the driven system. Two coherent microwave pulses, with
frequencies ws and wy, are applied axially to the cavity that is coupled off-resonantly to the
qubit. The Hamiltonian of the complete systems thus reads

h
j_Cdriven :§wq0_z + thCLTa + hg (O’+CL + 07GT>

(3.16)
+ hQ (ei‘“sta + e*intaT) + At (ei‘”rfta + e*i“’rftaT) ,

with g being the (quantum-mechanical) coupling of the qubit to the cavity and €; (i = s, rf)
the coupling strength between driving field w; and the cavity (€; = |u;|g;, where |u;| denotes
the field amplitude and g; the quantum mechanical coupling).

Again, we want to calculate the effective Hamiltonian, wherefore we firstly go into a refer-
ence frame rotating with the driving field ws via the transformation U = exp [—iw,(ala + 0% /2)t]
(cp. App./A.1.3). The Hamiltonian then reads

Ha,rot :g (Wg — ws) — hAgata + hg (o+a + a_aT> + A (a + aT> 3.17)

+ hQrf (ei(wrf—ws)ta + e—i(wrf—ws)taT> )
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We firstly want to eliminate the off-resonant coupling between the driving field w, and

the cavity. Therefor, we apply the unitary transformation U; = exp [— AQ:T (aT - a)} with
|Agr| > Q. Following the steps in App. (C.5, this yields

h _ Qs _
U-Cfr’olt =5 (wg — ws) — hAgala + hg <J+a 4o aT) + ﬁ% (O’+ +o )
0 ST (3.18)
+hQrf <€i(wrf7ws)ta + ei(wrffws)ta"-) + h‘g rf <ei(wrffws)t + efi(wrffws)t)’
AST‘
where constant shifts have been neglected. The time-dependent, ”constant” terms with
eFi@ri—ws)t can be neglected since they just generate a global phase (see App. [C.6).
Still, the coupling between the qubit and the resonator has to be eliminated. For this
purpose, we apply the unitary transformation Us = exp [—Aiqr (U+a — J_aT)] . Therefore, we
obtain the final effective Hamiltonian in the rotating frame,

h 2 2

+ A (ei(wl'f_‘”S)ta + e_i(“’ff_“’s)taT) + th—QS (cT+07).

ST

(3.19)

The coupling €2+ is very weak; thus, we did not take into account the second order couplings
between w,y and the qubit. Since wy ~ ws we set Ay = Ay = A henceforward. Back in the
non-rotating frame the Hamiltonian reads

geeft _h 92 z 92 1 B + "
driven =5 <wq+A> + <wr+A>a a—+ g(a a+o a )
(3.20)
+ R (eiwrfta + efi“’fftaT) + hgTQS ((fi“’staJr + ei“’sta*) )

The last term, hgTQS (e_i“’stcr+ + ei“’sta_), of Eq. (3.19) rotates the qubit and hence induces
Rabi oscillations whereas different values of w, generate different rotations. The transition
frequency of the qubit is ac Stark and Lamb shifted by %(n + 1/2). Therefore, the resonator
frequency depends on the state of the qubit. Fig.3.3(a) shows this entanglement of the qubit
and the resonator. In the dispersive limit, two transmission curves are visible, corresponding
to the ground and excited state of the qubit.

The off-resonant coupling between the qubit and the resonator also yields a phase shift of
the field that leaks out the resonator [11;[22; [27]

A = arctan [ 29 o (3.21)
= arctan N o”, )

with k being the decay rate of the resonator (1/x is the photon life time). The phase shift also
depends on the qubit state; it has different signs for the two states |g) and |e). Fig. 3.3(b)
shows this state-dependent phase shift. The smaller the detuning, the clearer the phase
difference between the ground and excited state can be determined. Thus, the qubit state
can be distinguished from the phase shift of the resonator.

The coupling between the cavity and the measurement pulse, H¢ = hQrf(ei“’rfta—i—e*i“’fftaT),
populates the cavity with n,s measurement photons. This measurement field adopts the phase
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Figure 3.3: (a) Transmission spectrum of the resonator in the dispersive limit. The trans-
mission spectrum (linewidth k) is “pulled” by an amount 4+¢*/A, depending on the state of
the qubit (red for |e), blue for |g)). Additional peaks near w, corresponding to qubit flips are
suppressed by g/A. (b) Phase shift of the resonator field for the two states of the qubit as a
function of A. Readout of the qubit is realized at, or close to, zero detuning where the depen-
dence of the phase shift on the qubit state is largest. Coherent manipulations of the qubit are
realized close to the qubit frequency. Taken from [22].

and the state of the resonator field. Therefore, we can measure the phase shift ¢ and the
frequency shift g?A of the resonator field by measuring the phase shift and the frequency
shift of the rf field in a homodyne measurement (see App. [E.2). With this, the state of the
qubit can be reproduced.

In the measurement of the small rf signal, an amplifier is used. This amplifier adds
noise in addition to amplifying the signal and can obscure the original signal. The signal-to-
noise ratio (SNR) of the measurement is then given by the ratio of the number of photons
nsig = nkAt/2, accumulated over the integration period 7, divided by the detector noise
Namp = kBTN /hw, ~ 100 (T being the noise temperature of the amplifier).

nKkT

SNR = (3.22)

2Namp

The integration time is limited by the qubit’s decay time T} = 1/+ and the number of photons
by the critical amplitude of the resonator nct ~ 100. The SNR can be very large if the qubit
lifetime is longer than a few cavity decay times [22].

In the experiment [11], the SNR in an integration time of 100ns is approximately 25.
To determine the readout fidelity, each trace of the data has to be analyzed individually to
assess the most likely prepared qubit state [27]. The single-shot readout fidelity for the qubit
state integrated over the relaxation time (77 & 7 us) then is approximately 30%. This fidelity
can be improved by either using an amplifier with lower noise temperature or a larger signal
power. In the current experiments, a fidelity of 70 — 80% [79] was achieved.

Nevertheless, this measurement is a QND measurement, since the interaction Hamiltonian
of the cavity and the measurement field H,¢ does commute with the qubit Hamiltonian. Only
the very small second-order effect of the coupling between the qubit and the measurement
field might disturb the QND character of the measurement.

In conclusion, the dispersive readout scheme is a rather slow measurement (~ 100 ns) since
many measurements have to be carried out for a high fidelity. The SNR is limited in practice
due to nonlinear effects that occur at a stronger driving field [80]. Due to the QND character
of the measurement, the qubit remains in the measured state and can be used for further
processing.
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3.3 Readout with the Josephson Bifurcation Amplifier

Another QND-like measurement uses the Josephson bifurcation amplifier to read out the
qubit state. It was firstly proposed and experimentally realized in a quantronium circuit by
Siddiqi et al. [12;[81]. This readout method is based on an rf-driven JJ that acts as a nonlinear
resonator coupled to the qubit via a quadratic type of interaction. As a result of this nonlinear
coupling, the resonance frequency of the oscillator becomes qubit-state dependent. The state
of the qubit can thus be inferred from a measurement of the properties of the oscillator. Under
certain driving conditions, the resonator state also depends on the qubit state; therewith, the
qubit state is amplified and can be determined with a fidelity up to 95%. However, due to
the interaction with the oscillator, a decrease of the qubit coherence time and a change of the
qubit bias is observed [82]; consequently, the QND character of the measurement is not ideal.

Nowadays, this method is used to determine the state of a flux qubit, see e.g. [37; 182; 183;
84; 185]. A dc SQUID, which is a nonlinear oscillator, is coupled to the qubit via a mutual
inductance M and driven with an ac microwave signal. The driving picks up the phase of
the oscillator that depends on the resonance frequency wres and the state of the oscillator and
thus on the qubit state.

3.3.1 Coupling of the Qubit to the Readout SQUID

We concentrate on the PCQ, that is described in Sec. 2.2.2, since only this qubit is used in
the experiment®. The uncoupled PCQ Hamiltonian is given by
A

Hpeq = EPQCQ 7%+ %6". (3.23)

with 6% = [1)(1] — |r)(r|. The qubit states are built by currents circulating in the loop. This
current depends on the qubit state; in the {|1) , |r) } basis its expectation value is Icirc,q = Ipcq0”
(cp. Sec. 2.2)). Rabi oscillations of the qubit can be induced with a flux pulse 6®,..

The qubit is now coupled to a current-biased dc SQUID via a mutual inductance M. In
the experiment, an ac microwave signal I;(¢) with amplitude 49 and frequency ws close to the
resonance frequency wyes, is used to drive the dc SQUID. The Hamiltonian of the uncoupled
current-biased readout SQUID reads

- o
Hrsw = BorsN? = By cosp — 2 La(t)e, (3:24)

with Ee s = (26)2/261],1-5 being the charging energy of the readout SQUID, Ej s = Eﬁ),rs cos (T fz.rs)
the flux-dependent Josephson energy (with fy s = ®xs/Po and Eg’rs = 2F8J EES’SJ being

Jrs?
the Josephson energy of the single junction), N the Cooper pair number operator, and ¢ the
phase of the readout SQUID.
Due to the inductive coupling of the two systems, the average flux induced in the SQUID

loop by the qubit is MI,.q0”. The external flux through the SQUID loop then changes as

fa:,rs - fsq = fac,rs + fm,qa (3'25)

with fy g = MI,cq07/®Po. If we assume that the flux generated by the qubit is small, we do
not have to take into account the magnetic energy and can use a linear approximation for

30f course, the measurement would also work for the rf SQUID qubit.
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this flux. The Josephson coupling energy now reads

—ERrs cos (7 fsq) cos p = —Eg’rs cos ¢ [cos (T f.rs) €OS (T fr q) — I (T fr s) SIN (T fr )]
~ —E‘?’rs cos ¢ oS (T fz rs) + ERrS COS T f g SIN (T fr 15

- (3.26)
= —Ejscos o + MIpeqleivers 07 cOs @,

:(]-CQS

where Hqg is the Hamiltonian that describes the coupling of the qubit to the readout SQUID.
Lire s = o/ 7T-E5)7m sin (7 fz,rs) is the maximum value of the circulating current in the SQUID

loop (cp. App. B.4.1). Introducing the state- and flux-dependent Josephson energy ;52 =
Ejrs — MIcirersIpeq0”, the complete Hamiltonian of the readout SQUID reads

. )
Hrs = Hrsu + Has = EepsN? — €y 52 cosp — 2—7?Id(t)go (3.27)

Expanding the cosine up to ¢* and assuming that we are in the flux regime, where Ejrs/Ecys >
1, we can approximate this Hamiltonian by

E 4 E... ®
His ~ fiwpesdld — 28 (dT d) e 20 (dT d) 3.28
RS res 48 + h/wres o d( ) + ’ ( )
with the bosonic creation and annihilation operators
E hiw, 3, E, hcoy 0
dh = == ( = p— > , and d= o < = o+ > ) (3.29a)
hwres 2E‘c,rs 890 hwres 2lgc,rs 890

respectively, and

hwres = \/m- (329b)

This is the same approximation that we have already used for the transmon in Sec. 2.1.2. Tt
describes a nonlinear driven oscillator with the resonance frequency wyes; due to the coupling
to the qubit, the resonance frequency now depends on the state of the qubit. The interaction
Hamiltonian can be described in terms of the creation and annihilation operators df and d;
in first order, we get

1 EC Irs
Hos ~ —— :
QS 2 28J76z

2
MIpchcirc,rs o <d]L + d) 5 (330)

=hgqs

with hgqs being the coupling energy. This quadratic-type of interaction is the reason for the
qubit-state-dependent resonance frequency of the oscillator.

To determine the QND character of the measurement, the commutator of the measurement
Hamiltonian and the qubit Hamiltonian has to be determined; it reads

A 2

[fHQs, g‘fch] = I,)Cq ﬁgQS o (dT + d) . (3.31)
i

This commutator depends on ¥ = —i (|l)(r| — |r)(l|), the tunnelling probability A,q, and

the coupling gqs. If we assume the product Apcq gqs to be small, the commutator is nearly

zero; this means, the measurement is QND-like.
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a) b)

do

Figure 3.4: (a) Stability diagram of the driven oscillator as a function of the driving frequency
ws. In the hatched region, two oscillation states are possible. Below the hatched region, only the
state L with low oscillation amplitude is present. Above, only the state H, with high amplitude,
is possible. wyes is the resonance frequency of the undriven system. (b) Limits of the bistability
region for the cases of a qubit in state |g) (blue) or |e) (red). Due to the state-dependency of
the nonlinear oscillator, the stability diagrams (and also the resonance frequencies) of the two
states differ. At a certain frequency (indicated by a dashed line), the bifurcation thresholds
Ipr(g) and I (e) differ significantly. Both taken from [37].

3.3.2 State Detection

To a good level of approximation, the circuit can be described by the classical Duffing

V3

oscillator model [86]. In this model, for ws > wres [1 — @}, the oscillator state results in

one unique forced oscillation state. For ws; < wyes [1 — %}, three solutions are possible,

depending on the driving amplitude 14:

Tyo < Iy, : one oscillation state: L
Iy, < Igo < Ipg : two oscillations states: L or H (3.32)
Lyg <1y one oscillation state: H.

Iy;, and Iy are the values of the driving current where bifurcation occurs, dependent on wg
and the parameters of the resonant circuit; the oscillator then either resides in the lower (L)
or the higher (H) state. In our circuit, damping of the oscillator arises from quasi-particle
tunnelling and thus the quality factor of the oscillator is Q@ = R+/Cj s/ Ljors (Crs being the
Josephson capacitance, Ljo s the Josephson inductance of the readout SQUID, and R the
resistance that describes the normal current, see also App. B.3.1)).

Fig. 3.4(a) shows the stability diagram of the driven oscillator as a function of the driving
frequency. For different values of the driving frequency and amplitude, the oscillation state
results in L or H or both. If one starts with I;y < Ip; and slowly increases the driving
amplitude, the oscillator resides in state L until Iy reaches I where the oscillator switches
to state H. Thermal fluctuations will cause the transition L — H to occur randomly at
Iyp, < Iy < Ipyg. Vice versa, a decrease of the driving amplitude starting at Iy > I, resides
in H until I;9 reaches Iy,.

This bistable regime, where the oscillator shows hysteretic behaviour, can be used to de-
termine the state of the qubit. The bifurcation current I g strongly depends on the resonance
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Figure 3.5: (a) Pulse sequence of the oscillator driving amplitude for a typical readout pulse
(taken from [84]) (see also text). (b) Switching probability (P(H)) curves for the qubit in state
lg) (blue) and |e) (red) as a function of the switching current Iy, (see also text). Both taken
from [37].

frequency wyes of the oscillator?. Fig. 3.4(b) shows the stability diagram of the oscillator for
the ground (|g)) and excited (|e)) state of the qubit. As can be seen, Iy (g) and Iy (e) differ
significantly at a certain driving frequency. The oscillator is set to this fixed frequency; the
rate of the transition I — H then strongly depends on the qubit state.

One can also use the monostable regime of the oscillator to measure the qubit state. This
regime does not exploit the . — H transition. One measures the phase and the voltage of
the driven oscillator that also depend on 6“. This just corresponds to a flux measurement
with a de SQUID, see e.g. [54].

We now focus on the bistable regime since the novel ideas are used in this measurement
technique. Fig.3.5(a) shows the pulse sequence of the driving amplitude. It has to be noted
that in [37], a voltage instead of a current is used to control the probing power; however,
the principle is the same since voltage and current are related by the resistance R of the
measurement device via Ohm’s law. The oscillator is driven with an ac pulse of fixed frequency
Ws < Wres [1 — \/g/(ZQ)] . Firstly, the amplitude I, is set to a value Iy, with Iy;, < Iyw < Ipg,
such that the oscillator switches to the H state with a high probability if the qubit was
projected on |g) by the measurement, while it stays in the L state if the qubit was projected
on |e). The information of the qubit state is thus transferred on the oscillator state. In the
ideal case, the oscillator is in state H if the qubit was in |g) and in L if the qubit was in
le). The second part of the pulse (latching) has a reduced amplitude Ijac, such that both
transitions L. — H and H — L have negligibly small probabilities. The pulse duration #j,tcn
is set long enough to allow amplifier noise suppression; therefore, discrimination of the states
H and L against electrical noise is possible. In the measurement, the oscillator states can
then be distinguished via their amplitudes (low for L and high for H).

To determine the readout contrast of the measurement, the state of the qubit is firstly
prepared in the ground state with large probability by waiting for a time much longer than
the qubit relaxation time. Ideally, the oscillator is then in the higher state H. The probability
P(H) that the oscillator is switched into state H is then measured for different values of Iy
by repeating the measurement sequence many times. The qubit is then rotated in the excited
state with a m-pulse and P(H) is measured again. Ideally, P(H) = 1 for |g) and P(H) = 0
for |e). Fig. 3.5(b) shows the switching probability curves when the qubit is prepared in

4The lower bifurcation current Iz, also depends on wyes, but not that strongly as Ipx.
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a) Preparation b) Measurement

Figure 3.6: Potential energy of the phase qubit during (a) state preparation and (b) state
measurement. The state is prepared with ac microwave pulses I,. (z- and y- rotations) and
de pulses Ij. (z-rotation). During the readout, the potential barrier is reduced with a dc
measurement pulse Ineas, allowing only the state |e) to tunnel out of the well with a high
tunnelling rate (see also text).

the ground or excited state. The maximum separation between the two curves, that is the
readout contrast, is 85.4%. Thus, if we assume that the state |e) is prepared optimally, the
oscillator state switches with an efficiency of 85.4%.

The readout fidelity can be calculated by following the general arguments introduced
in [85]. The fidelity is determined by the decay of the oscillator and the qubit during the
switching and latching time. During the first part of the latching time, no relevant decay
mechanisms occur since during this time the oscillator state is prepared. Therefore, the
latching time t}atcn, mainly determines the readout fidelity. It has to be much shorter than the
qubit and the oscillator coherence times to gain a high-fidelity readout. A detailed analysis of
the decay of the system in the end results in an intrinsic readout fidelity, that is the fidelity of
the experiment where non-ideal state preparation was already taken into account, of 95% [85].

The readout with the Josephson bifurcation amplifier results in a high readout fidelity.
However, the QND character of this measurement scheme is not ideal; therefore, additional
measurements have a lower fidelity and the back-action on the qubit is not negligible. The
measurement time (~50ns [37]) is not very long, but still needs to be improved.

3.4 Tunnelling-Readout of Phase Qubits

The last measurement scheme we consider is the readout of flux-biased phase qubits using
state tunnelling® that was developed by the Martinis group [14]. In this measurement, the
flux in the qubit loop that depends on the qubit state is measured with a dc SQUID. This
readout scheme is very fast (~2—4ns) and results in a fidelity above 90% [64; 187] (~ 93%
for |e) and ~96% for |g)). With this advanced measurement technique it was also possible
to measure gate fidelities of ~ 98% [64] and to perform a state measurement of coupled
phase qubits [88]. Nevertheless, this measurement destroys the state of the qubit (quantum
demolition measurement) and therefore cannot be used for qubit initialization or additional
measurements.

5Tn principle, one could also use a regular current-biased phase qubit; however, the qubit has to be coupled
to a dc SQUID via a mutual inductance for measurement purposes. Therewith, the flux-biased phase qubit is
the best choice for this readout.
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Fig. 3.6/ shows the potential energy of the phase qubit during qubit preparation and
measurement. As already derived for the rf SQUID (cp. Sec.[2.2.1), the height of the potential
barrier AUy, of the flux-biased phase qubit depends on the magnetic energy of the loop,
Ep = ®3/(47%L), the Josephson energy of the junction, Ej, and the external flux bias ¢, =
27 d, /Dy,

1 Es
AUs, ~ 5 (Er + Ey) 5 = Epgreo = 590 ~ ¢as (3.33)

whereas ¢y is the position of the potential minimum (the maximum is located at ¢ ~ 7 for
vz = 2m); we have neglected constant terms in this approximation. The flux bias corresponds
to dc and ac currents circulating in the loop since ®, = L - I,,. Consequently, we will talk
about external currents in the following.

In the experiment, at first an external dc current is adjusted such that the height of the
potential barrier is high enough to suppress tunnelling of the qubit states out of the potential
well. The potential then can be approximated by a cubic potential and thus with a nonlinear
oscillator model; the two lowest oscillator states build the qubit, whereas the well altogether
contains 3 —5 oscillator states. The qubit state then is prepared by applying ac microwave
pulses I, to induce z- and y-rotations and quasi-dc (low-frequency) pulses I4. that induce
z-rotations, cp. Fig. [3.6(a).

After the state preparation, the qubit is in a superposition of the ground and excited state.
To measure the qubit state, a dc readout pulse with a width of ~ 5 ns that adiabatically reduces
the well depth is applied. The pulse is chosen such that the state |e) lies very near the top
of the well when the current pulse is at its maximal value Ijeas, see also Fig. 3.6(b). The
excited state |e) now tunnels to the right side of the well with the tunnelling rate ', that is
at least 2 orders of magnitude larger than the tunnelling rate I'y of |g). Calculations show
that the ratio of these two tunnelling rates for a shallow well is I's /T’y ~ 10% whereas this rate
decreases with increasing bias current [89].

The actual measurement time is shorter than the full width of the measurement pulse
because the tunnelling rate I'c is exponentially sensitive to the total bias current. Therefore,
the qubit will be far more likely to tunnel near the peak of the readout current which results
in an estimated effective measurement duration of 2—4ns. This is a very short time, more
than an order of magnitude shorter than previous measurement techniques of the phase qubit,
where the qubit state |e) was driven to a higher level which then tunneled to the right well [66];
the time is also lots of shorter than the measurement times of the readout schemes introduced
in the previous sections. The probabilities of tunnelling during the time 7 (switching to the
right well), Ps. and P, for levels |e) and |g), respectively, are given by (k = e,g)

T

Ps,k =1- exp —/Fk(t)dt y (334)
0

where the fact that 'y can be time-dependent has been taken into account. I'y(t) can be
obtained with a WKB approximation and depends on the value of the current pulse. The
maximum measurement fidelity after the readout pulse is defined as the difference of the
tunnelling probability when the qubit was projected on state |e) versus state |g).

In the following we mainly follow the arguments and methods derived in [89]. Fig 3.7
shows the tunnelling probabilities as a function of the pulse length 7 and the maximum
readout current Ijeas, obtained with a WKB-approximation. Iess is normalized by the
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Figure 3.7: The probabilities P, (red lines, left hand side) and P, (blue lines, right hand
side) of tunnelling to the right well during the measurement pulse starting from the states
le) or |g), respectively. The probabilities are plotted as a function of the readout time 7 and
the maximum readout current [,e,s normalized by the critical value Iy at which the barrier
between the two wells disappears, starting at the initial current I; = 0.941y. The pulse duration
is 7 = 2ns (solid lines) 10ns (dashed lines), or 50ns (dotted lines). Taken from [89].

critical current Iy at which the barrier between the two wells disappears. The current starts
at the initial value I; ~ 0.941y, where approximately 5 states are in the left well. The curves
remain at practically 0% probability for small measurement currents and saturate at 100%
for a large enough Ijneas (“S-curve” shape)G. The current shift between the curves for P,
and P for all times is sufficiently large to reliably distinguish between |g) and |e). However,
the measurement error, defined as (Psy + Pse)/2, is finite for any Imeas; it is in the order
of 1% at the optimal point. The minimal measurement error decreases with increase of the
pulse duration 7 and can be further reduced by changing the qubit parameters. Even though
the separation of the two S-curves decreases with increase of 7, they become sharper, leading
to better discrimination between the states |e) and |g). It has to be noted that the WKB-
approximation does not take into account the discreteness of the levels in the right well. A full
numerical simulation of the system would result in oscillations of the switching probabilities.

If one state has tunneled to the right well, the flux in the qubit loop is changed by ~ ®.
This flux change now can easily be read out with a pulsed critical-current measurement in a
SQUID detector that is inductively coupled to the qubit loop”.

In first experiments, only a fidelity of 63% has been achieved. This fidelity has been
increased above 90% by separating the capacitive element from the JJ, that is, shunting a
small JJ in parallel with a large capacitance to achieve a small charging energy instead of using
a large JJ [87] (cp. Sec.2.1.2)). Due to this capacitance, the back-action of the measurement
device on the qubit is reduced significantly.

In conclusion, the tunnelling-readout of phase qubits results in a high readout fidelity and
is very fast. However, the readout destroys the state of the qubit and therefore, the state is
lost for additional measurements and computational processes and cannot be prepared with
this technique. Moreover, the tunnelling readout can only be used for phase qubits.

5The switching probability Ps . for 7 = 1ns does not fully approach 100% since the pulse duration is too

short.
"This corresponds to the measurement in the monostable regime in Sec. [3.3.



Chapter 4

Mesoscopic Shelving Readout

In the previous chapter we have discussed the state-of-the-art in SC qubit readout and we
have shown that fast measurements of SC qubits with relatively high fidelities are possible.
Nevertheless, even the highest achieved fidelity of ~95% is not sufficient for the requirements
of quantum computation. As already mentioned in Sec.1.1.5, a fidelity above 99% is necessary
for efficient quantum computation, that is, quantum error correction and determination of
the computational output. It is difficult to improve the fidelities of the existing readout
techniques to this value. Therefore, novel ideas for the readout of SC qubits is required that
breaks the limit of 99% fidelity.

For this, we have a look at qubit readout in other physical fields and see if we can adopt
some of these ideas to SC qubits. A prominent technique is the very successful electron
shelving readout in trapped ions. We show that it is possible to apply ideas from the electron
shelving on SC qubits. By combining these with novel ideas, we get a new readout technique
that we term the Mesoscopic Shelving Readout (MSR) [90]. We show that with this readout
technique it might be possible to achieve a fidelity above 99% in a very short readout time.

In this chapter, we firstly describe the concept of the electron shelving readout in trapped
ions. Then, we compare available features in trapped ion with those in SC qubits. This
then leads us to the concept of the MSR. After introducing the basic principle of the MSR,
we present the analytical model including the decay of the cavity. We also show numerical
simulations for the full dissipative dynamics including qubit decay and off-resonant couplings.
Lastly, we discuss the SNR, the fidelity, and the QND character of the measurement.

4.1 Electron Shelving in Trapped Ions

In contrast to SC qubits, experiments in trapped ions have exceeded the threshold of 99%
years ago. Recent experiments report a fidelity of 99.99% [17]. In this section, we introduce
this successful electron shelving readout of trapped ions. This technique was suggested by
H. Dehmelt in the 1960s [91; 192; 193]; in 1989, the Nobel Prize in Physics was awarded to
H. Dehmelt due to his contributions for the development of atomic precision spectroscopy.
In trapped ions, the qubit is represented by a selected pair of internal atomic states that
are e.g. Zeeman-splitted or hyperfine states. The transition frequency of the two qubit states
lies in the optical regime, in contrast to SC qubits where the transition frequency lies in the
microwave regime. Though the Hilbert space of the atom can be truncated to this pair of
states, atoms are many-level systems and thus, several other energy levels lie near the two

o7
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Figure 4.1: Sketch of the electron shelving readout. The qubit is encoded in the states |g) and
le); a third level |u) is used for state detection. A detection signal is collected on the |g) < |u)
transition if the qubit is projected on the state |g). If the qubit is projected on the state |e),
no fluorescence is observed. Many measurement shots can be accomplished due to the cyclic
feature of the measurement (see also text).

qubit levels. The shelving readout now exploits the existence of these levels. Fig. [4.1/ shows
the principle idea of the shelving readout. After the state preparation with a laser pulse,
the qubit is in a superposition of the ground and the excited state, |¥o) = a|g) + 3 |e). For
efficient quantum computation, the coherence time of the qubit has to be as long as possible
and thus the transition |g) < |e) is reduced (indicated by green dashed lines) We now take
into account a third level |u) that is chosen such that the transition |e) < |u) is forbidden
and the transition |g) < |u) is allowed.

For the state measurement, a photon that is resonant to the transition |u) < |g) is sent
on the qubit, wpy = wgy. If the ion collapses to the eigenstate |g), the state is excited to |u)
by the photon. |u) then decays back to |g) in a short time by sending out a photon with
the same frequency as the incoming photon. This fluorescence signal can be detected with
a single photodetector. If the ion collapses to the eigenstate |e), no fluorescence signal is
observed—the state is shelved. Thus, in the experiment, one photon is detected for |g) and
zero photons for |e).

Until now, we have only considered the ideal case where the single photodetector always
clicks if one photon is sent out from the qubit. In real life, the photodetector has a certain
efficiency 7n4; high-quality photodetectors have ng ~ 80%, but 7y = 20% is also possible.
This means that only 20% of the photons produce a “click” in the detector. Though, the
fluorescence process can be repeated many times until the qubit decays so that even the worst
photodetector can detect a photon; this is the cyclic transition depicted in Fig. 4.1. At this
point we note that the values of the photodetector efficiencies are only valid in the optical
regime where photons have a sufficiently high energy. As already mentioned, the transition
frequency of trapped ion qubits lies in the optical regime; we return to this subject later in
this chapter.

To calculate the number of cycles that are required for an efficient state detection, we
follow the method introduced in [94]. We assume that the detector has no “dark counts”
meaning that it does not click if no photons are sent in from the qubit. Therefore, the
probability of detecting state |e) when the qubit is in state |e) is P.(e) = 1 (the probabilities
P,(x) and the corresponding readout fidelity have been introduced in the introductory part
of chapter [3). The efficiency of the detector is then given by the number of detected photons
divided by the number of total photons, 1y = n4y/N. The probability that one photon is not
detected by the detector then is (1 —ng/N). Accordingly, the probability that after N cycles
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no photons are detected is

N

Py(0) = (1 - @) ~ M = NV (4.1)
N

The probability that at least one photon is detected, corresponding to detecting state |g) if

the qubit was projected on |g), then is

Py(g) =1—e 1N, (4.2)

Even for the worst efficiency of nq = 20%, after N = 50 cycles we get Py(g) ~ 99.995%
and thus a fidelity of
F = Pu(e) + Py(g) — 1 = 99.995%. (4.3)

As already mentioned, this huge fidelity was also achieved in the experiment [17].

4.2 Evaluation of Shelving Ideas for SC qubits

The electron shelving readout results in a huge fidelity readout. Consequently, it would be
convenient to achieve a shelving-like readout in SC qubits. For this purpose, we compare
features of trapped ions with those of SC qubits and analyze if a shelving readout is possible
in SC circuits.

Firstly, the shelving readout uses three levels to shelve the ground state on the upper
state. Since we have many levels accessible in SC qubits, this third shelving level is easy to
achieve.

Secondly, selection rules are required to assure that the upper state only decays to the
ground state and not to the excited state. Like atoms, SC qubits have selection rules; however,
they are more rudimental than the distinctive selection rules in atoms. At the degeneracy
point, i.e. at the point where the energy dispersion has no slope, dipole transitions are only
possible between two neighbouring qubit states [95]. Therefore, we have rudimental selection
rules for the charge and the flux qubit at the degeneracy point. Since phase qubits have no
degeneracy point, selection rules are not available in these systems.

Nevertheless, it is possible to engineer additional selection rules by placing the qubit inside
a cavity. The spontaneous emission rate of a qubit (in general, a two-level state) is changed
when it is coupled resonantly to a cavity; this is known as the Purcell effect [96]. The Purcell
effect arises from the fact that the cavity has a reduced mode volume compared to the free
space and thus prefers excitations that are resonant to these modes. We assume that no
photons are inside the cavity in the beginning and that we are in the strong coupling regime.
If the qubit is resonant with the cavity, the system is in an equally weighted superposition
of a single photon state and the excited qubit state (see also Sec. 1.3.1). The decay rate of
the qubit then is (v + k) /2, with v being the decay rate of the excited state in absence of
the cavity and kK = w,/Q the cavity decay rate (w, being the resonance frequency and @
the quality factor of the cavity) [22]. Consequently, the lifetime of the qubit is reduced to
T, =2/ (v + ). This means, the resonant transition in the presence of the cavity is “more
allowed” than in the absence of the cavity. If the qubit is in the regime of large detuning,
where |A| = |w, — wr| > g, the decay rate reduces to v — (g/A)* k. The lifetime of the
qubit in the dispersive limit is increased which corresponds to forbidding the transition. In
conclusion, selection rules are available in SC qubits and we can engineer additional ones that
allow for a cyclic transition and an efficient state shelving.
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Figure 4.2: Sketch of the MSR. A three-level system, where the qubit is encoded in the
first two levels, is placed inside a cavity with transition frequency w,. The cavity is coupled
resonantly to the transition |e) < |u) with transition frequency we,. In addition, this transition
is driven with a coherent field wy. The transitions |g) < |e) and |g) < |u) are reduced (green
dashed lines). If the qubit was projected on state |e), a mesoscopic field leaks out the cavity; the
field then is amplified with a linear amplifier and measured with an oscilloscope. The ground
state is associated with the vacuum field (see also text).

For the measurement of the fluorescence signal, a single photodetector is necessary. This is
the main problem because the transition frequency of SC qubits lies in the microwave regime.
Until now, single microwave photodetectors are not available in this regime. However, it is
possible to detect coherent fields in the microwave regime efficiently by amplifying the field
with a linear amplifier and measuring the amplified field with an oscilloscope. The linear
amplifier has a certain floor noise of ~20 photons in the microwave regime (w/2m ~ 10 GHz)
and at low temperatures (~10K). Therefore, a field with a mean photon number above this
floor noise is required (see App. [E.3 for more information on the measurement with a linear
amplifier and the floor noise). Therefore, we need a mesoscopic field instead of a single photon
that is associated with one qubit state whereas the other state is associated with the vacuum.
Since we already require a cavity for the selection rules, it would be convenient to also use
this cavity for the creation of the field. In the following section, we therefore discuss how to
build this required field.

4.3 The Idea of the Mesoscopic Shelving Readout

We now discuss the configuration of our readout proposal where a mesoscopic field is built
inside a cavity if the qubit was projected on the excited state and a negligible field if the qubit
was projected on the ground state. Since this readout is inspired from the electron shelving
readout in trapped ion, we term it Mesoscopic Shelving Readout (MSR), although several new
ideas are used in this technique.
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Fig. 4.2l shows a sketch of the MSR. The qubit is built by the two states |g) and |e) with
the transition frequency w,. We now take into account a third level |u). This level can be
e.g. a superposition of the higher charge states (corresponding to N = 2,3) of the CPB qubit
or the third level of the anharmonic oscillator potential of the phase qubit. The transition
le) <> |u) with the transition frequency we, is coupled resonantly with a strong coupling to an
initially empty cavity mode (resonance frequency w,). Due to this coupling, the off-resonant
transitions |g) < |e) and |g) < |u) are reduced by the Purcell effect; the resonant transition
le) <> |u) is allowed. For flux and charge qubits, at the degeneracy point, the transition
|g) <> |u) is also forbidden by the selection rules in SC qubits.

The qubit state is prepared as for the dispersive readout that is described in Sec. 3.2. A
field that is resonant to the qubit transition w, and thus off-resonant to the cavity drives the
cavity axially. Due to second-order processes, this field can rotate the qubit. After the state
preparation, the qubit will be in a superposition of the ground and the excited state,

[WE) = arlg) + Ble) . (4.4)

The field that is used for the state preparation is now switched off and we can measure the
qubit state.

Our measurement procedure can be described as follows. To start the measurement, a
strong microwave driving field that is also resonant to the transition wey is switched on; thus,
we have wey = wyr = wy. Since the driving field is also resonant to the cavity, it is important
that the former is orthogonal with the cavity mode in order to minimize the crosstalk between
them.

Let us assume that the qubit was projected on the excited state. The driving field then
excites |e) to the upper state |u). This upper state interacts with the cavity via a JC interac-
tion meaning that due to the strong coupling to the cavity, the state immediately decays back
to |e) by sending a photon into the cavity (this corresponds to Rabi oscillations that fastly
rotate the qubit to the ground state and the cavity excitation to one photon state). But now,
the driving field, again, excites |e) to |u) and |u) sends out a a second photon. This cyclic
process is repeated until the driving field is switched off. The wavefunctions of the photons in
the cavity superpose and so the driving has produced a coherent field in the cavity. Therefore,
if the qubit was projected on |e), the cavity is populated with a large, mesoscopic field. Since
the cavity has a certain loss, the field leaks out the cavity. Then, it is amplified with a linear
amplifier and measured with an oscilloscope.

The qubit can also be projected on the ground state by the measurement. If this happens,
the driving field does not excite the qubit and therewith, the cavity is left empty. Therefore,
we expect no outcoming field for the ground state. However, the driving field scatters into
the cavity via the qubit. This crosstalk between the driving and the cavity results in a
population of the cavity even if the qubit was projected on the ground state. The produced
field is negligibly small because the crosstalk is small.

In conclusion, we expect a large coherent field at the cavity output if the qubit was
projected on the excited state and a small field if the qubit was projected on the ground
state. Thus, the state of the qubit can be determined with a high efficiency.
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4.4 Analytical Model of the Mesoscopic Shelving Readout

In this section we present the analytical model of the MSR. We firstly discuss the unitary
dynamics of the system; then, we consider the dissipative model where the decay of the cavity
is taken into account.

4.4.1 Unitary Dynamics of the Driven Superconducting Qubit

For the analytical model, we consider the two-level system, built by |e) and |u), which is
coupled to the cavity and the driving field. The Hamiltonian that describes the system
depicted in Fig. 4.2 reads

W,
Hmsr = % + hw, ala + hwdeb 4+ Ageu (U(j{la + U;I(ZT)

4.5
+ hga (b + 0wb') + hger (atb+abt) )
Here, b (b') denotes the annihilation (creation) operator of the driving field with the transition
frequency wy (this field will be treated classically later). a (a') denotes the annihilation
(creation) operator of the resonator field with the transition frequency w,. The operators
of, =|u)(e|, o5, = le){u|, and 0%, = |u)(u| — |e)(e|, describe the |e) < |u) transition with
Weu being the transition frequency. We do not take into account the energy of the ground
state due to the fact that the ground state is rotated neither by the driving field nor by the
cavity (the qubit transition is off-resonant to both fields). The couplings that have to be
taken into account are that of the resonator to the upper states of the SC qubit (coupling
energy hgey) and the driving field to the same qubit transition (hgq). Additionally, due to the
presence of the qubit, a coupling of the driving field to the cavity field occurs. This crosstalk
between the driving and the cavity is taken into account by the coupling Ag.t. This term has
to be deduced from the full network analysis of two cavities coupled to a qubit [97]. Since we
assume the driving field to be orthogonal to the cavity, this term only arises from the presence
of the qubit in the cavity; it is very small compared to gey, usually less then 10% - geu.
We now choose the cavity and the driving field both resonant with the transition |e) < |u),
Wy = Wy = Wey, and assume the driving field to be a classical (=coherent) field with field
amplitude |p/,
b—>ue iwgt __ ’,U’e iwgt qu

bT _ M*ezwdt |M|ezwdt i¢ (46)
The phase ¢ can be eliminated by applying the unitary transformation
O.Z
U? = exp [i(;ﬁ (aTa + Su>] . (4.7)
Neglecting constant terms, the Hamiltonian now reads
H'(t) = hw;m 0%, + hwra'a + hgey (a a+og aT)
(4.8)

+ th ( zwdt + + elwdt ) + hQ ( detaT + eiwdta> ,

with the classical couplings Q4 = gq|p| and Qct = get|14]-
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We utilize the Hamiltonian in a reference frame rotating with the driving field frequency,

via the transformation
Z
U = exp [—iwd <aTa + a;“) t] . (4.9)

In the rotating frame, we get

HY = hQq0%, + higeu (a;la + ae_uaf) + At (aJr + a) , (4.10)

+
eu

with 03, = o, + 0o,. Defining

HY = Hy + K, Ho = hQgo™

eu’

4.11
K = hgeu (aé{la + O',;ICLT> + At (aT + a) , ( )

we derive the Hamiltonian in the interaction picture with the transformation U™ = exp [— %%ot]

Hint = I (1 )+ = [=) (=] — ¥t |4 )| +e72%¢ | ) (+] ) a + Hee. |
(4.12)
+ At (aT +a),

where the dressed states )
+) = —(le) 4.13

are the eigenstates of the o*-operator, with o, = |u)(e| + |e)(u] = |+ )(+| — |—)(—|. We
now assume to be in the strong driving regime, where 24 > gey. Under this condition, we can
apply an RWA and eliminate the fast rotating terms e*?*%t in Eq. (4.12). The assumption
of strong driving is essential for the existence of the analytical solutions of the model. Due to
this approximation, the analytical calculation of the full time evolution, even in the dissipative
model, is possible.

After neglecting the fast rotating terms, we obtain the final effective Hamiltonian of the
driven two-level system in the interaction picture

Heog = hg% (0h + 0m) (a + aT) + B (aT + a> , (4.14)

The first part of this Hamiltonian simultaneously realizes JC and anti-JC interactions in the
RWA. It is interesting to note that even though we started with the JC interaction that
rotates the qubit in Eq. (4.5), the qubit is no longer rotated by this effective Hamiltonian.
The simultaneous JC and anti-JC interaction would, apart from the crosstalk-term {2, result
in a coherent field state if the qubit was projected on the excited state by the measurement,
and in a vacuum field state if it was projected on the ground state [98].

Initially, the qubit is in a superposition of the ground state |g) and the excited state |e),
|Wl) = a|g) + Ble) (the upper state |u) is not populated in the beginning). The cavity does
not contain any photons in the beginning and so the initial cavity field is |[¥() = |0). The
initial state of the whole qubit-resonator system then reads

W) = |¥) ® W) = (alg) +5le)) ® |0) = alg) ®]0) + —=(|+) +[-)) ®[0).  (4.15)

Slw

2
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The evolved state after a time ¢ can be determined with the time-evolution operator; since
the effective Hamiltonian is time-independent in the rotating frame, the time evolution of the
state then reads (cp. App. A.1)

W (1)) = et/ n ) = exp [—i (%a;{u +Qct> tat — He. |. (4.16)

As can be seen, the time evolution of the state is just given by the displacement operator

(1) =D |—i (%ro%, + Q) 1] [W0). (4.17)

whereas the displacement operator creates a coherent state from the vacuum (see App. D.1
for more details on coherent states),

D(a) = e® 0" o) = D(a) [0) = e F 52 |y (4.18)

Therefore, the evolved state reads

\% (1) 17(8) + 7)) + =) =) + 2(1)). (419)

Here, |£7(t)) and |(t)) are coherent fields with field amplitudes

(W(t)) = alg)[#(t) +

7(t) = —ig%t and (1) = —iQut, (4.20)
respectively.

This implies that a coherent field |£7(t) + 7(t)) is created inside the cavity if the qubit
was projected on the excited state |e) = (|+) + |—)) /v/2; the ground state |g) is associated
only with the small crosstalk-field |7(¢)). So, we expect a large field for |e) and a small field
for |g) inside the cavity. Even though we also expect a field for the ground state, this allows
us to discriminate the two states of the qubit with a high efficiency because the crosstalk
coupling ¢ is very small compared to the coupling of the qubit to the cavity, gey.

Let us finally calculate the mean number of photons inside the cavity for the two states
lg) and |e). A coherent state |a) is defined as an eigenstate of the annihilation operator a [99]
with the eigenvalue o, a|o) = a|a). The mean photon number of a coherent state then is

N = (n) = (a]alala) = aa*(a|a) = |af?. (4.21)

Therefore, depending on the state on which the qubit was projected the mean photon number
in the cavity will be

2
No(t) = |7(t)]* + |p(t))* = (94 + Q§t> 2 for state |e), (4.22a)
Ne(t) = [u(t)]” = Q4 for state |g) . (4.22b)

Thus, the photon number in the cavity grows with a quadratic power law. A more detailed
discussion of the mean photon numbers is given in Sec 4.5.
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4.4.2 Dissipative Model

Hitherto, we have only considered the unitary dynamics of the system, that is, we have only
calculated the field inside the cavity without taking into account the decay of the cavity.
However, we want to know the field that leaks out the cavity since this is the field that is
measured. For this purpose, we include the dissipative coupling of the cavity to the envi-
ronment. We assume to be in the limit of zero temperature, where the cavity cannot absorb
a photon from the environment but only emit a photon into the environment. The system
dynamics then can be described by the master equation for a damped harmonic oscillator
(see App.[A.3),

) { K
por = = [Hempar] — 5 Llalpar, (4.23)
with the cavity decay rate x and the Liouvillian superoperator La]pqr
Llalpqr = a'apqr — 2apqra’ + pgrala. (4.24)

Following the methods introduced in [100], we firstly introduce the decomposition of the
density matrix in field and qubit parts,

pap = [+ )(+ @ prr(t) + =) (| @ p2r(t) + |+ ){ = ® p3r(t)
+ =N+ @ par(t) + [2)(+] @ psr(t) + [2)( =] @ por () (4.25)
+ [+ )8l @prr(t) + =) (8l @ psr(t) + [8) (8] @ por(t).
where the field parts of the density matrix, p;r(t) (i =1,...,9), are defined as

p1r(t) = (Hlpqr®)|+),  par(t)=(~|pqr(t)|—),
p3r(t) = (Hlpqrt)|=),  par(t)=(—|pqr(t)|+),
pse(t) =(glpqrt)|+),  per(t)= (glpqr(t)|—), (4.26)
prr(t) = (+lpqr(t)lg),  psr(t)= (—|pqr(t)lg).

por(t) = (glpqr(t)|g)-
With this decomposition, we can write the density operator in its matrix representation in
the {|+),]—),lg)} basis, where |[+) = (1,0,0)", |=) = (0,1,0)”, and |g) = (0,0,1)". The
density operator in the matrix representation in this basis then reads

p1r(t) p3p(t) prre(t)
par = | par(t) p2r(t) psr(t) | . (4.27)
psr(t) per(t) por(t)

This means, p1p(t), por(t), and pgp(t) are diagonal in the {|+),|—),|g)} basis, whereas the
other field parts are off-diagonal and thus can be removed by tracing over the qubit variables
(we will come back to this matrix representation in the next section).

Initially, the SC qubit is in the state |¥Ug) = |UE) @ |Uf) = (a|g) + Ble)) ® |0), whereas
|Ud) = alg) +3e) and [¥]) = |0) are the initial states of the qubit and the resonator, respec-
tively, and |e) = (|+) + |—=)) /v/2. This means that the initial qubit-field density operator is
par(0) = | ) (T ®0)(0]. Thus, the initial field density operators p;r(0) are

B i=1234,

o i=56
pir(0) = |0)0] - 227 (4.28)
W) 1= 1,0,

lal?, i=09.
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With the decomposition of the density operator (4.25), the master equation (4.23) can
be rewritten to the following set of differential equations for the field operators p;r(t) (see
App. D.3/ for more details),

Pler = ?ig% [aT + a,p1,2F} — i€t [aT + a,,01,2F] + Llalp12F,
p34F = $i% { "+ a,p3 4F} — 1t [ +a,p3 4F} + Llalpz ar,
P56F = iig%%,(sF(aT +a) —iQct [aT + G,P5,6F} + Llalps6r, (4.29)
PrRF = ¥ig%(aT +a)prgr — i€t {GT + a;P?,SF} + Llalp7 sF,
por = —ifdet {GT + aapi,F:| + Lla]por,

where braces {...} denote the anticommutator symbol.

We now map these equations onto a set of partial differential equations for the character-
istic functions of the Wigner probability distribution (see App. D.2 for more information on
the characteristic functions); they are the expectation value of the displacement operator,

xi(&,t) = Trp [pir(t)D(E)], (4.30)

where D(§), again, denotes the displacement operator (£ being a complex variable),
D(E) = ebo'—€"a, (4.31)

The functions x;(&,t) do not fulfill all conditions for quantum characteristic functions, however,
they are continuous and square-integrable [100]. With this transformation, the partial differ-
ential equations for the density matrices (4.29) that depend on the creation and annihilation
operator a and af, respectively, change into a set of partial differential equations that depend
on the complex variable £. Even though, an analytical expression of the expectation value of
the field density operators can be found, the full solution for the operator equations (4.29) is
not possible. This problem can be overcome by using characteristic functions.

As shown in App. D.3, the transformed partial differential equations read:

Ox12 ;Jeu 2

1 (E 3 [ RNt )] o
0 i o 0

giA = [iQc; (£ + &) F 1en ((% ag*) + A(L[a ])} X3.4,
8X5,6 o Geu 4Qct geu 0 B 0

o _ _i o (1 ) )it (- ) + Al e (432)
Oxrs  _ | ;9 4Qct - jJeu a2 0

8 -

2= [ €+ € + ALla))] o,

with A(L[a])x; (i =1,...,9) being the transformed Liouvillian superoperator,

Meld = T el pr DO = 5 6 = 5 (6 +€ 0 ) (43
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Rewriting the complex variable ¢ in terms of its real and imaginary part, £ = x + iy, we get
x=(E+E&)/2and y = (§ —€*) /2. The derivatives with respect to { and £* then can be

written as

9 _1(o 0N o _1(d .0
& 2\ox  oy)’ oex  2\ox  oy)’

Eqgs. (4.32) then become

a’({;’? = :iigeu (1 + 2;3:) T + A(L[a])} X125

8)(;:;,4 _ :Qcht T geugy + A(L[a])} X345

agiﬁ = :iig;u (1 + 492:) x+ g;“aay + A(L[a])] X565
8)(;;78 _ izg;u <1 " 4;3:) o gglf?y + A(L[a])] X785
‘{2;9 - :mct -+ A(L[a])} Xo,

where A(La])x; (i =1,...,9) has changed as

K K 0 0
A(Lla])xi = D) (952 + y2) Xi— 5 <x8x + y(?y) Xi-

(4.34)

(4.35)

(4.36)

With a shift of the variable y (§ = y & 2 gew/r in the equations for xz4 and § = y =+ geu/K

in the equations for x5 6 and x7,g) we obtain

iz 8 ((f + yjy) viz = (2 [Cl(@) £ Cy(@)] +y Di»)x1e.

Pty 5 (g + gy ) xan = (21 +3 D) £ D50 Jran

82?’6 +3 <$88x " y;y) w56 = (@ [C1(@) £ C3(@)] + 7 [D1(@) F D50)] ) x5
695;8 + g ("”ai + ?jaay) X8 = (m [Cl(x) £ Ci(2)] + 9 [D1(9) + Dé(ﬂ)])xm
% t (f’“”ai N y§> xo = (2Ci(@) +y D),

where we have introduced the derivatives of the functions

I . . )
Ci(x) = _sz + 2iQci, Ca(x) = igeu, Cs(x) = §geuxv

9 9
Di(y) = =507 Day) =29eu (y= 22 1m(y)), Day) = geu (y — L2 10

The partial differential equations in Eq. 4.37 generally read

8Xi r 9 2 90 / o (N~
5 @A+ iz ) i = («H] ) i
o 2 (‘Tam +ya@;> Xi = (@Hi(z) + §Gi() xis

)

(4.37)

(4.38)

(4.39)
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where H;(z) and G;(y) denote the functions on the right-hand side of Eq. (4.37) and

Y, 1= 1)279a
gy, i=56,78.

We solve Eq. (4.39) by using the method of characteristics as shown in [99]Y. In this
method, the partial differential equation is reduced to a system of ordinary differential equa-
tions on a hypersurface that is given by the characteristic curves. The ordinary differential
equations then can be integrated easily from an initial function. On the characteristic curves,

we have
2d 2 dy
it = 2L 2% (4.41a)
K x K 1
d dy
@ - Y (4.41b)
€T Yy
2dy dx;
=2 = - _ . 4.41c
sy H) + G) (41e)
Eq. (4.41a) and results in the following equations that hold on a characteristic curve,
K| =xe ™2 Ky = ge 2, (4.42)
From Egs. (4.41b) and (4.41c), we obtain
dxy; 2 H! yG' (1) 2
i 2 @H@) T5GW) 40— 2 (i()da + GL)dy) (4.43)
Xi K Y K
This equation can easily be solved by integration,
2 y
x; = K3exp </€ [Hi(x) + Gl(y)]> . (4.44)

A general solution of the partial differential equation can be obtained by making the integra-
tion constant K3 a function of K; and Ks, K3 = F;(K1,K3). This function follows from the
initial functions at ¢ = 0 that are associated with the initial density matrices in Eq. (4.28))
and given by

B i =1234,

2
x2 + 2 . ﬁ*a’ 7, = 5,6,
Xi0(2,y) = Xi(#,y,0) = Giexp (— 5 ) > , with  G=4 y2" (4.45)
77 = 7)87
laf?, i=09.
Since )
(o) = Flea)esn (2 HiGa) + Gi(a)). (4.46)

1We will not go into detail on the mathematical theory of the characteristic curves since it would go beyond
the scope of this thesis. Note that the characteristics have nothing to do with the characteristic functions of
the Wigner probability function, ;.
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we finally arrive at

Ky = F‘(l’eint/Z ye*”t/Q) _ XZ"o(we*nt/Q’gefnth)
=F; , =

. (4.47)
exp(2 [Hi(we/2) + Gy(je/2)])

Using Eqs. (4.44) and (4.47), the time-dependent solutions of the characteristic functions then
read

2 2
Xl,Q(xayat) - |ﬂ’ €xp < u + 27 ; Jeu |:1 + 2Qct:| T |:1 _ e—Ht/2:|> ,

K GJeu

§ 22 + - 2igen [ 2% .

Xsa(yt) = W' ( v 20 {y¢ tz][l—e “ﬂ>,
K Geu
" 40

md%%ﬂ: ( Jeu K1i“>x+@]ﬁ—éﬂﬂD,(4@)
K Geu

? e 40,

S £22) Je)

K Geu

432
()
K

where we have introduced the fast-decreasing functions

4
fl(t) —exp < 2geut+ geu [1 _ e—/-ct/2:|> ,

ﬁ@wm(?H%ﬁ—wﬂ)

(4.49)

Rewriting Eqs. (4.48) in terms of the complex variable £ = = + iy and the time-dependent
functions
n(t) = —igﬂ [1 — e_"t/ﬂ ,
" (4.50)
ct [1 o 671€t/2:| ,

results in the following form of the characteristic functions,

2 2
vazl6t) = e (<5 + € G0 v @) - € G0 +1(0}).

2 2
Xaal€d) = ”;’ﬁ(t)exp( e+ 0} - € (00 + 0},

xas(Et) = ﬁ\;gfz(t)eXp< '5’2+§{in<> *<t>}—z*u<t>), (4.51)
\rs(Ed) = ﬁa*fQ(t)eXP( O 5*{in(t)+1/(t)}>
y ) \/ﬁ )

Yo(e) :rar%xp( K e - s*u<t>).

The corresponding density operators p;p(t) follow from the Fourier transform of the char-
acteristic functions

Wi0.6 = % [ e xleen 6 - 56). (1.52)
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Here, ¢ is a complex variable and [d?x = [*_da [ dy denotes a two-dimensional integral
over the complex plane. These are two-dimensional Fourier transforms of the characteristic
functions x;(&,t) that define the Wigner probability distributions W;(6,6*). The relation of
the Wigner function and the density operator is given by [99]

* 2 * *

Wi(0,8) = 5 [ @9 G-+ alpe(t)}o = ) exp (3% — 677). (15)
where v and J again denote complex variables (note that this 7 has nothing to do with a decay
rate). The calculation of the transformation is given in App [D.3.3. The density operators
then are

pr@) = )+ 00) (00 + v(0).

por) = |t (0 () + (0.

portt) = P2 Oy o) nie) + vie).

partt) = LIy ) n0) + ),

prlt) = o W) (00 + (0. (4.50
pr(t) = 2 ®) (=00 + (0.

pre(t) = P )+ v(0) (0.

pelt) = I o) 4 v (w0,

por(®) = Jaf? [u(t) (o)

Therewith, the full density matrix of the qubit-resonator system that was introduced in
Eq. (4.25) reads

par = L (1) (41 @ o) + v(0) (n(®) + v10)
=)=l @ =)+ v(8) ) = n(t) + (1))
(1+)(=1@ In(t) + () )( = n(t) + w(0)
1= @ () + () (n(t) + (D))
+ s (1)(H o) (ne) 4 v(0) (455)
+ lg)(—1@ In(t) + () ) (v(1)])
(1+) (gl @ In() + (1) ) w(2)
+ =) {gl @ [=n(t) + v(6) ) (1))
+ 1ol g) (g @ [w(t) X w(t)].

1812 fi(t)
R T

0
V2 eI/
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At the end of this section, we now discuss the two limiting cases for short (kt < 1) and
long (kt > 1) timescales for a better understanding of the dynamics. In the next section,
we then focus on the state measurement. In the limit of short times, the density matrix is
just that of the unitary dynamics that were derived in the previous section. For xt < 1, we
can expand the [1 — e"‘t/ﬂ—term in 7(t) and v(t) until the first order in ¢, and that in fi(t)
and f2(t) until the second order (since they contain the exponential function of this term),
by using the Taylor expansion 1 — e #/2 kt/2 — Kk%t? /8. Therefore, for short times, the
functions are approximated by

n(t) ~ —ig%t = 7(t), v(t) ~ —iQet = v(t), (w50
fult) m e 2OF - fo(t) a e MOF/2, '

so that the state of the qubit—field system is well described by

ﬁ (1) 17(0) + #0) + =) [=a(t) + 2@))).  (457)
2
This means, in the limit of short times the unitary dynamics dominate and the field grows
with the same power-law fashion as for the calculations where the cavity decay was not taken
into account (cp. Sec. 4.4.1)).

On the other hand, the steady state (¢t — 0o0) of the qubit—field system is the mixed state

(W(t)) = lg) [7(8) +

2
PR =lal? 16}l = )(] + G0 @ 0+ 4 (4.58)
X [ o) ),
with , ;
g == and = 28 (4.59)
5 K

For long times, the field inside the cavity saturates at the steady state values 7% and v*°. This
has its origin in the fact that the cavity population by the driving field is in an equilibrium
with the cavity loss after a time t =~ 1/k.

4.5 State Detection

We now again focus on the measurement of the qubit state. In the MSR, the excited state is
associated with a large cavity field and the ground state with a small field that originates from
the crosstalk. In this section, we discuss this coherent field that is generated in the cavity
by the driving and the corresponding outleaking field. We firstly focus on the analytical
model; then, we present numerical simulations in the intermediate driving regime including
all dissipative dynamics and off-resonant couplings of the system.

4.5.1 Cavity Field

We obtain the reduced density operator for the cavity field by tracing over the qubit variables

{’+> ) |_> ) ‘g>}
pr(t) = Trq [pqr(t)] = p1r(t) + par(t) + por(t) = |af® [v(t) ) (v(1)]

? (4.60)
+ @ (In(t) +v(t) ) (n(t) +v(t)| + [=n(t) +v(t) ) —n(t) + u(t)\),
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Figure 4.3: Mean photon number in the cavity for the ground state (blue) and the excited
state (red) (for gew/2m = 100MHz, x/27 = 1 MHz and Q¢ /27 = 10 MHz). The grey dotted
lines show the mean photon number of the unitary dynamics. (a) and (b) ounly differ in the
timescale that is plotted.

which is always a mixed state. This partial trace can be made clear by considering the matrix
representation of the density operator in Eq. (4.27) and taking the trace of this matrix, which
just corresponds to summing up the diagonal elements.

The dynamics associated with the excited state is given by p1p(t) and pap(t); the dynamics
of the ground state is described by pgp(t). Again, we expect a large field |+n(t) + v(t)) for
state |e) and the small crosstalk-field |v(t)) for state |g) (n(¢) and v(¢) have been introduced
in Eq. (4.50)).

The mean photon number inside the cavity is now given by the trace over the field vari-
ables,

(ny = Trp [aTapF(t)} : (4.61)

Thus, the mean photon number of the cavity field mapped on the excited state |e) or the
ground state |g), Ne(t) and Ng(t), respectively, is

20\ 2 2
No(t) = [n(®)]2 + [v(@)]? = (gfi + Kt> [1 - e_”“t/z] for state [e),  (4.62a)
2 2
Ng(t) = () = g;t [1 - e*"t/ﬂ for state |g), (4.62b)
K

Fig. [4.3| shows the time-dependent mean photon number for the two qubit states using the
realistic parameters gey/27m = 100 MHz and x/2m = 1 MHz and an overestimated crosstalk
coupling of Q. /27 = 10 MHz (in the experiment, this coupling lies around 2 MHz [97]). Also
shown are the photon numbers for the unitary dynamics, where the cavity does not decay (grey
dotted lines). Firstly, we observe that for short times (Fig.4.3(a)) the curves for the dissipative
and the unitary dynamics are nearly the same whereas the curves of the dissipative dynamics
converge to a constant value for larger times (Fig.4.3(b)). This is exactly the behaviour that
we have discussed in the end of the previous section. As can be seen clearly, N¢(t), which
is the mean number of photons in the cavity when the qubit was projected on the excited
state, differs significantly from NNy (t) even for the overestimated crosstalk coupling of 10 MHz.
Thus, the number of photons for state |e) and |g) can be distinguished easily. Ne(t) grows
very fast in time and saturates in the steady state, which is reached after ~1ps (Fig. 4.3(b)).
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The number of photons in the steady state for |e) is N5 = (¥ + mT“)z ~ 10* photons; this

is a huge number of photons. The steady state field that isﬁbuilt inside the cavity for the
ground state has Ng° = 42; = 400 photons inside the cavity. So, the field for the ground
state is two order of magnitudes smaller than the field for the excited state. This means, we
can neglect the crosstalk field from now on. Moreover, the negligence of the crosstalk field
just corresponds to shifting the number of photons by —42—2& [1 — e Ht/ 2]2 = —Ng(t) since
this crosstalk term appears in both the ground and excited state mean photon number.

Neglecting the crosstalk, the mean number of photons for the state |e) and |g) now are

2 2
No(t) = N [1 fe_”t/ﬂ for state |e),  with N5 = (9?“) , (4.63a)

Ng(t) =0 for state |g) . (4.63b)

Until now, we have only considered the photons inside the cavity; however, we cannot build
the measurement devices in the cavity. Hence, we want to know the field that leaks out
the cavity. The photons bounce against the resonator walls with the rate k, so the mean
transmitted photon rate for the excited state is

. 2 2 2
NS, =k Ne(t) = k- N [1 - e—nt/ﬂ - % [1 - e_“t/z] . (4.64)

The steady state value of this leakage field is N33, = ¢2,/k = 6 - 10* %. This is an
amazingly huge photon rate in a time of only 1ps. Though, as we show in Sec. [4.6, we do

not have to reach the steady state for a high-fidelity state measurement.

4.5.2 Numerical Simulations in the Intermediate Regime

An interesting question is, if our assumptions are also valid in a more realistic picture. So,
is a large field also achievable in the intermediate driving regime? For the solutions with
an intermediate driving strength, where g = geu, that include the decay of the qubit and
off-resonant couplings, numerical simulations are required. For the numerical simulations we
choose the charge qubit in different regimes as a proof of principle. The Hamiltonian of the
CPB coupled to the cavity and the driving field can be calculated according to Sec. 2.4/ but
now Ng° also contains the classical driving field with amplitude V and frequency wy,

rms

CyV
ac _ p7(2) t g
N« =N, (a + a) + og €08 (wat) , (4.65)

with Nr%)s — % [l The final Hamiltonian then also includes a term
2e 2C-

c,V 2 C.V 2
(N;c)Q = leri)ng cos (wqt) (aT + a) + [Nr%)s (aT + a)] + {5@ cos (wdt)} . (4.66)

The last two terms can be neglected since they are an artifact from the calculation of the
voltage-biased JJ (cp. App. B.3.3). The first term represents the crosstalk between the
driving and the cavity; therewith, the classical crosstalk-coupling for the charge qubit is

2
B = N2, GV _ GV [her

. 4.67
rms e 262 2Cr ( )
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Following the steps in Sec. 2.4, this results in the generalized JC Hamiltonian of the complete
system,

Hsys :thk |k ) (K| +thaTa+thkyk+1 |k)(k+ 1| (aT +a>
k e

' . (4.68)
+ hz Qg k1 €08 (wat) |k ) (k + 1] + ~t (e*“"dt(fr + e“"dta) ,
k

where we have only taken into account the coupling between two neighbouring states. Note
that the RWA has not been applied on this Hamiltonian. Thus, the numerical simulations
also take into account fast rotating terms. The coupling energies are

gk i1 = hgrr1h = 2ENS |(kIN |k + 1>) ; (4.69a)

OV |, -
e ‘<k|N|k: + 1), (4.69b)

corresponding to gey and ) in the previous sections, respectively. The first two levels of the
Hamiltonian (4.68) build the qubit states (]0) = |g) and |1) = |e)), whereas the auxiliary level
coincides with the third level (|2) = |u)).
In the numerical simulations, we now take into account the (non-radiative) decay of the
SC qubit. The evolution of the total density matrix of the system obeys the master equation
i

. K
P = _ﬁ[g{sysﬁ} - §L[a]p —Ip. (4'70)

The dissipator I'p written in the basis of the uncoupled qubit states reads

Ve + N
Tp)p = T PR (1 = Ok1) YpPrL — Okl ijj’}’jﬂky (4.71)

J

with v, = >4 76— being the total decay rate of the state |k) and 7, the total dephasing
rate which we choose to be equal for all qubit levels.

In the simulations, we solve the master equation (4.70) numerically in a subspace of four
qubit and np, photon states. We assume the decay rates of these four qubit levels to be

Y = Y =0,

T = Ve =VYesg =7

Y2 = Tu = Yu—e = 107,

Y3 = Y3—u + V3—e + V3 = 1007,

(4.72)

where the selection rules for the charge qubit at the degeneracy point have been taken into
account by setting 7,—g = 0. The relaxation and dephasing rate of the qubit, v = T~ L and
Vo = T{l, respectively, are obtained from the experiment [11; 25; [101] and depend on the
ratio Ej/E..

Fig. 4.4 shows the numerical solutions of the master equation in a charge-phase regime
(Ej/E. = 1,4.4(a)) and an intermediate transmon regime (Ej/E. = 8, 4.4(b)). For the
comparison of the different solutions, the figure shows the analytical solutions for the unitary
dynamics N¢(¢) (black dashed lines) and dissipative dynamics of the cavity N¢(t) (blue dashed
lines) with the corresponding numerical data in the intermediate regime (red bold lines and
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Figure 4.4: Numerical simulations of the mean cavity photon number for |e). Shown are
the analytical solutions N€¢(¢) (black dashed line) and N¢(¢) (blue dashed line) with the corre-
sponding numerical data (red bold line and orange bold line, respectively) and the full “noisy”
dynamics (green line). Simulations have been done considering four levels of the CPB and
npnh photon number states. In both pictures, we use gey/2m = 150 MHz, x/27 = 1.6 MHz,
Q4 = 5geu, and Qet/2m = 10MHz. (a) shows the simulations in the intermediate transmon
regime, with Ejy = 8E. = h-20GHz, T = 2ps, To = 1ps, and np, = 22, and (b) in the
charge-phase regime, with Ey = E. = h-10GHz, T} = 5pus, T, = 500ns, and nyn = 25 (see
also text).

orange bold lines, respectively). The green lines show the full dynamics including the decay
of the qubit. Due to the truncation of the Hilbert space to np}, photon states, the curves show
small oscillations which are more distinctive for the smaller photon state number of np, = 22
in (a) compared to np, = 25 in (b). Thus, we expect that this oscillations disappear when
more photon states are taken into account.

In the figures, it is possible to notice a slower increase with respect to the analytical models
of the mean cavity photon number even in the numerically noiseless case (red lines) due to
the intermediate driving strength and the presence of more qubit levels and off-resonant
couplings. The effect of the qubit decoherence (green curves) leads to a further reduction
of the mean cavity photon number growth. However, even for this realistic model, if the
qubit is projected on the excited state |e), significant photon numbers can be achieved within
very short measurement times. Thus, we expect a large measurement fidelity even in the
intermediate, noisy case.

Finally, we remark that we expect similar results for the flux qubit since it also couples
strongly to the cavity field and has selection rules at the degeneracy point. For the phase
qubit, the mean photon number might be further reduced due to the absence of selection
rules. The MSR cannot be directly applied in a deep transmon regime (Ej/E. > 1) due to
the non-sufficient anharmonicity between the levels. In fact, in this case the measurement
field will be almost resonant also with the qubit, thus inducing unwanted transitions. Never-
theless, modified measurement schemes exploiting a different auxiliary level or a two-photon
measurement drive can in principle be engineered.
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Figure 4.5: Mean transmitted photon rate for the excited state. In (a) the rate is illustrated
for small times, (b) shows the steady state behaviour. The dashed line in (a) marks the photon
rate that has to be exceeded for an efficient measurement (SNR > 1).

4.6 Characterization of the Mesoscopic Shelving Readout

For the characterization of the MSR, we want to know the measurement time that assures a
good SNR, the fidelity of our readout technique, and the QND character.

4.6.1 Signal-to-Noise Ratio

For the measurement, the coherent field that leaks out the cavity (Eq. (4.64)) is increased
with a linear amplifier and then measured with an oscilloscope.

As discussed in App. [E.3, a linear amplifier has a certain floor noise that is given by the
ratio of the thermal energy of the amplifier noise (T = 10 K) and the energy of the measured
photons (w, /27 ~ 10 GHz) [22],

Namp = ho, ~ 20. (4.73)
We define the SNR after a time ¢ as the outcoming cavity photon rate divided by the
photon number of the amplifier and the measurement bandwidth Veas,

K- Ne(t)

Ymeas * Tlamp

SNR(t) = (4.74)

The device that sets the measurement bandwidth in the experiment is that with the narrowest
bandwidth; thus, we have Ymeas = . The photon number of the outleaking field can be
discriminated against the noise of the linear amplifier if SNR > 1.

To achieve this ratio, the measurement time 7 has to be

2 . 2
F>—Zin (1 fJemp Mamp) 2y, (g JTamp ) g5 (4.75)
K K- Ng K Ngs

This time is very short, much shorter than the coherence time (77 ~ 2us) of the qubit.

Fig. 4.5/ shows the photon rate that leaks out the cavity for the excited state, again, for
short (Fig. [4.5(a)) and long timescales (Fig. [4.5(b)). The dashed line marks the photon rate
where the SNR exceeds 1. As can be seen, the outcoming field grows rapidly for short times
thus giving the possibility of a very fast high-fidelity readout.
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4.6.2 Single-Shot Readout Fidelity

Let us now have a look at the fidelity of the readout. According to [6] (see also Eq. (3.1))),
the fidelity can be defined as

F = Pe(e) + Py(g) =1 =1—(Py(e) + Fe(g)) (4.76)

where P, (z) is the conditional probability to measure the state y when the qubit was projected
on |z) by the measurement ({z,y} = {g,e}). Let 7 be the measurement time which assures a
sufficient SNR. For the qubit measurement, a coherent field state with a mean photon number
Ne(7) (Ng(7)) in a time 1/k is measured. However, this does not mean that we also measure
Ne(T) (Ng(7)). As shown in App. D.1, a coherent field has a Poissonian distribution of the
photon number. Thus, the probability of detecting ny photons when the mean photon number
is N is

N >
P(ng) = eV —. with > P(ng) =1. (4.77)
d*
nqg=0

For example, for a mean photon number of N & 20, the probability of measuring N photons
is only 8.9%; this probability decreases with increasing photon number. We define ng,(7)
as the threshold photon number which allows us to distinguish between the qubit states; it
depends on the measurement time since the mean number of photons for the qubit states and
therewith the threshold photon number grows in time. Then, the probability Pe(e) is the sum
of the coefficients of all Fock states in the coherent state that have photon numbers above
the threshold, when the qubit was projected on |e),

Pe)= Y N Wﬁ?”m _1- z;e—mr) (Belr)” (4.78)

n=ntp
where N,(t) is given by Eq. (4.62) (we take the crosstalk into account to show that we get
a high fidelity even with this term). Consistently, for Py(g) we have to consider the photon
numbers below the threshold value and the qubit in the ground state,

th n
Py(g) =) eNg“)(Mgg)). (4.79)
n=0

Let us now assume that we measure for a time of 7 = 25ns, where Ne(7) ~ 60 photons and
N,y (1) =~ 2 photons. We set the threshold photon number of this measurement time to a
totally overestimated value of ny, = 402. This means that any output with a photon number
above ny, = 40 will be associated with the excited state and any output with lower photon
number with the ground state. The sums in Eq. (4.78) and (4.78) can easily be calculated
with e.g. Mathematica. The probabilities for these values then are

P.(e) = 99.5%,

P () — 100%. =  F=0995%. (4.80)

This means, even for the unrealistically high value of ny, = 40 (and also an overestimated
value for the crosstalk, 2q = 10 MHz) and a very short measurement time of 7 = 25ns, the
fidelity of the readout scheme approaches unity.

2The linear amplifier has a Gaussian photon number distribution; the probability that the noise of the
linear amplifier is above 40 in one single shot is below 1075, see also App. [E.3|
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In conclusion, we have an SNR of the measurement device that exceeds 1 for a time of
15ns. The fidelity of the readout scheme is above 99% for a measurement time of ~ 25ns.
For more realistic parameters of 2. and N, the measurement time is even decreased. To
our knowledge, this is the first readout technique for SC qubits that prognoses a fidelity that
approaches unity in such a short measurement time and only for a single shot. Since the
proposed measurement-scheme gives good knowledge of the qubit state in z-direction, it will
lead to a full tomography of the wavefunction with a following rotation of the driving field in
the z- and y-direction.

4.6.3 Quantum Non-Demolition Character

Finally, we analyze the QND character of the MSR. For this, we firstly calculate the com-
mutator of the qubit Hamiltonian and the interaction Hamiltonian of the qubit with the
readout device. If this commutator is zero, we have a QND measurement. The interaction
Hamiltonian is given by (see also Eq. (4.5))

Hineas = Ageu <U;[la + U;JaT> + hQ (J;{I + U,;) . (4.81)

The qubit Hamiltonian, as usual, reads

h
Hy = §wqaz, (4.82)

with 0% = |e)(e| — |g)(g|. Therewith, the commutator is

h2
[(Hy, Himeas] = o W [geu (o'e_uaJr — a;la> + Qq (O'e_u — 0;1)} # 0. (4.83)

This means, strictly speaking, we do not have a QND measurement.

However, let us discuss the interaction Hamiltonian (4.81) in detail. The interaction
Hamiltonian only acts on the excited state of the qubit. This means, if the qubit was projected
on |g) by the measurement, it remains in |g). Thus, for the ground state, the MSR is a QND
measurement and can be used for state preparation and additional state readout.

Now, what happens if the qubit was projected on the excited state? After the driving
field is switched off, the system will either be in state |e) or |u). An additional measurement
of the system will then again result in the measurement of a large coherent field. Since we
associate the measurement of such a large field with the excited state, we again have the
output |e). Thus, the system can be used for additional measurements. Nevertheless, if the
system is in either state |u) or |e) after the measurement, the qubit state |e) is destroyed
since we get Rabi oscillations between the cavity and the |e) <> |u) transition, that is, the
state switches between |e) and |u). Thus, the excited state is not available for additional
quantum computational processes which means that for the excited state the MSR is not a
QND measurement in the usual sense.

Therefore, we call the readout scheme a “QND-like measurement” since additional mea-
surements are possible but the state of the qubit itself is destroyed and thus the measurement
in general cannot be used for state preparation or additional computational processes.



Chapter 5

Conclusion and Outlook

The goal of this work was to develop a novel readout technique for superconducting (SC)
qubits that breaks the limit of 99% fidelity. Current readout fidelities in SC qubits are not
large enough for the requirements of quantum computation.

Therefore, we have theoretically introduced this new high-fidelity readout technique that
profits from circuit quantum electrodynamics (QED) and is inspired from the electron shelving
readout in trapped ions. We have shown how this Mesoscopic Shelving Readout (MSR) can
be used to determine the state of an SC qubit by using a third qubit level such that the
transition of the upper two states is coupled resonantly to a microwave cavity and driven
(also resonantly) with a strong microwave driving field. The MSR can be used to readout
phase, flux, and charge qubits, whereas the readout scheme is especially suitable for the two
last ones since only in charge and flux qubits, selection rules are available at the degeneracy
point.

We have presented the analytical model of the MSR, where we have used techniques from
quantum optics to describe the system. The dissipative dynamics predicts a mesoscopic field
outside the cavity for one qubit state and a small, negligible field for the other qubit state.
Additional numerical simulations confirm that a large field is also achievable in the inter-
mediate driving regime. As we have demonstrated, the readout may result in an amazingly
high fidelity above 99% in a fast (7 &~ 25ns) single-shot QND-like qubit measurement. This
represents a big step forward for the implementation of quantum computation in solid-state
architectures.

All the technical requirements for the MSR are experimentally feasible. Therefore, future
experiments can lead to an unprecedented high measurement fidelity of SC qubits. Thus, the
next step is the experimental realization of this new readout technique. Further theoretical
works will have to study how this readout technique can be used in standard and one-way
quantum computation in different architectures, that is, for example how we can use the MSR
for efficient quantum error correction.
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Appendix A

Details on Quantum Mechanics

We use many tools of quantum mechanics in this thesis. Consequently, we recapitulate some
of these in this part of the appendix.

A.1 Time Evolution in Quantum Mechanics

We firstly have a short review on the time evolution on quantum mechanical states and
operators in the three mainly used pictures in quantum mechanics, the Schrodinger, the
Heisenberg and the interaction picture; the latter one is also known as the Dirac picture.

A.1.1 Schrodinger Picture

In the Schrodinger picture, the state of the system evolves in time whereas the operators
(corresponding to observables) are constant in time. The time evolution of the wavefunction
|Wg(t)) is given by the Schrodinger equation

0 i
— |Ug(t)) = —=Hsg(t) [Ps(t Al
2 ws(1)) =~ 35(0) [Ws(0) (A1)
where we use the notation Hg/int) (‘\I/S(H /int)>) for the Hamiltonian (wavefunction) in the
Schrodinger (Heisenberg/interaction) picture, respectively. This equation is generally solved
by

|Ws(t,to)) = Ult,to) [Ws(to)), with Ul(to,to) =1, (A.2)

where |Wg(tp)) is the initial wavefunction and U(t,tg) is a unitary operator, the so-called

time-evolution operator which also obeys the Schrodinger equation!,

;U(t,to) _ —%Hs(t)U(t,to). (A.3)

From now on, we set tg = 0. The previous equation can be integrated (see e.g. |[16]) which
yields the time-evolution operator

U(t) = T@f%. fot ﬂ{s(t’)dt’7 <A4)

1Strictly speaking, this equation is an operator equation which is equivalent to the Schrédinger equation.
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with T being the time ordering operator. If we assume that the Hg(t') at different times
commutate with each other, we do not have to take into account T
For a time-independent (=conservative) Hamiltonian, Eq. (A.4) then reduces to

U(t) = e Hst/h, (A.5)

A.1.2 Heisenberg Picture

In the Heisenberg picture, operators are time-dependent and the state vectors are time-
independent. The states in the Heisenberg picture are given by |¥y) = UT(t)|¥s(t)) =
|Wg(0)); an operator (and also the Hamiltonian) Og therefore changes as

Ou(t) = UT(t)OsU(t). (A.6)

Inserting this expression in the Schrodinger equation (A.3) yields the equation that corre-
sponds to the Schrodinger equation in the Heisenberg picture—the Heisenberg equation—for

the operator Oy

mdojt(t) — [Ou(t), Hu()] + z'haO;ft). (A7)

Mostly, Oy is not explicitly time-dependent and therefore the last part in the Heisenberg
equation disappears.

A.1.3 Interaction Picture

In the interaction picture both the wavefunction and the operators are time-dependent. This
picture is mainly is used if one part of the Hamiltonian is time-dependent and the other not.
The Hamiltonian Hg(t) firstly is divided into two hermitian parts,

Hg(t) = HE + HL(D), (A.8)

where U{g is the time-independent and Hg(t) is the time-dependent part of the Hamiltonian.
To solve the Schrédinger equation (A.3), the unitary operator U(t) is also divided in a time-
independent and a time-dependent part?,

U(t) = Uo(t) U'(2), (A.9)
with Up(t) = —%%OU()@) and U'(t) = —%f}{int(t) U'(t), (A.10)
which immediately gives us ‘
Up(t) = e~ P0t/h, (A.11)
The state vector in the interaction picture is now given by
[Wina (1)) = U (8) [Ts(8)) = U (1) [Us(to)) (A.12)
The operators transform as
O (1) = U3 (1) Os Un(b), (A.13)

2We only differentiate between Uy and U’ in this part of the thesis since we always write the explicit form
of the transformations in the other parts.
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whereas the Hamiltonian in the interaction picture itself is
Hint () = ihUS (1) Uo (1) + U (t) Hs Up(t) = UJ (t) 3 Up(t). (A.14)

The operators, again, evolve according to the Heisenberg equation (A.7), but now only the
time-independent part of the Hamiltonian, Hy, appears in the commutator.

In most cases, the Hamiltonian in the interaction picture, Hiu(t), is time-independent.
In this case, one can easily derive the state evolution,

|Wine () = et /7 | wg(0)) . (A.15)

The Heisenberg and the interaction picture are especially suitable in cases where the
dynamics of a system that is coupled to an environment shall be analyzed (see Sec. 1.2.2)).
This dissipative dynamics cannot be described with the Schrodinger equation.

A.2 Unitary Transformations

Since in this thesis, and generally in quantum mechanics, we have to deal with many uni-
tary transformations, we want to find a more easy way to calculate them. Therefore, in this
section we rewrite the transformation (A.5) in terms of the eigenfunctions of the Hamilto-
nian. We assume the Hamiltonian to be time-independent; thus, the eigenfunctions |e,), with
corresponding eigenvalues F,,, are conform with the time-independent Schrédinger equation,

Hlen) = Enlen) - (A.16)

The eigenfunctions span the Hilbert space (|ey, )(en| = 1) and are orthogonal ((ex|e;) = I
with 0y, denoting the Kronecker- Delta). Therefore, the wavefunction |¥) can be expressed
in terms of the eigenfunctions,

len) 8n\\I! an len) . (A.17)
=2 2

The Hamiltonian can be written in matrix form, whereas all off-diagonal elements disappear
since the Hamiltonian is diagonal in its eigenbasis,

H = Enlen){enl, (A.18)

With this knowledge we can now rewrite the transformation U (which is the time-evolution
operator),

00 . k
U(t) = e i9U/R = =it/hE, Enlen)(enl — Z (—it/n>", f'n len ) enl)
h=0 (A.19)

_1+Z’€n gn‘z —iF, t/ﬁ Z|5n n ‘6 zEnt/ﬁ

We now examine two examples which also are needed in the main part of this thesis.
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a) H x o*

We consider a two-level Hamiltonian of the form H = h§o”, with ¢” = |e)(e| — |g)(g| and
1 =|g){g| + |e)(e|]. The initial wavefunction is |¥o) = a|g) + [ |e). The evolved state thus
reads

|\If(t)> _ efiﬂ-ft/h|\110> _ eféwtgz ‘\IJO> _ eféwt|e><e|€§iwt|g><g| |\IJO>

1S9 iw k o0 —iw k

- (1+!g><g2 (2k,t) ) : <1+Ie><ez(2k,t)> W)
k=1 ’ k=1 ) (A.20)
00 iw k 00 —iw k :

- <1+|g><g2 Gl 4 peyer 3o 2220 ) w0)
k=1 k=1

= (Ie) (gl e + le) (el e75") 1wy,

Summarized we get _ _

W) = ae 29t |g) + Bet2¥t e) (A.21)

b) H x afa

The Hamiltonian of a harmonic oscillator has the form H = hwa'a = hw >, n |n)(n|?, with
n being the number of excitations. The initial state is |¥o) = > apn|n). The evolved state,
according to Eq. (A.19), is

W () = e~ wtd 2, nin)(n| W) = (Z In){(n| e—iwnt) W) = Zane—iwnt In). (A.22)

A.3 Stochastic Master Equation

For the analysis of the dissipative dynamics of a given quantum-mechanical system, a stochas-
tic master equation that describes the coupling of the system to the environment is required.
The state of a given system can be described by the master equation?. The master equation
in the quantum mechanical picture k (k = S,H,int) reads

I U ACHE AU (230
ps = _%[:}CS,PS], pu = 0, Pint = _%[j{inta Pint], (A.23b)

where Hy, is the Hamiltonian and W the qubit state of the system in picture k. In the
following, we always write p = —i,%[.‘}f,p] since it should now be clear how the master equation
in certain picture looks like.

We now want to describe the loss dynamics of the system; for this purpose, we follow the
derivations in |20; 19]. We start in the Schrédinger picture, where the system is described
by the Hamiltonian Hg. We now consider a reservoir described by the Hamiltonian Hg and

3Normally, the Hamiltonian of an electromagnetic field has the form H = Aw (aTa + %) with gw being the
zero—point energy of the field. Since this term only yields an energy shift, we neglect it in this thesis.
“This equation corresponds to the Heisenberg equation of motion (A.7) for the density operator.
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an interaction between the system and the reservoir, V' (¢). The total Hamiltonian of the two
coupled systems then reads
H©' = Hg + Hg + V(1). (A.24)

If the Hamiltonians of the pure systems, Hg and Hy, do not depend on time, the total
Hamiltonian in the interaction picture is just Vi (t). The master equation of the total system
thus reads

por(£) = — 1 Vie(8), pon (1) (4.25)

The reservoir variables can be traced out which yields the reduced density matrix

p(t) = Trr{prot(t)}. (A.26)

The master equation (A.25) can be integrated iterative which yields the reduced density
matrix in a second order perturbation [20].

We now model the reservoir as a collection of bosonic field modes with frequency wy
described by the creation and annihilation operators dL and dj, respectively; dL and dy,
obey the usual commutation relation for the mode operators of the bosonic field modes,
[d;, d;] = §;;. The Hamiltonian of the system is given by Hg = hwS'S, where ST and S are
the creation and annihilation or raising and lowering operators that describe the system, e.g.
St = ot (S =07) for a qubit or ST = af (S = a) for a harmonic oscillator. The interaction
part is given by a JC interaction with the coupling constant g (see Sec. A.4). The total
Hamiltonian thus reads

3 = huwgSTS + 1S wrdldy + 1Y (gdeS + g,’;dkST> , (A.27)
k k
and A ‘
Vine (t) = ﬁz <9deSe’(w°_“”“)t + g,’;dkSTe_Z(‘”f’_“”“)t) ) (A.28)
k

After a long and physically uninteresting calculation that can be found in the literature
(see e.g. ]20;199]), one obtains the stochastic master equation in the Markov approzimation
in the thermal equilibrium:

r T
p(t) = Z(N+1) (2spST — 8T8 — pSTS) + 5N (2STps —88Tp— pSST)

r r (A.29)
=5V + DL[STp - 5 VLIS,
with the number of thermal photons
N(wo) = <eﬁw0/’fBT - 1)_1 : (A.30a)
and the Liouwvillian superoperator
L[S]p(t) = STSp(t) — 2Sp(t)ST + p(t)STS. (A.30b)

Here, T' denotes the temperature and kg the Boltzmann factor; I' = p?(wp)g?(wpo) is the
damping rate. The first part of Eq. (A.29) describes the emission of a photon by the system,
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the second part the absorption. In the case of zero temperature® N = 0. The master equation
in a certain picture thus reduces to
i ) r
p(t) =~ 1969 = SL[S)0(0), (A.31)
From this expression, we can easily obtain the master equation of a harmonic oscillator
described by a! = ST and a = S and the decay rate x = I'. Analogue, this gives the master
equation of a qubit with ot = 8T, 0= =5, and y=T.
The stochastic master equation (A.31) describes only the decay in the energy basis of
the system. To describe the dephasing of a two-level system, one has to take into account a
reservoir that couples to the ¢ and not the 0* component of the system [19]:

Vdephase = ho” Z <gkdz + glf;dk) . (A32)
k

This Hamiltonian commutes with ¢ and thus does not contribute to the decay of the inversion.

A.4 Jaynes—Cummings Interaction

In this part of the appendix we give a more detailed discussion of the interaction between
a two-level system (=qubit) and a single mode of the electromagnetic field, the so-called
Jaynes—Cummings (JC) interaction [21]. For this treatment, we assume the quantization
of the electromagnetic field to be known; for more information on this subject see e.g. |16]
or |102].

A.4.1 Dipole Interaction Between an Electromagnetic Field and a Two-
Level System

We consider a qubit with frequency w, that couples to a single mode of the electromagnetic
field of e.g. a resonator (=cavity) with frequency w, that is described by the creation and
annihilation operators a! and a, respectively. The Hamiltonian of the non-interacting part is
given by

Ho = hwyala + ﬁ%az, (A.33)

a' and @ act on the Fock state |n) (n being the photon number) as
a'lny=vn+1ln+1), aln)=+vnn—-1), alaln)=nn). (A.34)

In the Hamiltonian we have, as in the rest of this thesis, neglected the zero—point energy gwr
of the field since it only leads to an energy shift.

The coupling of the resonator and the qubit can be described via a dipole coupling. The
electromagnetic field in the dipole approximation in the Schrédinger picture is given by [102]

&=/ QZL:;/ € (a + aT) . (A.35)

5This condition is fulfilled at optical frequencies.
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where g9 denotes the dielectric constant, V' the volume of the resonator, and e the polar-
ization of the field. The dipole momentum of the qubit is described by the ¢* operator
(0 =lg)(e[+le)(gl =0T +07),

d=d0"+ 6" =5 (e%* + e*wﬁ) — |5]0%, (A.36)

where, in the last step, we have removed the phase ¢ via the unitary transformation with
U=e"2%7 (cp. Eq. (A.20)); 0 is the (complex-valued) dipole strength of the qubit.

The complete Hamiltonian of the interaction between the qubit and the field in the
Schrodinger picture thus reads

hw

= . e r X T

Hor =Ho+d- & =Hy+ 2€OV€|(5\U (a—l—a). (A.37)
—_——

=hg

The interaction part of the Hamiltonian consists of two parts—the JC and the anti JC inter-
action,

Hqr = Ho + hyg (CLTU+ +ao” +alo” + aat). (A.38)
anti JC JC

A.4.2 Rotating Wave Approximation

To obtain the JC Hamiltonian, we introduce the rotating wave approzimation (RWA). In this
approximation, one neglects very fast rotating terms since they do not affect the dynamics of
the system; this corresponds to averaging in time.

We can evaluate the qubit—field Hamiltonian (A.38) in the interaction picture (Sec.|A.1.3)
by applying the transformation U = e~ 0 t/h,

%icgtF — hg (aTJ+€i(wr+wq)t 1 ao—e—lwrtwa)t 4 ot int | aTa*e*"At> _ (A.39)

Here, A = wy — w, is the detuning between the resonator and the qubit. Mostly, |A| <
|wg + wy|; this means that the anti JC parts of Eq. (A.39) (afo* and ac™) oscillate with
a much higher frequency than the JC parts (a0~ and act). Therefore, we neglect those
rapidly oscillating terms in an RWA.

Back in the Schroédinger picture the JC Hamiltonian thus reads

Hic = hwpala + h%az + hyg (CLTO‘_ + aa+> . (A.40)

A.5 Effective Hamiltonian Approach

For the solution of the JC interaction in the dispersive regime, we require the method of
effective Hamiltonians. We suppose a given Hamiltonian of the general form

H=Ho + Hq, (A41)

where Hy denotes the non—interacting part of the Hamiltonian and H; includes the interac-
tion. We want to isolate higher order interactions of this Hamiltonian. For this, we use the
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Schrieffer—Wolff transformation |103] to derive the effective Hamiltonian of the system. In
this transformation, one performs a unitary transformation which eliminates H; to first order

1
Hep = e5He ™ = Ho + Hy + [S.Ho] + [SFG]+ (8,360 + 1] ), (A.42)
n=2

where we have expanded the transformation with the Baker-Campbell-Hausdorff relation (see
e.g. |16]):
L1
e"Meh =" —[LM]g, (A.43a)

n=0
with

[LaM](O) - M? [L7M](1) = [LaM]7

(A.43b)
[L7M] (n) — [L7 [LvM] (n—l)] .

Herr should have no terms which are first order in H;. Thus, the requirement for S is

[Sa }CO] = —9{1, (A44)
This yields the effective Hamiltonian
Nt n 1
Heg = H ——[S,H1] ) = Ho + [S,H —[S,[5,3H4]]. A.45
f ”;(nﬂﬂ[ i = Ho+ [$30] + 518.[5.941] (A.45)
Note that not for all Hamiltonians a transformation that fulfills [S,Hy] = —H; can be found.

In this case, Eq. (A.42) has to be used to calculate the effective Hamiltonian.



Appendix B

Theory of Superconductivity and
Josephson Junctions

In this part of the appendix we recapitulate the theory of superconductivity. We explicitly
present the London theory wherewith we explain the Josephson effect and the properties and
applications of Josephson junctions (JJs). Then, we introduce the resistively and capacitively
shunted junction model (RCSJ-model) which gives us the possibility to describe JJs quantum
mechanically with a Hamiltonian. Lastly, we have a look at the main properties of supercon-
ducting quantum interference devices (SQUIDs) including their theoretical description.

Since there are several works describing the phenomena and theories of superconductivity,
see e.g. [54; 1104; [105; [106], we will just focus on the results that are important for this thesis.
We will mainly follow the derivations and explanations of |54] to obtain the different equations
and to describe the properties of superconductors.

B.1 London Theory

The London theory is a phenomenological theory for ' = 0. It describes the main electromag-
netic properties of a superconductor such as the ideal conductivity, the Meifiner-Ochsenfeld
effect [107] and the fluxoid quantization in multiply connected superconductors. Moreover,
it motivates the theoretical description of the Josephson effects with the Josephson equa-
tions [108]. However, it does not describe the pairing of electrons to Cooper pairs, the
existence of type II superconductors, and the temperature response of superconductors. This
can be done with the BCS or the Ginzburg-Landau theory, see e.g. [105; 106].

Since we have to deal with Cooper pairs!, the mass and the charge of the considered
particles are different from those of electrons,

qg— Q= —XKe, m— M = Xm,, (B.1)

where the factor K = 2 takes into account the pairing of electrons to Cooper Pairs.

'n superconductivity, two electrons are bound to Cooper pairs that are quasi-bosons. See e.g. [109] for
more information on Cooper pairs.

89
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B.1.1 London Equations

We start with the Schrodinger equation of a particle with mass M and charge ) in an
electromagnetic field that is described by the vector potential A (r,t) and the scalar potential

¢ (r.t)?,
ih

ot 2M

A (r,t) and ¢ (r,t) are related to the magnetic and electric field via B (r,t) = V x A (r,t) and
E(rt)=—-Vo¢(rt) — 8A8(:’t), respectively.

Superconductivity is a coherent quantum phenomenon of all Cooper pairs [109]; thus, the
main assumption of the London theory is that the entire ensemble can be described by a
macroscopic quantum wavefunction

2
O (r,t) 1<ﬁv_QA@@>\”nﬂ+Q¢@ww@@. (B.2)

7

U (r,t) = \/p(r,t) - 90D, (B.3)

This representation corresponds to the so-called Madelung transformation® [110]. Here, 6
denotes the macroscopic phase of the superconductor, and p is the local Cooper pair density
(pe being the local electron density),

p(t) = o pe () = 10 (1) (B.4)

Additionally, the whole ensemble has to satisfy the normalization condition
/mwwu@F:N:xm, (B.5)

with N being the number of Cooper pairs and N, the number of electrons.
The Schrodinger equation for W now changes into two equations for p and 6; therefore,
we obtain

09 1

h— + ZMv?2 =Uym B.6
g T MV + Q9 = Uqm, (B.6)
0
v (pv) = 0. (B.7)
ot
. . . V25 .
Here, Uqyn, is the quantum mechanical Bohm potential [111], Uym = . N and v the particle
velocity that corresponds to the probability current,
. hp
J (I‘,t) =pVv (I‘,t) = M V7 (I‘,t) : (BS)

where we have introduced the gauge-invariant phase gradiant V-,

Vv (rt) =Vo— %A \ (B.9)

2For the sake of simplicity we will not write the dependency of the quantities on (r,t) in each equation.
3Like every complex value, ¥ can be written in terms of its absolute value y/p (r,t) and the argument @ (r,t),
which are both real values. This is the Madelung transformation.



B.1 London Theory 91

according to the gauge-invariant phase v*. Eqgs. (B.6) and (B.7) correspond to hydrodynamic
equations of motion [110]. Eq. (B.7) is equivalent to a continuity equation for p and j, and
Eq. (B.6) is conform to the hydrodynamic equation for an irrotational flow in a conservative
potential. In the semiclassical limit (A — 0), we can neglect Uqm; Eq. (B.6) then corresponds
to a Hamilton-Jacobi equation for the action function 26 [111].

The probability current is related to a supercurrent density, J, = Qj 2 of the charged
particle. Likewise, the probability density corresponds to a charge density ps = Qp = —epe.
Js and ps also obey the continuity equation.

Therefore, we obtain the main equations of the London theory in the semiclassical limit:

00 (r,t) M 9
—h = Ji (vt 2t B.10
b = T Qo (B.10)
h
Js (I‘,t) = m V7 (I‘,t) ) (Bll)
with A = pf\éﬁ = pTeeg being the London coefficient. These equations already are the London

equations, but in an uncommon notation. The London equations in the more familiar form can
be derived easily by considering the curl and the time derivative of the supercurrent (B.11)
together with the Maxwell equations and the continuity equation (B.7). Introducing the

London penetration depth A1, = ,/% =, /#0’;:632, this yields

1
% (AJ,)=E + ” V (AJ2) (1%* London equation), (B.12)

1
V’B = )\—%B (2" London equation). (B.13)

The first London equation can be linearized for |E| > |v4| - |B| [54], which corresponds
to neglecting the second term on the right hand side (kinetic energy of the superelectrons);
this linearized equation describes the ideal conductivity of the superconductor. The second
equation describes the screening of an applied magnetic field by a thick superconductor, which
is the Meifiner-Ochsenfeld effect [107]. The field falls off exponentially in the superconductor
with e~ Le,

The first London equation also results from Lorentz’s law and the second London equation.
This shows that not the ideal conductivity, but the perfect diamagnetism is the more fun-
damental property of the SC state. Note that the London equations—especially the London
coefficient A and therewith the London penetration depth A;—do not depend on the factor
XK. All results could have been achieved without the assumption of having Cooper pairs.

B.1.2 Fluxoid Quantization

One quantum-mechanical consequence of the macroscopic quantum nature of superconductors
is the quantization of the flux in unites of the fluxoid quantity ®y in multiply connected

4Tt can be shown that v is invariant under the gauge transformations A — A + Vx and ¢ — ¢ — %—’t‘, with
X being an arbitrary scalar function.

5The supercurrent I, then is I, = J dS - J,. For a homogeneous supercurrent density the supercurrent is
just Is =S - Js.
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superconductors. The fluxoid quantization proofs the hypothesis that electrons build Cooper
pairs which are responsible for the SC state.
We start with the supercurrent density (Eq. (B.11).

J. - QhA Vi, (B.14)
and integrate over a loop through the multiply connected superconductor,
h
-2 dr.vgzj{dr.(AJrAJs), (B.15)
_g dr-vez/ds-(B+AV x J,), (B.15)
21 fluxoid @'
2mh
n = P, (B.15")

where we have used the theorem of Stokes. This yields the fluxoid quantity

By = - |. (B.16)

Deep in the superconductor, flux and fluxoid are the same since the supercurrent den-
sity Js vanishes®; this is not the case for the outer shell. Note that in a simply connected
superconductor the integral over V6 vanishes and therefore no flux can be found in such
a superconductor; in this case, Eq. (B.15/) is just the integral form of the second London
equation.

With the fluxoid quantity, the phase difference ¢ can be related to a magnetic flux,
= 27?%.

B.2 Josephson Effect

A second consequence of the macroscopic inherent quantum nature of superconductors ap-
pears if two superconductors are weakly coupled via an electrical contact, e.g. a tunnelling
barrier or a point contact, see Fig. [B.1. We assume an SIS (superconductor-insulator-
superconductor) contact, without loss of generality. In the normal conducting case, electrons
can tunnel through the barrier. In the SC case, at T' = 0, no quasi particles can be found at
the Fermi level and we expect no normal current through the metal. If the applied voltage
is big enough to break up Cooper pairs, which is the case for eV > 2A, a normal current
through the contact can be observed again; see also Sec. B.3.1.

In both cases, also Cooper pairs tunnel through the contact in a coherent process; the
tunnelling probability for this process is the same as that for single electrons. This quantum
interference of the two superconductors is called Josephson effect [108], and the junction
therefore Josephson junction (JJ).

In general, if the thickness of the SC material is much larger than Ar, we can choose an integral contour
deep inside the SC material where in very good approximation we have J; = 0.
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SC1, 1‘}1 contact SC2, 1‘}2

Figure B.1: Sketch of a Josephson junction. Two superconductors, SC1 and SC2 with phases
01 and 05, respectively, build a Josephson junction (JJ) when they are coupled weakly via an
electrical contact. This leads to the Josephson effect that is due to quantum interference of the
two macroscopic wavefunctions of the superconductors.

B.2.1 Josephson Equations

The two superconductors are described by their probability densities p; and po and their
phases 6, = «9(—%,75) and 0y = 9(%,75). We assume the densities to be equal, p1 = ps = ps/Q,
and homogeneous; the second assumption is warranted for small junction areas’. For the
derivation of the Josephson equations we follow the general method of L. D. Landau and
E. M. Lifschitz [112]. Since the Josephson equations are derived from the London equations,
these equations also only hold for T' = 0.

We introduce the gauge-invariant phase difference ¢ with its definition

2 2

2
o(rt) ="y (rt) —y (rt) = /dl - Vy=0—60; + (}%T /dl “A. (B.17)
1 0
The current density Js through the junction is a function of this phase difference, J; = J(¢).
The gauge-invariant phases are well-defined modulo 27. Thus, Js(¢) has to be a periodic

function in ¢. Likewise, the current I, also must be a periodic function,

Is(p) = Z (Io,n sinny + Ie p cos ngp). (B.18)

n

Under a time reversal transformation both the current and the phase change sign; there-
fore, the cosine term cannot describe the current properly. Since we are considering weak
coupling, the sum converges very fast and all expansion coefficients except of I, 1 = I. vanish.

Therefore, we obtain
(1% Josephson equation), (B.19)

which is also called the current—phase relation.
The Josephson critical current I, for T'= 0 can be obtained from the BCS theory [106],
A

=12 B.20
2eR,, ( )

"We cannot always neglect the size of the junction. Especially for Josephson junctions in external fields,
we would have to change this [54].
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with S being the face of the JJ, A the energy gap, and Ry, the resistance of the superconductor
in the normal state. Here, as in the rest of this thesis, we assumed the energy gaps of the two
superconductors to be equal.

The second Josephson equation, which describes the change in time of the phase difference
¢, can be derived from Eq. (B.17). We examine the time derivative of the gauge-invariant
phase difference which reads

dp 1{M

ot~ h)| 2ps

(Jg (I‘z,t) - J? (I‘l,t))
(B.21)

2
+Q(¢ (ra,t) — ¢ (r1st ))}+<2I:;gt/dl-A(r,t),

where we have used Eq. (B.10) to obtain Eq. (B.21). The supercurrent density across the
junction is continuous, and therefore J2 (r,t) = J2 (r1,t). Thus, we obtain

2 2
8@ 2T 27 /
T — 1. B.21
ot dg (qu + ot ) 0 /d ( )
1 1

The line integral over the electric field is just the voltage V between the two Josephson
junctions. Eq. (B.21) then immediately yields the voltage-phase relation

6£ 2

R —V (2" Josephson equation). (B.22)

The two Josephson equations, (B.19) and (B.22)), can also be obtained from the micro-
scopic BCS—theory [106], the phenomenological Ginzburg-Landau theory [105] or a quantum
well ansatz that was proposed by Richard Feynman [54; [104].

B.2.2 Josephson Coupling Energy

The energy Fj . that is stored in the JJ can be calculated by integrating over the electrical
power P=1,-V:

t

t
Sol. [ dp(t)
By = / ar' 1, v = e / at’ sinp(t) 5. (B.23)
0 0

With (') = @ and the integral limits ¢(0) = 0 and ¢(t) = ¢ we can write the integral as

[
B
Ejo=—2¢ /d¢ sin 3, (B.24)
’ 27
0

and therefore obtain the Josephson coupling energy

(I)OIC
or

(B.25)

Ej.=E;(1—cosyp)| with Ej =

FEy is the Josephson energy of the JJ.
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B.2.3 Josephson Inductance

Taking the time derivative of the first Josephson equation and using the second Josephson
equation we obtain

. P
Iy = IcT;VCOS ©. (B.26)

If we remember that the induced voltage of an inductance is V = L-I, we can immediately
see that the JJ behaves as a nonlinear inductance

L d
LJ = J,0 5 with LJO = 70
COs (p ’ 27l

(B.27)

B.2.4 DC and AC Josephson Effect

The most obvious effects that follow from the Josephson equations (B.19) and (B.22) are the
dc and the ac Josephson effect.
For a constant voltage V' Eq. (B.22) can be integrated very easily and yields

2w
o(t) = po + <ITOV -t (B.28)

with ¢ = ¢(t = 0) being a constant value. The supercurrent then reads
) 27
Iy = I.sin <<p0 + aV . t) . (B.29)
0

Thus, for V = 0, a constant direct current Is = I.sin g crosses the junction due to the
difference in the phases of the superconductors. This is the dc Josephson effect.

For a constant voltage V # 0 the Josephson current is oscillating at the Josephson fre-
quency

= ~ ) B.30
Vo @ uwV ( )
This is the ac Josephson effect. Therefore, the JJ can be considered as a voltage controlled
oscillator that can be used to generate very high frequencies (~ 500 GHz at 1 meV) [54].

There are several other effects that follow from the Josephson equations. For a detailed
information see [54; [104].

B.3 Whole Junction Dynamics

The Josephson equations characterize the properties of the JJ very accurately at zero voltage
and zero temperature. In this regime the whole dynamics is described by the Josephson equa-
tions (B.19) and (B.22). To derive the Lagrangian and the Hamiltonian of the junction, one
has to take into account additional channels which is done with the resistively and capacitively
shunted junction model (RCSJ model). In this section, we introduce this model and derive
the Hamiltonian of the JJ.
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@ (b)

ext

pot

ext

Figure B.2: (a) Equivalent circuit for a JJ in the voltage—state. A current I.y is applied
to the junction. This yields the Josephson current channel I, corresponding to the ideal JJ;
the normal current channel I,,, with the resistance R; and the displacement current channel Ig,
with the Josephson capacitance Cy. The junction is probed via the voltage V. In this thesis, a
simple cross in a circuit diagram indicates an ideal JJ and a boxed cross a real JJ. (b) Motion
of the gauge—invariant phase difference of the JJ in the tilted washboard potential. Increasing
the applied current Iy results in a tilt of the potential. See also [54; [104].

B.3.1 RCSJ Model

In the voltage-state, where |V| > 0 due to a change in time of the gauge-invariant phase
difference, additional current channels appear, the resistive and the capacitive channel, see
Fig. B.2(a). Therefore, a JJ can be described by an equivalent circuit with both a resistance
and a capacitance shunted in parallel to the JJ. This is the resistively and capacitively shunted
junction model [113; [114] which describes the response curves to external fields and the
dynamics of the JJ very well.
At both finite voltages |V| > 2A /e and finite temperatures T' > 0 Cooper pairs are broken
up into quasi particles. These quasi particles can tunnel through the junction which yields a
normal current I,. The normal current is described by the resistance R and the voltage V
via v oo
0¥
I, = R R (B.31)
where we have taken into account the second Josephson equation (B.22).
Accessorily, a JJ also has a finite capacitance Cy since it has a geometry like a parallel
plate capacitor. At a time-dependent voltage, this then leads to a displacement current Iq
that is given by

L=Cy V(t) = CJ%)@@). (B.32)

Due to Kirchhoff’s laws the sum of the different current channels is equal to the bias
current,
Tyt = I+ Iy + 14. (B.33)

Therefore, we can obtain a non-linear differential equation for the gauge-invariant phase
difference :

Qoo  Po,, .

Text = I.si — = 4+ —Cj . B.34

ext CSIDSO+27TR+27T J® ( )

This equation of motion is equivalent to that of the motion of a particle with mass C} (%) 2

in a so-called tilted washboard potential with the potential energy U = Ej(1 — cosp — I—Icgo)
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and the damping % (%)2, see Fig. B.2(b)%.

B.3.2 Hamiltonian of the Current-Biased Junction

We now want to treat both the gauge-invariant phase difference ¢ and the charge @) as quan-
tum mechanical variables and describe the dynamics of a JJ with a Hamiltonian. We firstly
have to determine the Lagrangian of the circuit in order to find the canonically conjugated
variables.

To present the circuit dynamics in the Lagrangian form, and therewith in the Hamiltonian
form, we assume the damping term %% in the Kirchhoff equation (B.34) to be zero. This
assumption is fulfilled for low temperatures (T' = 0) and small voltages (|[V| < 2A/e) as the
normal current I, is negligible in this regime.

We want to obtain the kinetic and potential energy appendant to Eq. (B.34). Again, the
stored energy can be calculated by integrating over the electrical power P, see Sec. [B.2.2;

therewith, the energy of the current channel I; (i =e,s,d) is

hsy

E; =

[\)

t
0 /dt’ ¢ 1. (B.35)
s

0

The kinetic energy corresponds to the displacement current (B.32) and thus reads

1/ ®\? 2
(@) =5 (272> Cy ¢ = QQCJ (B.36)

It is common to describe this charging energy (or electrostatic energy) in terms of the number

2
of Cooper pairs, N, and the charging energy of one Cooper pair, F, = (2221 ,

T(¢) = E.N*. (B.37)

The potential energy consists of the energy of the Josephson supercurrent and the magnetic
energy of the bias current,

o
Ulp) = By (1 - cosg) = 5 Lextp, (B.38)

which gives us the classical Lagrangian of the junction,

1/ ®\? P
= (2 22— By (1 — 0 . .
L 5 <27r> Cyo° — Ey( cos @) + 5L ) (B.39)

In order to quantize the circuit equation (B.34), we follow the conventional way of canon-
ical quantization. The canonically conjugate variable of ¢ is proportional to the number of
Cooper pairs N,
oL ((IJO

2
== b = hN. B4
5= (50) @ (B.40)

8 Another analogue of the dynamics of the JJ is the physical pendulum [54; 104].
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Thus, the charge corresponds to the momentum of the circuit and the phase to the position
which gives us the quantum mechanical commutator relation of the variables ¢ and N as the
quantization condition,

[N,@} = —i. (B.41)
Therefore, we can make the operator replacement
A 0
N —-N=—i—. (B.42)
ot

N can be associated with the momentum operator and ¢ with the position operator; in this
thesis we will write ¢ instead of ¢ since the difference between them should be clear. This
then yields the Hamiltonian of the current-biased Josephson junction

- P
H.y = E.N? — Ejcosp — -0

Toxt 0|, B.43
o ext ¥ ( )

where we have neglected constant terms.

B.3.3 Hamiltonian of the Voltage-Biased Junction

To derive the Hamiltonian of a voltage-biased JJ, we firstly have to take a closer look at the
so-called Single Electron Box (SEB), see Fig B.3l The derivation of the voltage-biased SEB
can be found in [115]; we adopt the derivation of [116].

A metallic island, the SEB, is connected to a voltage source via a capacitance and a tunnel
junction. It is possible to add or remove single electrons to or from the island with this device.
The Gibbs free energy of the circuit reads

2 2
4 g ~
G (Vy,at,9¢) = — + — — qVy, B.44
( g qt QQ) 2Ct + 209 q g ( )
where the first two terms correspond to the charging energies of the two electrodes and the
third term gV, represents the work done by the voltage source, ¢ being the charge that passed
the voltage generator. To rewrite G as a function only of the gate voltage V;, and the number

Figure B.3: Equivalent circuit of the Single Electron Box. A metallic island is connected to
a voltage source V; via the gate capacitance Cy and a tunnel junction with capacitance C; and
resistance R;. With this device it is possible to put a well-defined number of excess electrons
onto the island.
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of excess electrons on the island n., we have a look at the equations of the circuit following
from charge conservation,

qt dg
Vo= + = B.45
e * Cy’ ( 2)
Nee = —q + qq. (B.45b)

We solve these equations with respect to ¢; and g, which gives

@ (V) = SOV, —nee), (B.46a)
Cx,
C

qq (n,Vy) = 07; (CiVg +nee), (B.46b)

with s, = C; + Cy. We obtain the charge ¢ via an analysis of the charge variation at the
electrodes when the charge on the island changes from n. = 0 to a certain value ne,

. C
q=T"ne€ + q (ne,V) —4q (O’V) = qg (ne,V) - Q{J (O,V) = éne €. (B47)

~
variation at the tunnel electrode variation at the gate electrode

Substituting Eqgs. (B.46a), (B.46b), and (B.47) in Eq. (B.44) yields Gibb’s free energy as a
function of the applied voltage and the number of electrons on the island,

CiCy - 5 1 , C 1 ,  C,Ci— Vor ,
G = QCZngq 20, (ne 6) - ane 6‘/9 = 7202 (ne e — Cgv:q) —+ Tgvg . (B48)
—
=const.

The constant terms can be neglected since they only lead to an energy shift. Therewith, the
Gibbs free energy now reads 3
G(Vin) = E5° (ne — neg)? (B.49)
62

with Ege = 305 being the charging energy of a single electron in the voltage-biased SEBY and

CgeVg the dimensionless gates charge.

In a JJ, the capacitance C} corresponds to the Josephson capacitance Cj. For the case

of Cooper pairs, the number of electrons n. changes into the number of Cooper pairs IV, the
_ (20

Neg =

charging energy into E, = 5Cs; (Cx. = Cj + Cy), and the dimensionless gates charge neg
into Ny = ngg. Thus, for the voltage-biased junction the charging energy term, Eq. (B.37),

changes as
~ ~ ~ 2
E.N? & E, (N - Ng) , (B.50)

and the Hamiltonian of the voltage-biased junction thus reads

~ ~ 2
Hyy = B, (N - Ng) — Eycosg (B.51)

We indicate the voltage-biased charging energy of a Cooper pair E, with a ~ only in cases
where the notation is not explicit.

9The ~ indicates that we do have a voltage-biased SEB and therefore F5® = %, being the charging energy

of the unbiased system, changes into E5°.
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B.4 Superconducting Quantum Interference Devices

In this section we describe Superconducting Quantum Interference Devices (SQUIDs) that are
the elementary circuits to implement SC qubits. A SQUID combines two basic phenomena
that are due to the macroscopic phase coherence in superconductors, the fluxoid quantization
and the Josephson effect. It is composed of a SC loop that is intersected by one (rf SQUID,
Sec. B.4.1) or two (dc SQUID, Sec. B.4.2) Josephson junctions!?. In JJs, the maximal current
strongly modulates with the applied field, see [54]. This sensitivity increases with increasing
size of the junction. As a result, SQUIDs are the most sensitive detectors for external magnetic
fields.

B.4.1 DC SQUID

The dc SQUID consists of two JJs that are connected in parallel on a SC loop, see Fig. B.4.
As the name implies, the dc SQUID is operated by applying a direct current (dc) Iqc.

To derive the Hamiltonian of the dc SQUID, we start with Kirchhoff’s laws. If we assume
the JJs to be identical'l, and therefore I.; = I, we obtain the total current

Iy = I + Iyp = I.singpy — I.sin 1 = 21, sin (¢p_) cos (¢4 ), (B.52)
where we have, following the notation of [4], introduced the new variables

:<P2i<P1

or = 222 (B.53)
Integration over the whole SC loop [54] yields
LiiJ
= r— B.54
Py =m By (B.54)

This constraint comes from flux quantization in multiply connected superconductors. The
supercurrent through the dc SQUID then is

d
19 =271, cos <7T<I>> sin¢g_. (B.55)
0

For small junctions or small applied currents, the inductance of the loop and therewith the
flux generated in the loop by the circulating current can be neglected. In this case, ® is just
the external flux ®eyy. If the induced flux cannot be neglected, the flux ® is given by the
sum of the external flux ®qy; and the induced flux @ due to the circulating screening current

Icirm

¢ = q)ext + (I)L = q)ext + LIcirc- (B56)
We assume the two sides of the loop to be identical; therefore, the circulating current reads

Iq — I
Icirc = 1 9 S2~ (B57)

¥There are several SQUIDs available. A detailed description of those devices is given in [54; [117].
HThe calculation for non-identical junctions does not differ much from ours; see e.g. [6; 148].
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Figure B.4: Circuit diagram of the current-biased dc SQUID. It is formed by two identical
JJs with phases ¢1 and @2 in a SC loop (inductance L). Arrows indicate the direction of the
positive Josephson current. The dc SQUID is operated with an applied direct current I4.. An
external flux ®eyt threads the loop. Readout of the dc SQUID is done with the voltage signal
Vic.

Therewith, the total flux ® threading the loop is

D =Dyt + %L[C (sin gy — sin p2)
o (B.58)
= Pyt + L1 sin <7r) cos (¢—) .
0
In general, Eq. (B.58) together with Eq. (B.55) have to be solved self-consistently for
the flux ® for different conditions of the loop inductance L and the external current Ioy. To
analyze limiting cases of the external flux one introduces the screening parameter 8, 4. = 2 %IOC ;
it represents the ratio of the magnetic flux generated by the maximum possible circulating
current I = I. and ®y/2; for further information see [54].
For Br 4. < 1 the inductance of the loop is negligible and we easily obtain the Hamilto-
nian of the current-biased dc SQUID!2. Henceforth, we write ¢ = ¢_ for consistency in the
notation. Finally, the dc SQUID Hamiltonian reads

R P
Iae = EN? = Ey () cosp — o 2 Tacp (B.59)
s

with Ej (Pext) = 2FE7 cos (71'%;“) being the flux-dependent Josephson coupling energy. Thus,

if we neglect the loop inductance, the dc SQUID acts like a single JJ with flux-tunable
Josephson coupling.

B.4.2 RF SQUID

The rf SQUID is formed by a SC loop with inductance L containing only one JJ, see Fig B.5.

In contrast to the dc SQUID (which is operated with a direct current) it is operated by

applying a radio frequency (rf) current via an inductively coupled resonant tank circuit.
Again, flux quantization imposes a constraint for the total flux ® in the loop [54],

P
© = 27T(}TO. (B.60)

12The full Lagrangian of the dc SQUID, including also the induced flux can be found in [4].
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L I rf
M _~ L

Figure B.5: Circuit diagram of the rf SQUID which is formed only by a single JJ with phase
¢ in a SC loop (inductance L). It is coupled to an oscillating tank circuit (inductance L) via a
mutual inductance M. Again, an external flux ®.,; threads the loop. V¢ is the readout signal.

The supercurrent in the loop is just that of a single JJ,

0

i)
Igf = I.sin (27T(I)> . (B.61)

In the case of the rf SQUID the circulating current and the supercurrent are identical, Iy, =
I;f. Therewith, we can determine the total flux ® in the loop,

o
b = q)ext + LICirC = CI)eXt + LIC sin <27T(D> . (B62)
0

The screening parameter for the rf SQUID is 81, = 27?%{)“; note that fr . = A~! with
A = Ljo/L. Again, for B+ < 1 the total flux would just be the external flux. For 5z, 2 1,
the magnetic energy of the loop £y, = @% /4m%L is in the order of the Josephson coupling energy
E = ®g1./27 (BL. = E3/EL). In this regime, the induced flux is just ®¢ — Pex; mod1 or
— Pyt to reach an integer multiple of ®g in the loop.

We do not neglect the induced flux since SC qubits that consist of rf SQUIDs are build
with the intent to have a non-vanishing inductance L. The kinetic energy of the rf SQUID is,
again, given by the charging energy E,.N2. The potential energy consists of two parts. The
first part is the Josephson coupling energy having its seeds in the supercurrent. The second
part is due to the magnetic energy of the flux in the loop!3. It is generated by the circulating
screening current Ig.c; thus, the magnetic energy is %Lfgirc =(®— @ext)Q /2L. Therefore, the
total Hamiltonian of the rf SQUID reads

. D — By )> P
H,s = E.N? + (2Let) — Ejcos (2w%> . (B.63)

The first term of the Hamiltonian, corresponding to the kinetic energy, can be neglected since
the number of Cooper pairs is constant in absence of macroscopic quantum tunnelling.

13We have neglected the magnetic energy in the Hamiltonian of the dc SQUID since we have used L = 0.
The magnetic energy would also appear in dc SQUIDs for large junction sizes.



Appendix C

Detailed Calculations on SC Qubits

In this part of the appendix, we give details on some calculations that would go beyond the
scopes of the main part of the thesis.

C.1 Charge Qubit Hamiltonian in the Charge Basis

To derive the charge representation of the CPB Hamiltonian, we start in the phase represen-
tation |p),

— Y 2 Ey(ie —ig
U{_EC<N7N9) —?(6 te ) (C.1)
N and ¢ are canonically conjugated variables, []\7 @] = —i and therefore N = lp) — i% (]

(see App. B.3.3) and vice versa ¢ = |N) +i% (N|. We want to express the Hamiltonian (C.1)
in the charge representation |N). For this purpose, we firstly write the number operator as
N =d'd =3 N |N)(N|, where d' and d are bosonic creation and annihilation operators
for Cooper pairs, respectively, that obey the commutation relations:

[d,d'] =1, [dT,d"] = [d,d] = 0. (C.2)
According to [99; 1118], the creation and annihilation operators in terms of N and ¢ are

d =ePN1/2,
ith NY2= N [N)(NJ. C.3
df = (ei<2’]§71/2>T = NV/2e#, wi %:‘F [N} (N (C.3)

d and d' fulfill the commutation relations (C'.2) and the condition N = d'd:

dfd = N'/2e"%ePN1/2 = N, (C.4a)
ddf = ¥ Ne % = ¥ (—i(%) e =1+N, (C.4b)
= [dd=dd' —dld=1, [d,d] =[dl,d]=0. (C.4c)
Therewith, the Hamiltonian in the charge representation reads
Toq = Z(Ec (N = NoP [N YN = 22 (IN 4 1)(N] + [N )(N + 1>). (C5)
N

Note that this representation is only possible in the charge regime, where Fj/E, < 1 since
N is only a good quantum number in this regime.

103
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C.2 Nonlinear Oscillator

Since we need the theory of nonlinear oscillators several times in this thesis, we recapitulate
the basic theoretical description of such a system in this part of the appendix. We start with
the Hamiltonian of a nonlinear oscillator

H=Ho + Hq, (C6a)
with
2
1
Ho = g—m + §mw2x2, (C.6b)
Hy =Cyat, or Hy =Cs2°. (C.6¢)
Here, p = %% is the momentum operator, m the mass of the particle!, w the oscillator

frequency, and Cy (C3) is a constant associated with the nonlinearity z* (z3). Hy describes
the usual harmonic oscillator, H; contains the nonlinearities that can for example be quartic,
cubic, or both.

We now consider the quartic nonlinearity H; = Cyx*. Following the usual steps for the
solution of the harmonic oscillator (see e.g. |16]), we firstly introduce the bosonic creation
and annihilation operators d and d,

1 . 1 .
d' = —— (wmz —ip), d=——= (wmx +1ip), (C.7a)

2hwm vV 2hwm

x:,/%(dﬂﬁ), p=—i @(d—d*). (C.7h)

Ko and H; in terms of d and df thus read

with the inversion

1 4
ﬂozm<dw+2>, Ty = hwy (d+dT> , (C.8)
with?
h 2

The actions of df and d are, as usual,
d' k%) = VE|(k—1)°), d[E”) =VE+1|(k+1)°), d'd|k")=k[k") =k|k°), (C.10)

where ‘k0> denotes the eigenfunctions of the pure oscillator Hamiltonian, Hy, and k the
occupation number (l% = d'd being the occupation number operator). We now assume the
nonlinearity part H; to be small compared with Hy (wy < w). Therefore, we can apply a
first-order Rayleigh—Schrédinger perturbation theory [16]. The non-perturbed eigenvalues of
Hy are

E) = hwk, k=0,12,..., (C.11)
Lm does not have to be an actual mass, but can also represent an energy.
2For the cubic nonlinearity: hws = Cs - (ﬁ)s/?
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a) b)

m

Figure C.1: Energy landscape of the nonlinear resonator with a nonlinearity (a) Aw,(d+ d')*
and (b) hws(d+d")3. Both nonlinearities result in an anharmonic level spacing. The spectrum
was calculated by diagonalizing a part of the Hamiltonian with the program Mathematica.

with corresponding oscillator eigenfunctions ‘k0>. We have neglected the zero point energy
hw/2 in Eq. (C.11). The first-order corrections to these eigenvalues are

Ej, = (K] H1 |£°) . (C.12)
Expanding the term (d + d")* in Eq. (C.8) we get
4 . . . .
(a+df)" = (682 + 6k +3) +d* + (d)" + (4 + 6)d2 + (4 — 2)(d")?, (C.13)
—_——
diagonal

We observe that (d+ df)* contains parts that are diagonal in the ‘k0> eigenbasis. Therewith,
we obtain

Ej, = hwy (6k% + 6k + 3) . (C.14)

The nonlinearity of the z*-term in the original Hamiltonian (C.6a) yields a anharmonicity in
the energy levels. The full energy levels in first-order perturbation theory are Ej = E,g + E,i;
therewith, we obtain the level spacing between two levels:

AE:Ek+1—Ek:ﬁw—|—ﬁw4'12(k+1)O(k. (015)

The level spacing is no longer homogeneous due to the energy corrections; it depends on the
quantum number k.

In general, a term oc 2% (or oc 2?) in the Hamiltonian results in an anharmonic level
spacing. Fig. [C.1(a) shows the energy spectrum of a nonlinear oscillator with a quartic
nonlinearity fiws(d + df)*. For wy > 0, the level spacing increases with increasing quantum
number. For ws < 0 the level spacing decreases with increasing quantum number. For
comparison, Fig. (C.1(b) shows the energy spectrum of a nonlinear oscillator with a cubic
nonlinearity fws(d+d')3. For all values of w3 # 0, the level spacing decreases with increasing
quantum number. A nonlinearity with both quartic and cubic terms has a more complex
structure. However, a sufficiently large anharmonicity is still available.

C.3 Minima of the PCQ Potential

In this part of the appendix we show the detailed calculation of the minima and maxima of
the PCQ potential. We start with the potential of the PCQ in the ¢4 representation,

U(ps,p—) = —FEj[2cospycosp_ +al2nf+ cos2p_)], (C.16)
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with 0 < a < 1 and 12 = (¢4 £ ¢_)/2. We set the value of the external flux to ®;/2 and
thus f = 1/2; defining u = U/Ej we get

U = —2CO0S P4 COS P_ + acos 2¢p_. (C.17)

For the following discussion we restrict the values of the phase differences to ¢19 € {—m,7}
since the critical values should be mod 7, see also Fig. 2.9(a).

To find the critical points of this potential we firstly have to calculate the gradient and
then set it to zero,

0

T~ 9sin P4 COS P = 0, (C.18a)

D

ou . . !

o = 2[cos 4 sinp_ — 2asinp_cosp_] = 0. (C.18b)
w_

where we have used the identity sin(2x) = 2sinz cosz in Eq. (C.18b)). Therewith, we find
several possible critical points in one m X 7 cell,

(o, 0 )P = (0 modn,0 modn), (C.19a)
(prr0)® = (0,447, (C.19b)
(o, )3 = (:I:g, + g) , (C.19¢)
where mod 7 also includes the negative values (e.g. 0 mod7 = —m,0,7) and ¢* = arccos i

These pairs now have to be analyzed with the Hessian matrix to decide if they mark a
minimum, maximum, or a saddlepoint [119].
The Hessian matrix of the potential u is?
&g u . .
g |24 Dp+Op— ( 2cos 4 cosp_ —2sinyy singp_ ) .

9%u 0%u T\ o i _ 2 —
958 B dor 2sin 4 sinp_ 2cos py cosp_ — 4o (cos p_ 1)

(C.20)
We now have to determine if the matrices are positive or negative definite which are the criteria
for minima or maxima, respectively. A matrix is positive (negative) definite if all eigenvalues
are positive (negative). If some eigenvalues are positive and others negative, the matrix is
infinite; if the Hessian matrix is infinite for a certain point, this point is a saddlepoint; for
more information see [119].
We now analyze the different pairs in Eq. (C.19) separately. For the first points (¢, )
we obtain two cases,

o o (2 0
(st = (00):  HOID = (0 ) _4a) , (C.21a)
(1) _  (1b) . 1) _ (2 0
oy =l ke HYY = 0 —9—da)" (C.21b)

For a < 1/2, H1%) is positive definite and therewith the point (0,0) is a minimum. For
a>1/2, H (1) i semi-definite; the corresponding points then are saddlepoints. H (1) ig
negative definite for all values of a* and the points define maxima.

3We have used the identity cos(2z) = 2cos® z — 1; note, that this is only valid for z < .
4Remember that 0 < a < 1.
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For the second pair (¢4,p_)? we get

@ _ . @ _ (/e 0
(re)® =0.2¢n: HO=(N 0, (C.220)
For a > 1/2, H® is positive definite and therewith the points (0, + ¢*) are minima. +¢* is
not defined for o < 1/2.

For the last pair (o ,p_)®), we obtain

@ _ (2T T, e _ (0 £2
()@= (£2.27): & (iQ 2, (C.23)

H®) is indefinite for all values of a; the points (g0+,<p_)(3) are saddlepoints.

For all values of «, the points (0, 4+ 7) and (+m,0), corresponding to (p1,p2) = (£m, £7),
are maxima, as shown in Eq. (C.22a). They correspond to the peaks in the potential landscape
shown in Fig. 2.9(a). The saddlepoints between these maxima are the points (¢ ,p_)®3) =
(£Z,£%) (see Eq. (C.23)); they correspond to (p1,p2) = (+7,0), (0, £ 7).

For av < 1/2, one minimum exists at point (0,0), according to Eq. (C.21a)). This minimum
bifurcates into the two minima (0, %+ ¢*) for o > 1/2 (see Eq. (C.22a)). At o = 1/2 the points
(01,0-)19 and (¢4, )2 are the same, (p1,0_ )1 = (04,0 )? = (0,0). In this case,
the Hessian matrix H(1%) = H(29) is positive semidefinite; since the determinant of the matrix
is zero, the point (¢1,02) = (0,0) is a degenerate critical point (minimum) at o = 1/2. Since
we want to use the states in the two minima as a qubit, we set o > 1/2. The minima are
thus located at (¢1,02) = (¢*, — ¢*) and (p1,02) = (—¢*, + ©*).

Thus, we have four maxima, two minima and five saddlepoints that define the qubit
environment. The saddlepoints (0,0) separates minima of the same or neighbouring unit cells;
a double well potential as for the rf SQUID is formed between these minima (see Fig. 2.9(c)).
The height of the potential at the saddlepoints defines the height of the tunnel barrier; it
depends on a.

C.4 Quantization of the 1D Transmission Line Resonator

To calculate the interaction of a qubit with a TLR we firstly have to find a quantum-
mechanical expression of the voltage (charge qubit) or the flux (flux qubit) of the transmission
line at the position of the qubit. Thus, we have to quantize the field generated by the TLR
which we do in this section of the appendix. A transmission line of length [, can be approxi-
mated by a 1D model if the height and thickness of the line are much less then the wavelength
of the transmitted signal. It can be described by an infinite series of inductors with each node
capacitively connected to the ground, as shown in Fig. 2.12; a quantization of the TLR using
this approach is given in [22]. We quantize the TLR with a different method, by solving the
one-dimensional Maxwell equations for the electric field €, (x,t) that is polarized in y-direction
and propagates in z-direction and correspondingly the magnetic field B (z,t) that is polarized
in z-direction. The z- and y-directions are the in-plane directions in Fig. 2.12, where the TLR
defines the x-direction; the z-axis is the out-of-plane axis. We will mainly follow the general
quantization arguments of [102] and some specific steps of [22].
The one-dimensional Maxwell equations are

o€, OB, 0e, 1 9B,

(C.24)

ox ot ’ ot pe Oz’
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where = pop, is the permeability and € = €pe, the permittivity of the transmission line (e
and po being the vacuum values). The Maxwell equations result in a wave equation

o 19
(W - aﬁ) g, =0, (C.25)

. . . 1 5 .
with the propagation velocity ¢ = e Eq. (C.25) can be solved by performing a mode
expansion of &,,

=> (& )+ & (t)ui(x)) . (C.26)

k

Here, Ef(t) are the time-dependent expansion coefficients,

i (t) = (&1 (1)" = Npar = Nya(0) e+, (C.27)

where wy, = ¢ - k is the frequency of the mode k£ and ay (a};) is the bosonic annihilation

(creation) operator of the k" resonator mode with the usual commutation relations
[ak,a;i,] = 519,19’7 [ak,ak/} = [aL,CLL/] =0. (028)

N is a normalization constant that will be chosen such that

!
_ 2 _ fo 4
HrLg = /da: <28y(x H+; 93 2(x,t) ) =hY wy <akak—l— 2). (C.29)
0 k
The ug(x) in Eq.(C.25) are plane waves with

up(z) = Netk® = ﬁf[cos(k‘x) + isin(kx)], (C.30)

where if, again, is a normalization constant such that fé da |ug|? =
The boundary conditions due to charge neutrality are €,(0,t) = €,(l,t) = 0. Thus, only

the sine-part of uy(x) is a valid solution for €,(z,t). Applying the normalization condition
for ug(z), we get (k =vm/l)

(x,t) \/7 Vfﬁ Nya, — N,’jai) sin <¢), (C.31)

where veytof takes into account the fact that the TLR is not exactly one-dimensional.
From Eq. (C.24) follows

B (z,1) = —21\/? V;H (N,,ay + N;ai) cos (’”lﬂ) . (C.32)

A convenient choice for N, is

(C.33)

with w, = “7¢.
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C.4.1 Capacitive Coupling

A charge or a phase qubit couples to the voltage of the resonator via the gate capacitance
Cy. The voltage drop over the resonator circuit, V;¢, induces an ac part of the dimensionless
gate charge in the qubit circuit, Ng°, which is related to the voltage in the resonator circuit
via the gate capacitance C; as

ae Cg B C Vcutoff UTT
Ny —2€Vrc—/dx8( 2 a,,—i—a cos( i ) (C.34)

2e y2 2

As shown in Fig. 2.12, the charge qubit is fabricated at the centre (z = [/2) of the resonator.
Since the mode v = 1 is minimal at this point, the qubit is coupled to the mode v = 2 of the
resonator at low temperatures. The dimensionless rms charge between the centre conductor
and the ground plane then is Nﬁﬁl)s = &\/ hw,1/2¢ (1/4/2 due to the sinusoidal oscillations),

4me

with w, = we = 2mwc¢/l. The dimensionless gate charge felt by the qubit then is

N = N2, (a+al). (C.35)

For the phase qubit, that is fabricated at the end of the TLR (Fig. 2.15), the v = 1 mode
(A\/2-mode) couples to the qubit. Therefore, the rms value of the dimensionless gate charge
for the coupling to a phase qubit is Nr(él)rs = r%{ / ﬂ, since the resonance frequency now is
wr/V2 = w.

We now consider the TLR as an infinite series of inductors (total inductance L, ) with each
node capacitively (total capacitance C) connected to the ground. At the moment where the
energy is purely that of the electric field, we have C;Vic max = hw,/2. Thus, we can rewrite
N, (2)5 and w, in terms of C, and L,,

CygVimax Cy [hw, 1

N@ = 9 max _ =9 ith w, = ———. :
N 2\ 2C.” with  w, T (C.36)

C.4.2 Inductive Coupling

A flux qubit couples to the flux of the TLR via the mutual inductance M. To calculate this
interaction, we firstly remove the complex parts of B, via unitary transformations and obtain

l’cutoff

B.( VH a,, +al ) cos (1/7;93) (C.37)

The flux in the qubit circuit, ®2°, is related to the flux in the TLR circuit, ®,., via the mutual
inductance M and the TLR inductance L,

Vcutoff
pre - Mg L% /dA B (w,t) = MA ”“

L,

al, +aj, cos( l ) , (C.38)

with A being the face of the qubit. At low temperatures, the qubit, again, couples to the
= 2 mode. The rms flux between the centre conductor and the ground plane then is

c1>§n25 MA\/hwyp/2l/ L, with, again, w, = wy = 2m¢/l. The flux felt by the qubit is

o = 2 (a + aT) . (C.39)



110 C Detailed Calculations on SC Qubits

Again, we want to rewrite @E?gs and w, in terms of the inductance and capacitance of the
TLR. Using &2 /2L, = hw, /2, with @y, being the maximal flux in the TLR circuit, we

get ’
| hewy. . 1

The mutual inductance M for the ¥ = 2 mode can be estimated via a semi-classical
approach (cp. [75]). M is given by

@2
rc,rms
M= e, (C.41)

qc,rms

with I, being the current induced in the qubit circuit. I, can be estimated with the Biot-
Sawart law for an infinite 1D conductor,

(C.42)

with 7 is half the width of the gap between the centre conductor and the ground plane (we
assume the qubit is placed at the centre of the gap). The mutual inductance then is

- NOABE,rms - ,UOA
2mrB2 2

Z,rms

(C.43)

C.5 Dispersive Regime of the Generalized JC Model

The following calculation can be reduced to the normal JC model by constraining k to k = 0,1.
The Hamiltonian of the generalized JC model is (cp. (2.50))

Ky = b3 wilk) (k| + hwpata+ B3 grpr [IR)(E+1al + k4 1)(kla] . (C49)
k k

The transition between the two levels |k) and |k + 1) is coupled via gy r+1 = g1, and
detuned from the resonator by Ay ;41 = wi41 — Wi — wy, Whereas the different transitions
all are off-resonant (|Ag 1| > vn+ 1ggry1). To calculate the effective Hamiltonian (cp.
Sec. |A.5), we choose the unitary transformation as [25]

U = exp |:Z ng:j_l
k

(yk+1><k\a—|k><k+1yaﬂ, (C.45)

ESk

Again, we expand the transformation up to the order gy p419x x/+1/Ak k+1; for this, we have
to calculate the following commutators,

> S, nzwk\k><k\+mam] =1 Grk1 [\k><k+1yaf+\k+1><k|a . (C.46)
l k k
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and

ZSl,hZ [|k><k+1|af+|k+1><k|a]]

gkk—H +
_hZ{ A [2a%a (lk + 1)k + 1] = k) CKJ) + 2|+ 1)k + 1 o

oy Ikkt19k-1k [a2yk+1><k—1]+ (aT) \k—1><k+1@
Ap kg1

2
| hk+1Gk1 k42 [a2|k+2><k! + (o) Ik—2><kl] -
Aggt1

Using Eq. (A.42)), we obtain the effective Hamiltonian

Hfho = 1Y wi |k ) (k| + hwpal

k
9
+hz Rkl (afa(|k+1><k+1|—|k><k|)+|k+1><k+1l)
k:k:+1
(C.48)
t w<a2|k:+2><k|+(aT)2|k><k‘+2|)
. 20 ky1

Ik k+19k—1k ( 2 B _—
+hz YN (“ [k +1)(k =1+ (a")” [k 1><k+1|).

Changing the index of the last sum in Eq. (C.48) and combining the other terms we obtain
the effective Hamiltonian of the generalized JC model

Hfo = thklk (k| + hw,a a+hZka+1\k+l><k+1|

— hixoaa'a|0)(0] + hZ(Xk—l,k: — Xerr1)a alk) (k|
k=1

+h2nk( [k +2)(kl + (a)? [k) (k+21).
with

2
Ik k+1
A gyt

1 1
Xk k41 = and Mg = Gk k+19k+1,k+2 < - ) . (C.49)

AV S SA Vo A
The terms in the last line of Eq. (C.49) describe two-photon transitions and are negligible as
compared to the remaining terms due to the smallness of the parameter 7.

Therefore, the level |k) is shifted by hx r+1; again, an ac Stark shift (a state-dependent
shift of the cavity frequency) occurs.

C.6 Time-Dependent “Constant” Term

In this section, we show that a time-dependent term in the Hamiltonian that does not couple
to the rest of the system via an operator (we denote this with “constant”) can be neglected
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when calculating the time evolution of the wavefunction. We consider a Hamiltonian of the
form

H(t) = H'(t) + C(¢), (C.50)
with C(t) being a time-dependent, “constant” term, [H'(¢),C(¢)] = 0. The final time-evolution
operator (A.4), not taking into account the time ordering operator, thus reads

Ult,to) = e~ Jo HoW)dt' =5 Jo C(t)ar’, (C.51)

The time-dependent, constant term C'(t) is just a function of ¢, e.g. C(t) o cos(wt). Therefore,
this term simply yields a global phase in the time-evolution operator. Due to this, time-
dependent, “constant” terms in the Hamiltonian can be neglected.



Appendix D

Additional Information on the
Mesoscopic Shelving Readout

In this part of the appendix we discuss some properties of coherent states and quantum-
optical characteristic functions, where we mainly follow the arguments and explanations given
in [99; 120]. After this, we give details on calculations of the MSR.

D.1 Coherent States

A coherent state is a specific kind of eigenstate of the harmonic oscillator whose dynamics
most closely represents the behaviour of a classical field. In contrast to Fock states, the
photon number of a coherent state is indefinite and the phase is well-defined; therefore, the
coherent state is an eigenstate of the annihilation operator a. Coherent states are used to
describe fields with a minimal uncertainty such as a laser; these fields are then most closely to
classical fields. A single-mode coherent state |a) is generated by the action of the displacement
operator D(a) on the vacuum state |0),

aat—a*a
la) =D (a)]0) =e |0}, (D.1)
where o = |ale’® is a complex number. The displacement operator is a unitary operator,
D(¢) = D(~¢) = D(¢). (D-2)

Using the Baker-Campbell-Hausdorff relation, we get

2
lo|

D(a) = e gty (D.3)

It then follows from Eq. (D.1) and e~ |0) = |0) that the coherent state can be expressed as

o) = =% ;jﬁ n), (D.4)

and analogue
n

(a] = e'nzzo (f% (n]. (D.5)
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We now calculate the action of the annihilation operator a on |a),

ala) = e'F Z fln -*Z f|n—1>
(D.6)

n—1

Ll & a B
= Qe 2 Z WM—D—@\O{)

(n—1)=0

The coherent state is an eigenstate of the annihilation operator which means that its photon
number is indefinite. Vice versa, we have (a|a’ = o* (a|. The mean photon number of the
coherent state is given by

(A) = (alalale) = aa* (ala) = |af*. (D.7)

The photon number probability distribution P(n) for the coherent state |a) in Eq. (D.5)
then is

_a2a2n i (R
P(n)=]<n|a>|2:e || |7ﬂl!:6 <><n>!.

(D.8)

The coherent state |a) is normalized, since (a|a) = (0] D(a)D()|0) = 1, but different
coherent states are not orthogonal. Let us suppose two coherent states |a) and | B3); the scalar
product of these two states is given by

(a|B) = e 101*/2e=181/26076 £ § (o — ). (D.9)

Thus, the coherent states form an over-complete set of eigenstates in which the identity can
be resolved in terms of the coherent states via the two-dimensional Fourier integral

- /d2 Z In)( (D.10)

where [ d’a = ffooo da,-da; denotes a double integral over the whole complex a-plane («, and
a; being the real and imaginary part of a, respectively). Therewith, the trace of an operator
O evaluated in the coherent state basis is

TH{(0) = l/an (a]O]a). (D.11)

™

D.2 Characteristic Functions and Quasi-Probability Distribu-
tions

The quantum description of the properties of the electromagnetic field is necessarily a prob-
abilistic one in that we can only find the probability that a given property of the field has
a particular value. Consequently, it might be suitable to use the methods of (classical) sta-
tistical physics and to obtain the probability distribution of the possible value of a given
property of the field. A characteristic function or a quasi-probability distribution contains
all the information necessary to reconstruct the density matrix for the state, including the
photon number statistics. In this sense, they are alternative complete descriptions of the state
of the field. Both rely on the properties of the coherent states and the displacement operator.
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The p-ordered characteristic function is defined via the expectation value of the displace-
ment operator by

X(&:p) = Tr[pD (§) |82, (D.12)

where £ is a complex-valued variable with real and imaginary part xz and y, respectively.
Each value of the parameter p corresponds to a specific ordering of the creation and an-
nihilation operators in this expression; specifically, p = 1 represents the normal ordering
(P-representation), p = —1 the antinormal ordering (Q-representation), and p = 0 the sym-
metric ordering (Wigner-representation) of the operators a! and a (the specific expressions for
these orderings are given below in Eq. (D.14))). If the characteristic function is known, the ex-
pectation value of any p-ordered combination of a' and a can be calculated by differentiation

with g™ N
fmgny = [ = E—— , D.13
(af"a), (as) ( a&) X(“’)Lzo (D-13)
where
aTman, p:17
(ama") = anam, p=-1, (D.14)
p

% [afma” + a”aTm] , p=0.

An alternative to the characteristic function is the quasi-probability distribution P(«,p)
that is defined as

P(a,p) = ;/d%x(&p) e e, (D.15)

This is a two-dimensional Fourier transform of x(¢,p), where [ d?¢ = f_o; dz dy is an integral
over the complex &-plane. Since the quasi-probability distribution P(a,p) is not always
positive, a consequent interpretation as a probability distribution is not always possible.

For p = 1 we get the Glauber-Sudarshan P-representation of the quasi-probability distri-
bution, P(«) = P(a,1). The density matrix then can be expressed directly with

p= /d2a P(a)|a)(«of, (D.16)

where |a) is a coherent state. The p = 0-ordered quasi-probability distribution is called
Wigner (quasi-probability) distribution or function. It can be expressed by

W(a) = ;/d%’ (a+ Blpsrla — B exp (a8 — af"). (D.17)

For p = —1, we get the Q-function, Q(«) = P(«, — 1). The representation for Q(«) is simple,

Q) = ~ (ol plo) (D.15)

Thus, the Q-function will have zeros for all pure states other than the coherent state (and
a squeezed state, see [99]). Unlike P(a) and W(a), @Q(«) has an interpretation as a real
probability distribution.

Let us now have a look on the application of the characteristic functions and the quasi-
probability distributions. A master equation for the density p(t) is an operator equation. It
is generally not possible to solve this operator equation directly to find p(t) in operator form
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since the time-dependence is in general not harmonic. We can only derive equations of motion
for the expectation values, and if these form a suitable closed set, solve these equations for
time-dependent operator averages. However, we can establish a correspondence between the
quantum-mechanical operators and ordinary functions, such that the quantities of interest
can be calculated with the characteristic functions or the corresponding quasi-probability
distributions. The operator master equation then transforms into an equivalent partial differ-
ential equation for either the characteristic function or a quasi-probability distribution which
represents p. The action of a number operator on p is then transformed into that of the
corresponding ordering of differential operators on P(«, p).

All of the representations introduced above can be used for this transformation. However,
the P-distribution may be a generalized function; the Q- and the Wigner distributions are
always well-behaved functions. Therefore, the Q- or Wigner representation is often the choice
for studies of nonclassical states of the electromagnetic field; they provide the basis for the
quantum-classical correspondence. Since the partial differential equations can be solved easier
in the Wigner representation, we choose this representation for the dissipative model of the
MSR in Sec. 4.4.2.

D.3 Detailed Calculations on the MSR

D.3.1 Master Equation in Terms of pip

To transform the master equation (4.23) for pqr onto a set of equations for p;r, we have to
calculate the commutator with the effective Hamiltonian (4.14) (k,l = {+, —, g}),

o (a4 a) k) (1@ pir| = * k)1 @ [af + a,pir] + 0, 1k)(U) @ pir (af + a)
= ()00 = =) (16-0) [a' + @, pur] (D.19)

(U g = [=)(116-0) = (R Y+ D = o) (=1 6- )} pir (af + ).

Therewith, we obtain a decoupled set of differential equations (4.29).

D.3.2 Transformation into Characteristic Functions

To map the set of equations for the density operators (4.29) onto a set of partial differential
equations for the characteristic functions, we calculate the expectation value

Xi (§,t) = Trp [pir()D (€)] (D.20)

for the different parts of the equations for the density operators. For simplicity, we will just
write p instead of p;r and Tr instead of Trg in the following. We introduce some properties
of the displacement operator,

D(§) =exp(&al —€a),  DHODE) =1 D) =D(-) =D'(9),

DI(¢)alD(E) =a' +¢*, DI aD(E) = a+¢, (D.21)
DO = (5 +56) DO Da=~- 55+ 5¢) DlE)
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and the cyclic property of the trace
Tr [c1 c2 c3] = Tr [c; ¢ ¢ €45k (D.22)
with €5, being the Levi-Civita symbol.

a) Terms «x Lo~ |p

The Liouvillian term consists of three parts,

Tr [Z[o7]pD(E)] = Tr —E<aTap —2apaT+paTa)®(§) . (D.23)
-

The transformations of these parts are given by
(1) = Tr [alapD(&)] = Tr [pD(€)ala] = Tr [pD(€)al DI (&) D(¢)a]
=T | pD!(=)a'D(~)D()a] = Tr [p (ol — €*) D(€)a] (D.24)
0 N 0
— (53¢ (& *+5¢) xen.

(2) = —-2Tr [apaTD(f)} =-2Tr [paTD(f)a} =2 <§§ + ;§*> <8§* + ;5) x(&:t), (D.25)

and
(3) = Tr | palaD(€)] = Tr |pal D(&)D' (€)aD(¢)|
D.26
=1 [patn©) (o + )] = - (7 + 5 ) (5 — 5¢) x(ewn: o

Thus, we obtain

2ol — 5[0+ @+ @) =5 (€ 32 + €5 ) (6 - FlePxien. @2

b) Terms o (af + a)

We have to consider two terms to transform the commutators and anticommutators in
Eq. (4.23); they are

(1) = Tr | (a +a) pD(€)] = Tr [pD(¢)a] + Tr [pD(€)a]

=Tr :pDT(—g)aTD(—ﬁ)DT(—ﬁ)] - <a§* + ;5) x(§,1)

(D.28)

=Tr :p (aT — §*> 'D(f)} — <a(z* + ;5) x(&,1)

— (gf — a(Z*) x(Et) — % (E+&)x(&:1),
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and

(2) = Tr |p (af +a) D(&)| = Tt [pa"D(&)] + Tr [pD(E) DI (€)aD(€)

~ (5 + 56 ) &+ DO (a4 (D.29)
~ (5~ 5 ) MEO + 3 €+ N xtEnn
Therewith, we obtain the commutator and anticommutator, respectively,
[l +ap] = =@ =-E+)x(ED. (D.30a)
{aT + a,p} — () +(2) =2 (;ﬁ - 62*) (D). (D.30b)

D.3.3 Fourier Transform

The characteristic functions x;(&,t) (i = 1,...,9) have the general form

2
xi(§;t) = A;exp <—‘§2| + &AL, — f*)\zz‘) : (D.31)
with the prefactors
BE =1,
2
|ﬁ2| fl(t)a = 3a4a
A; = \;gfg(t), i = 5,6, (D.32)
e fa(t), i=18,
lar|?, i=9,
and the time-dependent functions
n(t) +v(t), i=14,5, n(t) +v(t), =137,
A=< —nt)+v®), i=23,6, and Alo;= ¢ —n(t)+v(t), i=248, (D.33)
u(t), i =789, V(t), i =569

As already discussed in Sec. D.2), the field density operators can be calculated with their
corresponding Wigner function that is defined by the Fourier transform of the characteristic
function,

Wild) = = [ e (6t exp (36" - 5°). (D.34)

where 0 is a complex variable; the relation between the density operators and the Wigner
functions is given by [99]

2 * *
Wild) = 5 [ @ 6+ lpirld =) exp (57— 57°). (D.35)

where v again denotes a complex variable that defines a coherent state.
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We expect that the density operator has the general form
pir(t) = Bila1,i){ a2, (D.36)

where the prefactor B; and the amplitudes o ; and ag; (|a1,) and |ag;) are coherent states)
have to be determined from the Fourier transform.

To calculate the density operator, we now firstly calculate the two equations (D.34) and
(D.35) independently; we then compare the two sides to determine the values B;, aq;, and
ag;. The Fourier integral in Eq. (D.34) reads

W;i(6) = Ayt /d2§ exp [—[€]7/24+ & (A]; — 6%) — € (A2 — 6)] (D.37)

Rewriting £ in its real and imaginary part, £ = x + iy, the integral changes to

1 i x? y2 . " " .
Wi(é):Aiﬂ/dxdyexp —?—?4—(3:—1—23/)( Li—é)—(x—zy)()\gﬂ-—é)
AT 1 L )
—ﬂ/dxdy exp[—Q(x—[ 8 a4 0]) D)
1
i X 87— 3]) 2 (8 4 AL — A - M’{,i)]
2A

=5 P [=2 (16]* + AT Ao — 0" X0 — 0AT )]

where we have used the Gaussian integral

(e 9]

/ dz e~ @ /o, (D.39)

— 0o
The Fourier integral in Eq. (D.35) contains the expectation value of the density operator,
(0 +pirld — ) = Bi(d + vlai) (azild —7)
1 * 1 *
= Biexp [—2 (18 4+ A1+ lanal?) + (6 +7) s = 5 (18 =1 + lazal) + (6 = v)az,i]
1 " *
= B;exp [—|5\2 —]y]? - 5 (|041,z'|2 + |042,z'|2) + (6 +7)*ar;+ (6 — 7)042@] (D.40)
= B; C(a,6) exp [—|y|* — Yo+ an)
with

1
C(Oz,5) = exp |:—|52 — 5 (‘041,1'|2 + ’Ozz,i|2) + 5*041,1‘ + 604371} . (D.41)

The Fourier integral can then be calculated as in Eq. (D.38), but now we have to integrate
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over the real and imaginary parts ~, and ~;, respectively, of v = v, + 1v;,

o0

2B * * *
Wi(8) = —5 Cla,6)d, / dyi exp [y + 7 (6" —ab,) — 7 (6 — o))
9B (D.42)

= 7C(a, 8) exp [—[6]% + a3 ;0 + a1,;0% — a5 jan ]

2B N N 1 .
= exp [—2 (|(5\2 — 0" — 5a27,~) 35 (|041,z'\2 + |ag; 2) - Oéz,ioéu}

Since the two Wigner probability distributions that are given in Eq. (D.38) and (D.42)
have to be equal for equal i, B;, a1, and as; have to fulfill the equality

* * 1 *
B; exp {2 (5 oy + 601271) —5 (]al,i|2 + |a2,i|2) — 0427101,1}

(D.43)
= A; exp [2 (6N + oA — ii)\zi)] .
From this we immediately see that
a1, = Ao, and i = A (D.44)
B; has to be chosen such that
Bi= A exp [— i+ % (Awal? + Paal?) | (D.45)

With this, we can easily calculate the field operators p;r(t) = B;|a1,)(ag,;| in Eq. (4.54) by
using Egs. (D.32) and (D.33).
The result above can also be obtained by considering the Q-representation,

(6] pir(t) |6) = 7Qi(a) = % / 42 xi(€.t)e ™ exp (66" — 5%€) . (D.46)
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Measurement Techniques

In this part of the appendix we consider the measurement of a quantum-mechanical field
state. For this, we firstly introduce the quadrature operators & and p. Then, we describe
the theoretical principles of a homodyne detection scheme. Lastly, we present the theoretical
description of a linear amplifier.

E.1 Quadratures
The electric field strength &€ of the light field is given by
&y = u*(z,t)ae” " + u(m,t)aTei¢, with u(z,t) = uge' k=t (E.1)

where ¢ is a phase shift that is usually picked up by the quantum amplitude a. We have put
the time-dependency of the operators a and a' in the function wu(z,t).

We introduce a pair of operators, & and p that are called the quadratures (quadrature
phase and moment, respectively). They correspond to the “real” and “imaginary” part of the
“complex” amplitude a,

1 , . 7 . .
s tpid —uza) 5, — ( toid _ —w)
z a'e” 4+ ae , a'e ae , E.2
°= 7 ( P =75 (E.2)
so that L
ae” = — (i'qs + Zﬁ¢) . (ES)

V2

In optics Z4 and pg correspond to the in-phase and, respectively, the out-of-phase compo-
nent of the electric field amplitude of the spatial-temporal mode (with respect to a reference
phase)!. The quadratures can be regarded as the position and the momentum of the electro-
magnetic oscillator in phase space?.

For a coherent state |«), with real and imaginary part o, and «;, respectively, the quadra-

tures are

N 1 . . . 7 . .
Ty = 7 (a*e’d) + ae “b) = 2a,, Py = 7 (a*e’d) —ae m) = —V20q; (E.4)
'For the magnetic field, py corresponds to the in-phase component of the electric field and &4, vice versa,

to the out-of-phase component.
2Note that they have nothing to do with the position and the momentum of a photon

121
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Figure E.1: Sketch of a homodyne detection scheme. Two input signals (with the annihilation
operators ag and ag,o) interfere optically to produce to output signals (with ay and a4). These
can be measured with photodetectors.

Thus, we can identify the amplitude of the coherent state by measuring both quadratures.
We can only measure 4 or py in an experiment due to Heisenberg’s uncertainty principle,

(T4, Dg) = 1. (E.5)

However, with the determination of higher quadratures (i.e. j:i), j:gg, ...) we get a full state
tomography of the signal; see [121] for more information. For the measurement of the intensity
of the electric field, we only have to measure a%i (ﬁi)

E.2 Homodyne and Heterodyne Detection

For the determination of the quadrature of a signal, we use a homodyne measurement scheme.
Fig. [E.1 shows the measurement scheme of the homodyne detection. The measurable signal,
with the annihilation operator ag, interferes with a coherent laser beam, with the annihilation
operator aro, at a 50:50 beam splitter. The laser-light field is called the local oscillator; it
provides the phase reference ¢ for the quadrature measurement. The local oscillator should
be intense with respect to the signal for providing a precise phase reference. After the optical
mixing of the signal with the local oscillator, each emerging beam (ag and ay4) is directed to a
photodetector, where either the intensities (photocurrents) or the quadratures of the beams
are measured, as discussed below.
The interference of the two input signals is given by a linear transformation

(Zi) — B (;ﬁ)) , (E.6)

B 9312)
B = . E.7
<B21 Boo (E7)
The incoming and the outcoming beams are both independent bosonic modes, so their anni-
hilation and creation operators must satisfy (k,! = S,L0O,2.4)

described by the matrix

lak, al] = du, and  [ag, ] = [a},al] = 0. (E.8)
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Consequently, B has to be unitary, B~ = BT, because
"311‘2 + "312’2 = "321‘2 + "322’2 =1, 'BHB;:[ + 312332 =0. (EQ)

We assume a lossless four-port with a real transition matrix B that is represented in terms of
the transmissivity 7 and the reflectivity p,

B = (T _”> : (E.10)

p T

where, due to energy conservation, p? + 72 = 1. Our four-port is a 50 : 50 beam splitter and
therewith 7 = p = 1/1/2.

For the field detection, the photocurrent of the photodetectors is measured; this photocur-
rent I; (i = 2,4) is a linear function of the photon number, I; = a;rai. The outcoming field is
described by the annihilation operators

ag = \}Q(as —aro), ay = \}i(aeraLo). (E.11)

The difference of the photocurrents, Is — I is the quantity of interest because it contains the
interference term of the local oscillator and the signal,

I — 1, = a£a2 — a}la4 = agaro + aTLOaS (E.12)

We will assume that the local oscillator is powerful enough to be treated classically; therewith,
the annihilation and creation operator of the reference field change as (remember that we only
consider the time-independent part of the operators)

aro — aLo = |arol €,

" (E.13)

al o — oo = larole”

With this, we immediately see that we measure the quadrature phase of the signal by mea-
suring the difference of the intensities of the outcoming beams,

IQ - I4 = ‘OzLo’ jjd),S (E14)

Therefore, a homodyne detector measures the quadrature component Z4g of the signal,
whereas the reference phase ¢ is provided by the local oscillator. An experimental method
for finding the scaling |aro|? in the difference current is to keep a record of the sum current,

L+1,= a{OaLO + agas = |OéLO|2 + agas, (E.15)

because it is proportional to |apo|? in leading order.

E.3 Linear Amplifier

In the MSR, the coherent field that leaks out the cavity is amplified with a linear amplifier.
Therefore, we discuss some properties of this devices in this part of the appendix. A linear
amplifier amplifies the voltage (corresponding to the mean value of the quadrature, (Z)) or
the power ({#2)) of a signal.
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E.3.1 Floor Noise

A linear amplifier is a electric device with a certain resistance. Due to this resistance, the
linear amplifier has a certain floor noise (Nyquist noise). This thermal noise can be expressed
in terms of a mean photon number n,mp that is given by the ratio of the thermal energy
of the amplifier noise (ITnx ~ 10K) and the zero-point energy of the field with frequency
wy /27 ~ 10 GHz which we want to measure,

kT
Namp = % ~ 20. (E.16)
T

This noise is added to the signal at the input of the linear amplifier. The entire input signal is
then amplified; the output thus has an additional thermal noise part from the linear amplifier.

However, namp is only a mean number of photons that is achieved after several mea-
surement. In a single shot, n,mp can differ significantly from this value. The probability of
measuring y noise photons is given by a Gaussian probability distribution since thermal noise
is just white noise,

P(y,namp) = w/27mamﬂp_1 exp [W] . (E.17)

2Namp

The standard derivation of this distribution is ony = /Tamp- This means that we can also
have a floor noise of e.g. 100 photons with a certain probability.

Therefore, we can calculate the probability of having a floor noise below a certain cutoff
photon number n, by integration,

Ne
1 Ne — Nam
P(y < ne, namp) = / dy P(y,namp) = = + erf <Cp> , (E.18)
2 v/ 2Nam

with erf(z) denoting the error function,

erf(z

a\w

0/ dye ™. (E.19)

With this we can easily calculate the probability for having a floor noise below n. photons in
a single shot. For n, = 40, this number already approaches unity (99.9996%).

E.3.2 Theoretical Description

For the theoretical description of the linear amplifier we mainly follow the derivations in [122].
In general, a linear amplifier takes the input signal, expressed by the bosonic creation and
annihilation operators ay, and aiTn (where we only take into account one bosonic mode), and
produces an output signal, also expressed by bosonic creation and annihilation operators boys
and biut. This output signal can be written as linear functions of the input operators:

bout =M ain + L al. + bamp,

(E.20)
blut =M aJr + L* ajy + b}

amp)
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where the operators bamp, and b;mp are responsible for the additive noise of the linear amplifier,

Gnamp = (blmpbamp) (the value G is defined below). Since the input and output operators
obey the bosonic commutation relations, we obtain the unitary condition

(M2 = |L12 + [barap blymy] = 1. (B.21)
We can split the operators in their Hermitian real and imaginary parts:
1
V2

. 1 ]
Lout = ﬁ(blut + bom)» Pout = ﬁ(b(];ut - bout)a (E-22)

~ “ (3
Lamp = T(b:&mp + bamp)v Pbamp = E(b;mp - bamp)a

Bin = —=(al, + aim),  Pin = —=(al — aw),

.
-5

where #; (p;), (i = in, out, amp) are the (phase-independent) quadrature phases (moments)
of the input and output signal, and the amplifier noise, respectively. It has to be noted that
the averaged quadrature phase of the linear amplifier is zero, (Zamp) = 0, and the averaged
quadrat of Zamp corresponds to the photon number, (22,) = Gnamp.

We can differentiate between two types of linear amplifiers. The most common type is the
phase-insensitive linear amplifier, that produces the same (L = 0) or the opposite (M = 0)
phase-shift of the input, in contrast to a phase-sensitive linear amplifiers, whose response
depends on the phase of the input. If the input signal of a phase-insensitive linear amplifier
has phase-insensitive noise, the output signal will also have phase-insensitive noise. The linear
amplifier is prepared in an operating state for which it is phase-insensitive. We can always
find a phase transformation of the input and output phase, for which M and L are real and
positive. Therewith, we can express Eq. (E.20) in equations for Z; and p;, (¢ = in,out,bamp),

i‘out :(M + L)-fin + jampa

) e (E.23)
Pout :(M - L)pin +pamp-

We now define the gains G; = (M + L)? and Go = (M — L)? for the quadratures and
a mean gain G = %(Gl + Gg) = M? + L2 The gain of a phase-insensitive amplifier does
not depend on the phase and thus (G = G; = G2). A phase-sensitive linear amplifier has
phase-dependent gains, but a reduction of the noise added to one quadrature phase requires
an increase of the noise added to the other phase. Without loss of generality we can choose
a phase-preserving linear amplifier with L = 0 and therefore G = M?2.

We now consider the measurement of the coherent field calculated in chapter 4. Our input
signal is the coherent field state |n(t)) (the input operators are ay, = a and a,;rn = af); with
this, we can now calculate the expectation values of Zoy and 22, that correspond to the
voltage and the power of the outcoming signal, respectively,

(Fout) = (M <t>r:&m+famp|n<t>>=\/f[nu)m*(t)],
(#2) = G ((1)] (B + Bamp)? (1))

= | (Galyain + Bliagbamp) (1) + G (n(®)] alaly + amam n(@))] 24
[ + namp + 1+ (1)) + ((t))?]

=G
= GO + namp +1 = (SI(O)?] = G[N() + namp + 1]
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In the last step, we have used N°(¢) = |n(t)|* and the fact that n(t) = —ig/k [1 — e_"””t/Q] is
purely imaginary and therewith ($[n(¢)])? = |n(t)|?>. We have neglected constant shifts that
only originate from the vacuum energies of the input and the noise field.

Therefore, by measuring (#2,,) we can amplify and measure the mean photon number
N¢(t) with an additional noise Gnamp = <b;mpbamp>. The calculations in Eq. (E.24) also hold
for the mean photon number of the ground state, N2(¢), and for a non-negligible crosstalk,
where the input signal is the field (|n(t) + v (t)) + |—n(t) + v(t)))/V2.
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