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Abstract

In this thesis, the necessary elements to build up a quantum switch, the
central element in a quantum random access memory, are proposed and
analyzed. A network with quantum switches at its nodes forms the
bifurcation path that leads an address register from a root node to an
array of memory cells, activating, quantum coherently, only the quantum
switches that the register encounters in its path to the memory cells.
Transmon qubits and SQUIDs are used to design a superconducting
device capable of routing a register of microwave photons through a
bifurcation network, allowing for superposition of paths. In order to give
rise to all the required interactions between the device and the address
register, a non-linear capacitor, composed of two plates with carbon
nanotubes in between, is introduced into the transmon. The dynamic
operation of the quantum switch is analyzed using Langevin equations
and a scattering approach, and probabilities of reflection and
transmission of photons by (or through) the switch are computed, both
for single- and two-photon processes. Computations show that, with
parameters taken from up-to-date similar devices, probabilities of
success are above 94%. Applications of quantum random access
memories are discussed, as well as other applications of quantum
switches. Also, solutions are proposed to the challenges that emerge
during the study of the dynamics of the quantum switch.
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Chapter

Introduction

1.1 Quantum information processing

With the latest advances in experimental quantum computation [1-10], the forth-
coming development of a quantum computer seems just a matter of time. Im-
provements have been made in the field of superconducting qubits, where some
authors [1] have realized a two-qubit superconducting processor with which they
have implemented, with great success, the Grover search and the Deutsch-Jozsa
quantum algorithms [11]. Another group [2] has implemented a three-qubit ver-
sion of the Shor’s algorithm [11] —within a circuit quantum electrodynamics ar-
chitecture— to factorize the number 15. Also with trapped ions [3], quantum al-
gorithms involving very few qubits have been realized. New advances in this
field admit to scale the quantum processor from 10 to 100 qubits, allowing the
implementation of quantum simulations in a regime where its classical counter-
part fails [4]. Within quantum optics implementation of quantum algorithms to
factorize (small) numbers [5] and to solve systems of linear equations [6] us-
ing a two-qubit quantum processor have been demonstrated. One of the bene-
fits of working with optical quantum systems is that they can naturally integrate
quantum computations with quantum communication[12]. A lot of research, with
promising outcomes due to the atom-like properties of the elements in a solid-
state device [7], is being conducted in the field of condensed matter, where some
authors are working with high-fidelity two-qubit gates [8]. They have also been
able to create a multi-qubit register, an indispensable element for implementing
a quantum-error-correction protocol [8]. The Grover’s quantum search algorithm
has also been proven in these systems [9]. A solid-state device fabricated using
NV (Nitrogen-vacancy) centers in diamonds has relatively long coherence times
—even at room temperature— and can be optically coupled to other systems [7].
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2 Introduction

It is even possible to combine these disciplines to create a hybrid device [10].
Though in all these cases only few qubits were considered, there is no reason
to believe that a larger device, capable of handling more inputs, cannot be con-
structed [4, 7, 13].

In any case, to perform quantum computations, a universal quantum computer
must be capable of storing information within quantum states to use it later in a
further stage of an algorithm and it must also have access to classical (or quantum)
data as a superposition of the entries. Examples of algorithms with these require-
ment are the Grover search [11] and the Deutsch-Jozsa [11] algorithms. For these
reasons, just like a classical computer needs a processor capable of doing classical
operations and a memory to keep and extract the data, a quantum computer also
needs some sort of RAM memory able to handle quantum information.

1.2 Why a quantum RAM? Quantum memory the-
ory

Any computer needs some memory device for storing or extracting information.
Given that current computers work with may bits, this device has to be composed
of multiple instances of “memory cells” where single bits can be stored. Nowa-
days, the device used for these purposes is a random access memory (RAM),
which is a device whose memory cells can be addressed at will (randomly) in-
stead of sequentially (like in a CD or a hard drive). This instrument [14] consists
of an array of memory cells, where the information (bits) is kept, and an electronic
circuit in a tree-like structure that routes an “address register” from a root node
—connected to the processor— to each of the memory cells, as shown in FIG. 1.1.
When the address register —which contains the instructions to reach the desired
memory cell- is sent to the memory device, a path through the tree-like circuit
that leads to the target cell is opened. Common RAM memories composed of
N = 2" memory cells require the manipulation of N — 1 nodes of the bifurcation
path.

In the quantum world, a memory cell can be a qubit with a long enough coher-
ence time [4, 7, 13], but when working with a multiple-qubits algorithm, a single
memory cell may not be enough. In these cases, a collection of memory cells with
a proper addressing scheme is needed. For algorithms such as the Grover search, a
memory —which may only contain a classical database— with a quantum address-
ing scheme is required. This memory is a device that returns a superposition of
the data hosted by some of its cells [11].

2
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1.2 Why a quantum RAM ? Quantum memory theory 3
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Figure 1.1: A common random access memory can be schematically represented with
this diagram [14]. This diagram contains a root node in the Oth level that bifurcates into
two transmission lines (solid gray). A switch at every node (black) decides which path
leads to the chosen memory cell and which paths remain unconnected.

An interesting architecture (the bucket brigade architecture) for a quantum
random access memory (QRAM) was proposed by Giovannetti, Lloyd and Mac-
cone [15]. It consists of a device similar to FIG. 1.1 but with quantum switches at
the nodes. These quantum switches are elements that can be in three states, one
of them being a ground state and the other two being excited states. The ground
state is the wait state: the path is closed. The other two excited states are either
left or right (open the path that goes to the left/right). Given the quantum nature
of the switch, it is also possible to prepare it in the state left and right.

Within this scheme, to evaluate a memory cell, an initial register is needed.
This register contains the instructions to reach the target cell: if the path from the
root node to the cell is root-left-left-right-left-right, then the first element of the
register contains left, the second contains left, etc. One more element in the regis-
ter is needed to interact with the content of the memory cells and bring back the
information it stores. When the register reaches the root node, the quantum switch
reads (and keeps) its first element and evolves from wait to left. The register con-
tinues (without its first element) to the second node and so on. After the register
has gone through all the nodes, a single element is left. This element reads the
content of the memory cell and is emitted back through the path that is still open.
If instead of a classically-defined register a quantum register with a superposition
of states is sent in, the output would be a superposition of the content of the mem-
ory cells evaluated.

A quantum generalization of a conventional RAM would require the manip-
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4 Introduction

ulation and entanglement of O(N) quantum switches whereas, with the bucket
brigade architecture only O(log(N)) switches must be thrown, thus reducing the
number of elements that have to be coherently entangled.

The benefits of working with a QRAM include the possibility of realizing
algorithms that require the manipulation of data in a superposition state and the
possibility of sending a query and receiving an answer with total anonymity: if
instead of a definite question (evaluation of a memory cell) a superposition of
questions is sent, an output with a superposition of answers will be sent back, and
only who has a complete knowledge of the original question can extract the right
answer out of the output [16].

1.2.1 Quantum memory implementation

The most important element of a QRAM, that makes it different from any other
device capable of storing information, is the quantum switch that routes the in-
coming register through the right path to the memory array. This element can in
principle be realized with many different elements, but only a solid-state imple-
mentation, using superconducting qubits, will be discussed. This choice has been
made based on the simplicity of its structure —it is analytically tractable and easy
to fabricate— and the apparently small probability of errors, as various authors
show in their single-photon transistors based on circuit quantum electrodynamics
(cQED) [17, 18] or nanoscale surface plasmons [19]. A superconducting-based
device can be combined with other systems, such as diamonds [10], etc.

The other basic element of a memory, the array of memory cells, can be re-
alized in multiple ways —it can be a quantum device or a classical memory with
only classical information— without affecting the dynamics of operation described
previously and it is not in the focus of this project.

Thus, the device to be developed must absorb the first element of a register
composed of photons —microwave photons, since these are the kinetic elements
in cQED systems— and route the rest of the photons, independently of their state,
according of the state of the absorbed photon.

1.3 Other attempts

Different approaches have been proposed by [20] for building a QRAM such as an
optical implementation, using polarized photons and trapped atoms. Also a phase

4
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1.4 Thesis outline 5

gate implementation, using phase shifters (e.g. superconducting qubits) and mi-
crowave photons is discussed in the same paper [20]. Alternatively, the authors
propose to use multilevel atoms controlled by lasers to induce Raman transitions
so they absorb and emit photonic registers. Other alternatives have been proposed,
such as using a beam splitter based on Superconducting Quantum Interference De-
vices (SQUID) to route some photons carrying the information through the desired
path [21]. Others propose to use toroidal resonators as quantum switches [22].

Regarding the beam splitters (BS), there has been some research too. In ref-
erences [23-25] the authors use cQED devices to act as BS in a way such that
there are two incoming photons through two different transmission lines and the
BS sends the input photons to one of the outgoing transmission lines, or both,
creating an entangled state or just separating even modes from odd modes. This
option is in disagreement with the structure of a QRAM (or a RAM) because there
is a single incoming transmission line that bifurcates several times, whereas the
authors consider multiple incoming transmission lines. The authors in [26] have
designed a beam splitter that separates an incoming photon into even and odd
modes. This design is not useful either because once the modes have been sep-
arated the beam cannot be split again, thus it is not possible to create a tree-like
structure with more than one node. Finally, other authors [27] have designed a
device that can send a photon to one transmission line or another depending on its
frequency. With this device, a photon that goes to the left in one node will go to
the left in all the successive nodes as well, so it may not be a good option because
the only two memory cells accessible from the root node would be the rightmost
node and the leftmost node.

1.4 Thesis outline

During this project I have proposed and analyzed the necessary elements to build
up a quantum random access memory with the architecture proposed by Giovan-
netti et al. in [15]. Transmon qubits and SQUIDs are used to design a multi-
level system, mimicking artificial atoms with non-linear energy levels, capable of
routing a register from the root node to the target cell minimizing the quantum
decoherence processes. The register is sent via microwave photons through su-
perconducting waveguides (transmission lines).

In the second chapter I introduce all the necessary elements to construct a
quantum switch that satisfies the requirements needed to route a register of pho-
tons through the desired path. A lightweight analysis of the proposed device is

5
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6 Introduction

conducted to check that no more elements are needed and that the switch can, in
principle, work as expected. A Lagrangian of the system is derived in this section.
In the third chapter, an in-depth analysis of the device is conducted. A Hamil-
tonian, derived from the Lagrangian, is quantized and the equations of motion,
containing relaxation and dephasing elements, are obtained. The fourth chapter
contains the calculation of scattering amplitudes and probabilities of reflection and
transmission processes involving one and two photons. Numerical calculations,
with realistic parameters, are carried out to check the performance of the quantum
switch. The dynamics of operation of this device is derived in this chapter. The
possibility of implementing this element into a quantum random access memory
is treated in the chapter 5. The sixth chapter contains an interesting discussion of
the possibilities of the quantum switch beyond a QRAM.

In the appendices, the reader will find the derivation of some of the formulas
and also a review of some (failed) attempts to study the dynamics of operation of
the quantum switch.
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Chapter

The Quantum Switch as a central
element

2.1 A first guess

In order to find the right elements that compose a quantum switch it is convenient
to write down a basic Hamiltonian containing all the necessary terms to gener-
ate the desired interaction. Once the Hamiltonian has been set, we can proceed
to find the physical elements —capacitors, inductors, Josephson junctions or other
elements of cQED systems— corresponding to each term of the Hamiltonian. To
make this process simpler, let us first consider the case where only one incoming
transmission line and only one outgoing transmission line are present. This sim-
plified quantum switch has to decide whether the incoming photons (the address
register) can be transmitted or not.

As explained before, the address register consists of an array of photons. Each
of the photons can be in two states (or a superposition) that tells the quantum
switch in which directions the other photons of the register have to be forwarded.
These states are defined by the energy of the photons.

The system has to be composed of two artificial “atoms” T and S. The first
atom, the control element, absorbs a photon from the incoming transmission line
and, depending on the state of the photon, decides whether the other photons will
be transmitted through S to the outgoing transmission line or be reflected. The
reason for using exactly two elements 7" and S is simple: the first photon has to be
always absorbed by a control element (7"), while the other photons are absorbed
by S and emitted back into the incoming transmission line or transmitted through
S, depending on the state of 7. To achieve this goal, the Hamiltonian must contain

7
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8 The Quantum Switch as a central element

kinetic terms describing the energy of the levels of T and S
Hy = wl"la;laTl + a)TZa;zaTZ + w51a§1as1 + wszaggasz- (2.1)

In this equation, a;l and a;z are the ladder operators that excite the levels of T'.

agl and agz are the ladder operators that excite the levels of S. Since the photons

can only be in two states, with energies @wr; and wr;, I have only considered the
two lowest energy levels of 7" and S. The energies of the levels satisfy wr; < or;
and wg; < wsy. I have also chosen Wy — Wy # @r; to make sure that it is not
possible to excite the second level of 7' (wr2) by sending two photons with energy
w7 each. If that were the case, the control element would absorb also the second
photon of the register instead of forwarding it. Moreover, there has to be an extra
term that, in case that the levels of T are occupied, enforces a shift in the energies
of S, so they can be excited by incoming photons with energies w7 and @r>.

_ i i i i
Hj; =—Jnarariagas) —Jinarpariag,asy
i T i i
— .121 aTzaTzaSl as) — Jzza}zaTzaszasz. (2.2)

The elements with J;; decrease the energy of the j-th level in the § atom when the
i-th level in the T atom is occupied. I have also included a term that couples T
and S to the transmission lines. Actually this term has to couple 7" and S to the
incoming transmission line and only § to the outgoing transmission line, because
the photon absorbed by 7" must not be transmitted.

_a;lbw a;zbw ajﬂbw agzbw aEICw a§zcw
VT VT Vat o Jmt Jrt J#t

Here b and c are the frequency-dependent ladder operators for the incoming and
outgoing transmission lines, respectively. A momentum integral should be in-
cluded in this expression to account for all the possible momenta an incoming (or
outgoing) photon can have. The coupling constant, which in this simple case I
make the same for all the possible processes, has this form to show its explicit
dependence on the lifetime 7 of the atomic excitations. This equation shows how
a photon (b or c) is absorbed (and emitted) by the T or S atom-like elements.

H. the  (23)

This Hamiltonian can be realized by using a transmon qubit coupled to an
incoming transmission line for 7'; and a SQUID coupled to the same incoming
transmission line together with the transmon and also coupled to an outgoing
transmission line for § [28, 29]. This device is shown in FIG. 2.1. The Hamilto-
nian that describes this system is found by performing a Legendre transformation
of its Lagrangian (for a derivation of the Lagrangian and also the Hamiltonian see
Appendix A).
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2.1 A first guess 9
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Figure 2.1: A candidate for a device whose Hamiltonian contains all the desired inter-
actions could be this system composed of a transmon qubit (blue box) with Josephson
energy E; and a SQUID (green box) with Josephson energy E;. They are capacitively
coupled to an incoming transmission line with potential V| and an outgoing transmission
line with potential V,. At each node of the circuit a flux can be defined. These are the
dynamical variables of the system.

C c G . ., G
L=ZH( @ =V (2= V2) 4 5 (91— ¢2)° + S 07

+ E;cos (ﬂ) + Egcos (q)l _ (Pz) , 2.4)
Po o

1 C1+C+C 2C

G+ Cy Pyt G, +C
C,Cy
CZ_I_CS
CI+C+C CC;
lez)

+2C\Vip1 +2 Vapi

+2C0,——Vopr +2
2 G+ Cs 2P2 G+ Cs

— E;cos (ﬂ) — Ecos ((pl — (Pz) , 2.5)
0 Po

where @y = 71/2e is the flux quantum divided by 27, p; and p; are the conju-
gate momenta of ¢; and ¢ and y=C; +C; + Csféz' This Hamiltonian contains
four terms (second and third lines) that describe the coupling between the trans-

mon and the SQUID and the transmission lines. By choosing the right values of

9
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10 The Quantum Switch as a central element

the capacitances it is possible to weaken the interaction between the transmon and
the outgoing transmission line (V;), so the photons absorbed by the transmon are
never transmitted forward. From the cosines it is possible obtain Hj after expand-
ing them in a Taylor series and quantizing the fluxes™.

Let me now analyze with more detail the Eq. (2.1, 2.2, 2.3). a;l excites the

first level of a multilevel system, whereas a;z excites a second —or higher— level.

These are given by a ladder operator and some power of ladder operators, re-
spectively. This means that, before quantizing the Hamiltonian, there should be
different powers of the momenta or the fluxes ¢; and ¢, —such as p‘l1 or (pf; these
may come from the cosines— and also powers of the fluxes times the potential,
such as p? V1", that describe how the highest energy level of the transmon (or the
SQUID) is excited directly from the ground state with a single photon. These last
elements are not in the Hamiltonian derived from (2.4).

2.2 The need for a non-linear element

A Hamiltonian that describes a transmission line coupled to the third level of a
transmon —a transmon whose higher energy levels can be excited by the absorp-
tion of a single photon, without the need to go through all the lower levels— must
contain either p?Vl or q)13V1. Alternatively, it can contain a function with e.g.
p1 -+ V) in its argument such that its Taylor expansion gives rise to the desired
interaction.

In cQED circuits there are typically two kinds of elements: capacitive ele-
ments, whose energy depends on the derivative of fluxes and on potentials; and
inductive elements, whose energy depends only on the fluxes, such as inductors
or Josephson junctions [29]. An inductive element cannot depend on ¢ — V¥, the
element to be introduced in the system has to be a capacitive element. If this is
a capacitor whose capacitance is a non-linear function of the potential —and its
energy is not a quadratic function of the potential-, the Hamiltonian may contain
a function that depends on ¢ and V and whose Taylor expansion will give rise to
the desired terms®.

*See Appendix A

"The Hamiltonian must contain even powers of operators to ensure that the energy is con-
served (bounded from below). Thus, the coupling to the transmission lines is given by p? V1. This
means that the third —and not the second— level of the transmon (or the SQUID) is coupled to the
transmission lines. This coupling is obtained in Chapter 3.

This follows from the Kirchhoff’s circuit laws and the dependence of the current on the flux
and momentum for the different inductive elements [30].

SIf the energy of the capacitor is not a quadratic function of the potential, then the Legendre

10
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2.2 The need for a non-linear element 11

Non-linear capacitors are not common in this kind of circuits, but they have
been studied for decades. In the related literature capacitors with two different
non-linear behaviors can be found. Some of them are made of ferroelectric thin
films or ferroelectric ceramics and show a capacitance that decreases with the
applied voltage [31-33]. Others show a capacitance that increase with the volt-
age, such as those made out of antiferroelectric materials [34] or semiconductor
devices that, under some conditions, behave as non-linear capacitors due to the
presence of a space charge near a junction [35].

There is another well studied semiconductor device that show both behaviors:
the MOS capacitor. Depending on whether it is a p-type or a n-type MOS, it will
exhibit a capacitance that increases or decreases with the voltage [36-38].

Some work has been done on the quantum level as well. The capacitance due
to the presence of quantum wells in heterojunctions gives rise to a strong non-
linear behavior of the capacitor, whose capacitance drops off very fast with small
variations of the potential [39]. Another source of non-linear behavior is the finite-
ness of the density of states (DOS) in small devices. For a two-plate capacitor, this
gives rise to a capacitance that decreases for increasing potential [40]. But, if car-
bon nanotubes are placed between the plates of the capacitor, due to the finiteness
of the DOS of the nanotubes the capacitance will increase with small variations of
the potential [41, 42].

In the model I propose I am using a non-linear capacitor with a behavior sim-
ilar to the last one. For simplicity I have used a curve for C(V') (capacitance as a
function of the potential across the plates of the capacitor) only valid near V — 0,
given that only (small) quantum fluctuations of V have been considered. The ca-
pacitance as a function of the potential I have used is

C(V)=Co+C V2 (2.6)

If the chosen capacitor had a capacitance given by C(V) = Cy — C; V2 or
C(V) = Cp £ C,V, the obtained Hamiltonian would not conserve energy. The
energy of a ferroelectric or a MOS capacitor, expanded in a Taylor series around
small V, is a function that is not bounded from below. With these capacitors, the
Hamiltonian drives the system to a region with large values of V. In this new do-
main, the Taylor expansion is no longer a valid approximation, so it does not make
sense to consider only small potentials. The only way to obtain a Hamiltonian that

transformation may give rise to a non-quadratic function of the potential whose Taylor expansion
gives terms with higher powers of the momentum.

11
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12 The Quantum Switch as a central element

does not contain terms such as a' or a’a’a (odd powers of the momentum or the
flux) is to use Eq. (4.33) for the voltage dependence of the capacitor, leading to an
energy function of the form

E(V)= g (VZ+av?). (2.7)

As will be shown later on (Section 2.5), the odd energy levels of a transmon
constructed with this capacitor are coupled to the transmission lines, whereas the
even levels are not. It is only possible to excite an even level if an odd (inferior)
level had been excited first.

2.3 A multilevel device using non-linear capacitors

Consider the system shown in FIG. 2.2. It contains the three required transmission
lines. This device is composed of a transmon qubit with a non-linear capacitor and
two SQUIDs with linear capacitors. I have not included non-linear capacitors on
the SQUIDs because they would make impossible to perform the Legendre trans-
formation of the Lagrangian analytically. Moreover, with one non-linear capacitor
is enough to generate all the desired interactions. Using Eq. (2.7) for the energy
of the nonlinear capacitor in the transmon, the Lagrangian of this system reads

2
Co o Ca. . - C, .
+ (91— ¢2)° + (01— 93) +3t(¢%+az<pi‘)

+ Ej;cos (ﬂ> + Ej cos ((Pl _(P2> + Ej3cos ((pl _(P3> . (2.8)
$o %o o

Despite the presence of the nonlinear equation, the Hamiltonian can be con-
structed analytically with the conjugate momenta p;, p, and p3 and the fluxes
defined, as a function of the momenta, as

1/3
.2y fx) (2.9)
flx) 21738
. D +CVL+Congy
= 2.10
C+Cyn ( )
. :P3+C3V3+Cs3(P17 2.1
C3+Cg3

12
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2.3 A multilevel device using non-linear capacitors 13

C3 l "
| ¢3

(o r— X X Ep3

Vi | 01

Co=— X X Ep

Figure 2.2: This system contains one incoming (V) and two outgoing (V, V3) transmis-
sion lines. It is composed of a transmon with a non-linear capacitor (C;) and two SQUIDs
with linear capacitors (the symbol used for the non-linear capacitor is also a commonly
used symbol for capacitors, especially in the US, but is not the generic).

with
1/3
fx) = (—3[32x+ \/4[3373 + (3[32x)2) (2.12)
B =6C; oy (2.13)
CCp GC3
=Cy +C, + + 2.14
r=Rrh G+Cpn (CG3+Cg (2.14)
x:p1+C1V1+i(p2+C2V2)+&(p3+C3V3), (2.15)
G+ Cp C3+Cg

The resulting Hamiltonian contains the function f(x), which is not an easy
function to work with. Instead I have expanded the Hamiltonian in a Taylor series
in x. Since the Hamiltonian must contain interactions such as a coupling between
the third level of the transmon and the third level of the SQUID, a term containing
three times a'a for the transmon and three times a'a for the SQUID should appear

13
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14 The Quantum Switch as a central element

in the equation, i.e., a product of up to twelve momenta (each of them contains
one ladder operator, and a total of 12 is needed). To obtain this term, the Taylor
expansion of the Hamiltonian goes up to the twelfth order:
_ P3H2paCVa —CpCaVE p3+2p3C3Vs — C3CsVi G %
2(Cr+Cyp) 2(C3+Cg) 2
xz ﬁx4 B2x6 ﬁ3x8 11ﬁ4x10 91[35)6]2

+Z/_ 12y4Jr 187 18y10 " 162913 927y16

01 o1—¢ P — @3
—Ej;cos | — | —Ejpcos — Ej3cos . 2.16
! <<po> 72 ( %0 ) 7 ( %o ) (219

After replacing x by the expression in Eq. (2.15), the Hamiltonian contains
V12 p%, Vl3 pz, etc, which describe the process where one or several transmon states
decay into more than one photon in the transmission lines or several photons are
absorbed by the transmon at the same time. These processes must be eliminated.
To do so I have expanded the Hamiltonian in a power series of Vi, V, and V3 and
I have checked under what conditions on the capacitances terms of order O(V?)
can be omitted (Cy, Cy, Cy3 smaller that Cy, C3).

Next I have also also expanded the Hamiltonian in Eq. (2.16) for py, p> and
3. keeping only the largest terms, up to order O(p®) —that is, keeping p? and also
p? pg. The final equation can be separated in six parts, each of them describing a
different behavior. The first equation, Hj, contains even powers of the momenta
and the fluxes without mixing them. From this expression, the Hamiltonian de-
scribing the energy of the levels can be derived.

H _1 2+( 1 + Csz2 > 2
L 1T\ 200 1 Co) T 2(C +Co)2y ) P2

2(CG+Cg3) ' 2(C3+Ca)?y) 3
B 4 C?ZB 4 C?3ﬁ 4
AT T (G Co) AT T 12(Cy 1 C AT
2 6 Cs62ﬁ2 6 C563ﬁ2 6
187 P T 18G4+ Co )by P2 T 18(C3 + oy o773

—(Ejs +Epn+Ej3)cos (%) —Ej,cos (%) — Ej3cos (%) . (217

_|_

The cosines have been conveniently separated using trigonometrical identities
and placed inside the different expressions that conform the Hamiltonian, accord-
ing to the physical processes they describe. The second part of the Hamiltonian
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2.3 A multilevel device using non-linear capacitors 15

describes the coupling between the energy levels. It contains products of even
powers of the momenta and also the fluxes:

3 3
Z Z z]mnplzmpin

—Ep (cos (ﬂ) — 1) <cos (ﬂ) — 1)
Po )
P1 ?3
—En (cos (—) — 1) <c ( ) 1) (2.18)
2 o
The coefficients A;jy, can be found in the Appendix B. The interaction with the

transmission lines, also obtained by expanding the Hamiltonian in Eq. (2.16), is
described by

‘wle

Co GV Ci3C3V3 0\ 1
:<C1V1+ s222+ s333>
Co+C Cgx+Cs

_ <C1V1 n CorVa s3C3V3> Y4> P

Cy +C2 Ca+CG3 (

" ((C1V1 " gsjizgi 3333—‘3?3) <( s2+C2 ) (Csfz‘l“/zZ)> b2
3

[om &6 %) () (et

" <(C1V1+(C7ss§i22 jjffé) ( s3+C3 ) (Csfi/;))m

Co(OVs Cs3C3V3> ( ) ( Cs )3 3
— | C1Vi+ + . 2.19
( M Co+G T Ca+G 374 ) \C3+C3 P3 (2.19)

This expression shows that only the odd levels of the transmon (and the SQUIDs)
are coupled to the transmission lines. For another choice of the capacitance be-
havior a different system may be obtained, e.g., a system that couples also the
even levels of the transmon with the transmission lines!.

In the present system, there is also a term (Hj4) that describes an exchange
interaction between the transmon and the SQUIDSH.

IBut within these Hamiltonians, other terms that do not conserve the energy and the particle
numbers would emerge.

I A1l these expressions are obtained by expanding the x variables [defined in Eq. (2.15) together
with the cosines] inside the Hamiltonian in Eq. (2.16).
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16 The Quantum Switch as a central element

3 3
:Z Z anmPZn 1 2m 1+B3nmp2n lp%m 1)
n=1m=1

. (P . [P (P11 . [@P3
—Epsin| — |sin| — | —Ejzsin| — |sin|[ — |. 2.20
72 ((po) ((po) 7 (%) <<po) (220

Again, the coefficients By, and B3y, are found in the Appendix B. The Hamil-
tonian Hs, displayed in Eq. (B.1), describes processes such as the annihilation of
two excitations of the transmon and the creation of an excitation on one SQUID
and an outgoing photon in the transmission lines. In such processes, the informa-
tion contained in the photons is lost.

Finally, there is another expression that contains SQUID-SQUID and SQUID-
SQUID-transmon exchange interactions. This expression is not included in the
thesis due to its extension, but is not a relevant expression because a slightly dif-
ferent system will be introduced (in the following sections) that do not present this
interactions. In the previous expressions the terms describing only the transmis-
sion lines have been omitted. They will be included a posteriori.

Although it contains the terms that are required for a quantum switch, this
Hamiltonian presents some problems:

a) One of them is the Hamiltonian Hy. Within this expression, the sine functions
can be tuned to make them cancel some of the terms, but not all of them. There
are some undesired interactions left.

b) Another problematic expression is Hs. According to this expression, an exci-
tation in the SQUID can decay into a lower excitation of the transmon plus an
outgoing photon in the transmission lines. In this case, the outgoing photon
would lose the information it contained and the device would not work prop-
erly due to the presence of an excitation where it should not be. The interaction
strengths of these processes are too large —compared to those of Hz— to neglect
them.

¢) Finally, the SQUID-SQUID and SQUID-SQUID-transmon exchange interac-
tions also threaten to give important errors. During the process of transmission
of a photon it is important to control exactly which levels are excited and which
are not.

The solution to these problems necessarily involves finding some variation of
the circuit shown in FIG. 2.2 that cancels —or minimizes— Hy and Hs but preserves
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2.4 Frequency filters in the transmission lines 17

Hy,

H, and Hj because these describe the correct operation of the quantum switch

I am looking for. These solutions could be:

i)

Regarding Hy, I can get rid of it by introducing some inductive elements
between the SQUIDs, such as a pair of Josephson junctions or a coil. The
Hamiltonian of these elements contains a cosine of the fluxes ¢» — @3 (in the
case of a Josephson junction) whose Taylor expansion will cancel Hjy.

The Hamiltonian Hs, on the other hand, is more tricky. Imagine that a photon
is sent to the switch. This photon can have energies @; or w,. 1 am only
interested in two processes —considering now that there is only one outgoing
transmission line— namely: either the incoming photon with frequency ®;
(an) is absorbed and reflected back with energy @; (@,) or it is absorbed and
transmitted forward with energy | (@)). The expression Hs describes other
possibilities such as the emission of a photon with energy ;' < w{ with the
subsequent loss of information because it is not possible to know what was
the previous state of the photon before the interaction took place and is also
not possible to know what interaction took place. To avoid these processes
some kind of filters can be introduced in the transmission lines such that
they only accept photons that have the right energy. In this way the processes
contained in Hs cannot happen. Special care has to be taken when introducing
these new elements because they may modify the entire Hamiltonian.

2.4 Frequency filters in the transmission lines

Different kinds of filters can be found in the electronics literature [43]. Some of
them contain resistors, other contain capacitors and inductors, etc. Given that the
cQED elements used in this work are capacitors and inductors, these are the filters
I am considering to use. The high pass LC filter, schematically drawn in FIG. 2.3
seems to be the adequate device: it does not allow photons with frequencies below
; and photons with higher frequencies pass through.

The Hamiltonian describing the device in FIG. 2.3 is given by (see [30])

1 , OV CoVs

Hy, = + +
o+ Ta+ral T o+ 6r
C1C 2, 9
o S VAN VAP S 221
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18 The Quantum Switch as a central element

Figure 2.3: Diagram of a high pass LC circuit containing two capacitors and an inductor.
At one end of the circuit (e.g., at the top) there is the whole quantum switch and at the
other end (bottom) there is one outgoing transmission line.

Once quantized it reads™*

bTa—}-aTbl bTa—kasz
e ——— /d 1 2 /d (bib1+b5bs ).
hp,q 1a'a—+ P \/7_[‘_—7:1 + \/77.7_1'2 + pp (D01 +Dy02
(2.22)

According to this Hamiltonian, when a photon (b") with frequency @ < @,
(o 1s the threshold frequency) goes in it is reflected, because it cannot excite the
system. If the frequency is @, then it excites the system (a') and it decays into
the outgoing transmission line. But if the frequency is larger than @, it cannot
transmit the whole photon: the information is lost.

Since the incoming photons may be in two different states, I need a cavity
with two resonant frequencies that routes the photons forward. For this purpose
a transmon or a system composed of two high pass LC filters can be used. In
case a transmon is used, this must contain a non-linear capacitance so any of its
energy levels can be selectively excited from the ground state. The problem with
using a transmon is that three levels have to be considered, and the three excited
levels may be coupled in the sense that an excitation in the third level can decay
into the second level and emit a low energy photon in the transmission line. Thus,
this does not solve the problems. Another problem that can arise when using a
transmon is that due to the interaction between the inductive and the capacitive
elements, the lifetime of its excited levels is larger than in the case of a simple
filter.

**See Appendix A for the procedure followed for the quantization of a Hamiltonian.
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2.5 An alternative solution 19

Vi
Cal _-— _-— Cb]
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|||—fWW\—o Oa  Op o—rwvv\—h.
Ca2 _— _— CbZ

Va

Figure 2.4: Device proposed to act as a high pass filter. It will allow to transmit pulses of
two definite frequencies. A pulse coming from the transmission line 1 (V1) with frequency
w, can excite the oscillator in the branch a and be transmitted into transmission line 2 (V,).
If the incoming photon has frequency @, the same will happen with the other branch,
whereas if the frequency is neither @, nor @, the pulse will not be transmitted.

On the other hand, when using a system of high pass LC filters like the one
shown in FIG. 2.4, with Hamiltonian

_ a9z a; CaV1+CiV2 CniVi+CpV2
Hf = + qa qdb
2(Ca1 +Ca2)  2(Cp1 +Cpp) Cu1 +Ca2 Cp1 +Cp
1 [ CuCap Cp1Cr2 ) 02 o
—= + Vi+W)? 4% b 2.23
2 (Cal‘I'CaZ Cp1 +Cp2 Vi+v2) 2L, 2Ly, (223)

the resulting device has two levels that do not interact with each other. Since it
does not contain a transmon inside, the lifetime of the excitations is small and
the photons are transmitted fast. Nevertheless, there is a drawback in this system
when compared to the transmon: in the transmon there is only one flux, whereas
here there are two. Two fluxes mean two “artificial atoms”. Two more atoms that
have to be coherently coupled to the rest of the system.

2.5 An alternative solution

I could introduce any of these two elements (transmon or high pass LC filter) into
the device, yielding a system with either five independent fluxes that represent
five multilevel atoms or seven fluxes representing three multilevel atoms plus four

19

Version of June 29, 2015- Created June 29, 2015 - 21:15



20 The Quantum Switch as a central element

two-level atoms'". In both cases there are lots of possible excited levels —coming
from the large number of fluxes and the large number of levels per atom— and thus,
lots of sources of decoherence. Moreover, if I introduce these extra elements, the
Hamiltonian will be modified, yielding a system where a photon has to interact
with many elements before it can be transmitted and, probably, other processes
that destroy the information contained in the photons may emerge from this new
Hamiltonian. In order to simplify the system but introducing some elements that
guarantee the proper operation of the quantum switch I propose a slightly differ-
ent design from that of FIG. 2.2. Instead of two multilevel SQUIDs I use four
modified high-pass filters. These elements, containing Josephson junctions in-
stead of coils, are two-level SQUIDs. The new system is shown in FIG. 2.5. This
reduction of the levels of the SQUIDs drastically reduces the amount of possible
interactions between the different energy levels that give, as an output, an out-
going photon with the “wrong” energy (i.e., an outgoing photon with an energy
different from that of the incoming photons. The device should not change the
energy of the photons).

This device contains one multilevel transmon with a non-linear capacitor and
four two-level SQUIDs. This translates into a flux with three excitations and four
more fluxes with just one excitation each, as will be shown in Section 3.1.

With this setup, when a photon is absorbed by the transmon, the energy levels
of the filters are modified due to the Josephson elements in the SQUIDs. With
regular inductors this would not happen because their energy do not contain high
enough powers of the fluxes involved in this interaction, as it is the case for the
SQUIDs [28-30]. I expect that when a second photon comes in —after the first is
absorbed by the transmon and the energy levels of all the SQUIDs are modified—,
it excites the only SQUIDd available and is decays into one of the outgoing trans-
mission lines. Since these SQUIDs are two-level systems, the information carried
by the photons will not be lost by the same mechanism as it was with the previous
design (see Section 2.3).

Now let us analyze the Hamiltonian for this device (FIG. 2.5). The Lagrangian

T Transmons and SQUIDs are always multilevel systems. Whenever the word multilevel is used,
it refers to a system where the higher energy levels can be excited directly from the ground state.
Moreover, the Hilbert space is conveniently limited and only the few energy levels needed are
considered. Therefore, when I talk about a two-level system, what I mean is that only the ground
state and the first excited state are considered, whereas the possibility of exciting higher levels is
neglected. Whenever I talk about multilevel systems I am referring to systems where the higher
energy levels are actually used.
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2.5 An alternative solution 21

V3
C3q == = C3
| P3a P3p
Cisa ==  XEpaX Cip ==  XEj3pX
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Cosa == XEpax Cosb == XEjpX
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(7] ®2p
Coq == ¢ L Cop
v

Figure 2.5: This is the diagram of a device with two filters in the outgoing branches,
containing two SQUIDs each. There are a total of five different fluxes —one at each node,
black circles—, instead of the three of the previous design (FIG. 2.2), but in this case only
the higher energy levels of the transmon are considered. I will treat the SQUIDs as two-
level systems because I am not interested in exciting their higher energy levels.
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22 The Quantum Switch as a central element

from which the Hamiltonian is derived is

Csa G
(20— V2)* + % (930 = V3)’ +—3<¢3b—v3>

C2sb (

C2a .
T(QDZa - VZ)

C2 sa

L—

3va

4 =2k
2
+

(¢1 — ¢20)* Pr— Pop)* + (P — P3q)? + 2 P (o) — p3p)?

c C .
1 = (61— Vi)?+ Et (<p12 + a9y + Ejy cos (%)

01— Qg 01— Pp
+ Ej,cos (—) + Ejpp cos (—)
J2 J2b %

+ Ej3,c0s (w) + Ej3p cOS (M) . (2.24)
%o Po

The time derivative of the fluxes as a function of the momenta are

:p2a + C2aV2 + C2sa¢l
“ C2a + CZsa
P+ CopVo + Cogp 1
— , (2.25)
2 Cop + Cogp
with a similar expression for ¢s, and (3, and
218y fx)
v , 2.26
T ERYET: (220
with
CuCosa CopCogp C34C35a C3pCasp
=C1+C + + + + (2.27)
4 " CutCoy  Copt+Cog  C3a+Cisa C3p+Cagy
B =6C oy (2.28)
x=p1+CVi + C;(Pza +CoV2) + L(mb +CyV2)
Coy +Cogq Cop + Cogp
Cigq Casp
_ C3,V- _— C3,V- 2.29
+C3a+c3sa (P3a+C34V3) + Cort Coa (p3p +C3pV3) (2.29)
1/3
Flx) = (—3[32x+ V4B + (3/32x)2) . (2.30)

These expressions are similar to the ones found before, so a similar Hamilto-
nian is expected. Previously I had to expand the flux ¢; in a power series of x up
to O(x'?) [see Section 2.3, Eq. (2.16)]. Since now the SQUIDs contain only one
excited level —the excitation of the SQUID 2a plays the role of the first excitation
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2.5 An alternative solution 23

and the excitation of the SQUID 25 plays the role of the second excitation— I only
need to expand the flux up to O(x®). The Hamiltonian, up to this order, reads

A% L P30+ 2020C2aV2 — Co5aCadVi  p3p+2P26CopVa — CogpCop Vs

H=-—
2 2(Coy + Cosa) 2(Cop + Cogpy)
D3, +203aC3aV2 — C35aC3aVE  Phy +2P36C36V3 — C3gpCap Vi

2 4 2.6 3,8
+x__Bx +ﬁx7_ﬁxlo_E]tcos(ﬂ)
2y  12¢9*  18y7 18y ®o

— Ej,4c08 ((pl (Po(Pza) — Ejopc0s (%)

— Ej,cos (‘pl (PO%“) — Ej3c08 (%) . 2.31)

This Hamiltonian has to be expanded, as before, in powers of the momenta to
extract all the relevant interactions. To expand Eq. (2.31) I have imposed Cp, >
Cy,q and the same for the other three SQUIDs. I have also made C; small, but
not necessarily as small as Cyp,. Previously I kept some powers of Cy, /(C + Cyp)
because they were multiplying some expressions in the Taylor expansion of the
Hamiltonian in Eq. (2.16) that I had to keep in order to give rise to interactions be-
tween higher SQUID energy levels, although these factors (and their powers) were
small. Now I can be more strict and get rid of all the terms of order (%)3
or smaller because now the SQUIDs are two-level systems. Taking into account
these considerations, the Hamiltonian can be separated in seven different expres-
sions, which I now discuss

2.6
H, &_BP1+ﬁP1

2y 1294 18y’

2 2
Cogp ) Pap

+ 1 ( 1+ %sa ) P %a
2 (CZa + CZSa)y C2a + C2sa C2b + C2sb) Y C2b + C2sb

+ l (1 + C%sa ) p %a
2 (C3a + C3sa)y C3a + C3sa

1
2
2
l ( Csgp ) P3p
3 (C3p+C3)7) Cap+Cagp
—(Ejt+Epa+Epp+Epa+Ejsp)cos (%

+
— Ejp,cos (?:0 ) Ejppcos (?pzob)

— Ej3,cos (%) — Ej3,cos <%> . (2.32)
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24 The Quantum Switch as a central element

Hp [Eq. (2.32)] contains information about the energy of the transmon and
SQUID excitations. Just as before, the cosines have been separated and sorted
into the different expressions that form the Hamiltonian.

The coupling between the different levels is contained in H,.

3
Hy = Z <‘_1A§kP%ZP1% —Eji (cos % — 1) (cos % - 1)) ’ (2.33)

k

where k € {2a,2b,3a,3b}. The reader is referred to Appendix B (Section B.2) for
a complete definition of all the coefficients in this expression.

The SQUIDs have to be coupled to the transmission lines. Actually they are
coupled to all the transmission lines but, as expected, they are strongly coupled
only to their nearest transmission line, whereas the transmon is weakly coupled to
all the transmission lines. This makes its lifetime larger. This is expressed in the
Hamiltonian H3:

3
Hy=Y, (Bélvipl +B3Vipi + ZBﬁkVipk) : (2.34)
i=1 k
with the coefficients B, also found in the aforementioned Appendix. The Hamil-

tonian also contains some terms that describe the exchange of excitations between
the transmon and the SQUIDs (H) and also between the SQUIDs (Hy »):

1 B 5 B* s Casa
Hi=|-p —— Z L
4 (YPI 3,)/4p1+3,}/7p1 C2a+C2sap2a
®2q

. O\ .
—Ejpgsin| — |sin | — | +4{2a — 2b, 3a, 3b}, (2.35)
2 (@0) ( ®o ) ¢ J

O Cosp P2aP2b C3sq C3sp  P3aP3b
G+ Cra Cop+Cogy Y Ca+C35a Cap+Cap Y
Cosa Cisb  P2aP3b Cssa Cosb P3aP2b
Coa+Coa C3p+Csp - ¥ Ca+C5a Cop+Cogpy Y
Casa C3sa  P2aP3a Cosp Cssb D2bP3b

+ + . (2.36)
Cou+Coq C3u+C350 Y Cop+Cop C3p+ G Y

Hy o

_|_

After quantizing H4 and also Hy ; (see Appendix A), terms would appear describ-
ing how an excitation in one of the SQUIDs can “jump” to another SQUID (e.g.,
from terms with pa,pop).
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2.5 An alternative solution 25

By choosing a suitable set of values for the energy of the Josephson junctions
it is possible to make Hy vanish. In order to cancel also H4,, more Josephson
junctions —or just regular inductors— have to be introduced into the system. It is
trivial to introduce them in the Hamiltonian because their energy does not depend
on the derivative of the fluxes, and they do not create other interactions: these
extra elements only cancel Hs> and increase the energy levels of the SQUIDs,
slightly.

There are two more expressions that cannot be canceled but their contribution
to the Hamiltonian is not much important, in contrast to the equivalent expressions
for the previous device, from Section 2.3. These are Hs, in Eq. (B.2), and Hg, in
Eq. (B.3), both in the Appendix B.

Hjs describes exchange of excitations between SQUIDs in the presence of an
excited state in the transmon. This expression cannot be canceled in the same way
as Hy ;. It is of the same order as H,, but by comparing it with H3 it can be seen
that the excited SQUID will emit a photon into the transmission line rather than
decay into another SQUID excitation. Regarding Hg, it describes two processes:
the relaxation of a SQUID excited state with the emission of a photon into any
transmission line in the presence of an excitation in the transmon and the relax-
ation of a SQUID state with the emission of a photon into a transmission line plus
the excitation of two transmon energy levels. The amplitude of these processes is
much smaller than those described in H3, so these are not likely to happen. Also
because of the discrete energy separation of the transmon and SQUID levels, not
all the combinations that appear in these two Hamiltonians are possible, especially
if the energy spectrum of the transmon and the SQUIDs dissuade such processes
to happen.

The advantages of working with this design are that all the necessary interac-
tions are contained in H, and H3, and that the contributions of Hs and Hg to the
total Hamiltonian is small compared to other similar terms. The inconvenience
is that more elements have to be added in order to completely get rid of Hs. To
cancel this expression I propose the device shown in FIG. 2.6. It contains six in-
ductors that connect the four SQUID fluxes in all the possible ways. This cancels
the SQUID-SQUID interaction, as will be shown in Section 3.1.
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26 The Quantum Switch as a central element

The Hamiltonian of these extra inductors is**

_ P3aP3p P3aPp P3aP2a  P2aP2b P3P P36P2a
L, L, L3 Ly Ls Lg

(2.37)

Now that all the necessary elements that form the quantum switch have been iden-
tified and that the Hamiltonian contains all the desired interactions, it can be quan-
tized and conditions can be imposed on the still free parameters that are left to
cancel the remaining undesired interactions. This will result in a functional model
for a quantum switch: the central element for a quantum random access memory
based on circuit-QED.

#The energy of an inductor with inductance L is %A(p2 /L, where A@ is the flux across the
device. From this, the Lagrangian is obtained. Since it does not depend on the derivative of the
flux, the Legendre transformation is trivial.
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2.5 An alternative solution 27
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Figure 2.6: This figure shows the same diagram as before but with the extra inductors in
light gray. These six inductors connect the four SQUID fluxes in all the possible ways. It
would also work if the inductors were substituted by Josephson junctions.
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Chapter

Analysis of the model and further
considerations

The device schematically drawn in FIG. 2.6 is the definitive design for the quan-
tum switch. This device gives rise to the desired interactions, described by Hj,
H, and H3 but it also produces processes that are unacceptable in a successfully
operating quantum switch and, thus, have to be eliminated. These are Hy, H4»>, Hs
and Hg. The last two expressions both contain exchange interactions. Compared
to the other expression that contains this kind of interactions, the Hamiltonian H3,
the expressions in Hs and Hg describe very weak processes —the coefficients in
front of each of the momenta are small, so these expressions lead to processes
whose probability to happen are very small— and, thus, can be neglected. The way
to deal with Hy and Hy; consists of quantizing the Hamiltonian and imposing
the necessary conditions on the free parameters (Josephson energies, capacitances
and inductances) to make these expressions cancel.

3.1 Quantizing the Hamiltonian

The procedure for quantizing the Hamiltonian is the usual: impose [p;,¢;] =
ih/@p* and cancel the expressions that should be canceled: the Hamiltonians Hy
and H4, need to be strongly suppressed, so the only remaining expressions are
H,, H, and H;. From these conditions the expressions for the momenta and the
fluxes as a function of ladder operators are found. The flux ¢; and the momentum

*The variables ¢; are defined as ¢; = ¢;/@y. See Appendix A.
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30 Analysis of the model and further considerations

p1 read
i 3 ) 1/4
p1=- 21—% (§£> (a1 —alr) (3.1)
5 BEN /4
o1 = (gﬁy—;) (ai ‘HZD, (3.2)

. 2 . o
with Ep = #. The ladder operators a; and af annihilate and create an excitation

0
in the transmon. The other fluxes and momenta are defined as

1/2
ih CoatCoa [ B \? / T
P2a =— E Ejq Cou 612Er (a2 —a,,) (3.3)
1/271/2
1 Cosq 6’)/2ET N
- 3.4
024 Ejry Cog+ Cosa < B (ara + a2a), (3.4)

with similar expressions for pyp, p3,, p3» and the rest of the fluxes. In each of these
pairs of equations, the ladder operators a,, (and also a; ) act on the SQUID that
contains ¢,. With this transformation, the terms in Hy [see Eq. (2.35)] containing
a'a vanish, whereas the terms containing aa and a'a"’ disappear by making use
of the rotating wave approximation. Now consider Hy» [displayed in Eq. (2.36)]
together with H; [in Eq. (2.37)]. In order to cancel them, the extra inductances
must satisfy’

4y@5 6Y*Er 4y@y  6Y*Er

L = > L= ;
Ep3qaEpp BB EpzaEpp BB

L __4reg 6rEr L4100 6VEr
EpaEna 1B EpJEpp 1B
4y@t 6y’E 4ypt 6y’E

Ls = Yy OYEr L= Y¢y OY LT (3.5)

EppEnpy 1B CEppEnpa BB

Once H; has been expanded using these equations, the resulting expression
contains terms with a'a, but also a2, a?a’a, a* and higher orders of a. Since it is
not possible to get rid of all terms that do not conserve energy —interactions of the

"Boxed equations contain the conditions that must be imposed to the different parameters, i.e.,
Josephson energies, inductances, capacitances, etc.
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3.1 Quantizing the Hamiltonian 31

kind aa, (a')a, etc—, the energies of the Josephson junctions have to be modified
until some terms cancel and others become negligible. What can be canceled are
the terms containing a” (and their hermitian conjugates). Consider the expressions
in H; that contain information about the first energy level of the transmon. That is
(the cosines have been expanded in a Taylor series), see Eq. (2.32),

Hi :—+E o

2y 5 (3.6)

where E; = Ej; + Ejyq + Ejop + Ej3q + Ej3p,. Expressed in the ladder operators,
this becomes

1/2 ) 1/2
37 2, (Er B )2
Hy1=- (EFET) (a1 —ay)"+ (??ET (a1 +a))”. 3.7)
By using Josephson energies that satisfy the condition

Ej=— (3.8)

the expression for Hy | becomes a simpler equation containing only a particle
density operator

H1.1 =2 2E]ET a;al. (39)

The same procedure has to be applied to the other elements in H;. After
expanding them, some of the terms must be rearranged, since they may contribute
to e.g. Hy 1. These other expressions become

_ 2F
Hy, = (2\/2EJET—7ET+9OE“/ETT> alai, (3.10)
J

7 2 2ET 2
Hi,~ ——ETaJl( a%+9OET —TaTI aj
2 V' E;

+ gET ((a Cll) aj _|-a12 (aJl(CIl)) + gET (Cl%‘kaiz) ) G.1D

His~ ET\/? (20( at) —45 (af* +a?)
—75 <<a al) aj +a]2 (aTa1>>
—15 ((afa%) aj +a12 (aiza%» ) . (3.12)
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32 Analysis of the model and further considerations

In all these expressions I already got rid of some terms that contained high
powers of a and a’. In order to apply the rotating wave approximation, the pre-
factor of aa has to be smaller than the prefactor of a’a. It can be achieved by
imposing E; > E7. This implies that C; is smaller than the other capacitances or
that /0y 71/ @ is small compared to 7.

These simplifications and approximations result in an expression for Hj, the
Hamiltonian that describes the energy levels of the transmon and SQUIDs, that
only contains particle density operators (a'a and powers of this operator).

2F
(2\/2EJET —7E7r 4+ 90E7 | ET) alay
J

(90Eﬂ i 2Er _
E;

7 2 [2ET 43
~Er aJ{ at +20Er TaI a
2 E;

1/2
EpqE EjpqC 2FE
+(4 J2a_ 2a + J2a“2sa ( . T) a;aaza
\2E;ET Coa+Cogq Ey
EJZbEZb E 126Cosh 2ET 1/2 +
+ 14 = al,an
vV 2EJET CZb + Cogp Ey
1/2
EjE E C 2FE
+14 J3a_ 3a J3aL3sa ( T) agaa?)a
\ 2EJET C3a + C3sq Ey
1/2
EjpE E C 2FE
Y PREUST 736Casb ( T) ol as, (3.13)
vV 2EJET C3b + CSsh Ey
where the energies Ey,, Eyp, E3, and E3p, are
h? 72
a 8C2sa(pg SCZSbQD(%
h? 72
Esa=o"— E3p=——s. (3.14)
a 8C354 (Pg 8C35p (Pg

Unlike in the case of the flux ¢; and momentum p{, for the SQUIDs it is
possible to exactly cancel all the undesired expressions without making use of the
rotating wave approximation. To do so, I had to impose
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3.1 Quantizing the Hamiltonian 33

_ ErC,
EpaEra =(E;j—Epa+Epy+Epq+Ejsp) Cor ' Co gz
a Sa
Yz - ErCog
EpnpEsxy, =(Ej+Epa—Enpp+Epa+Ejp) Cor 1 Cos
S
_ ErCs
Ej34E3a =(Ej+Epa+Epy —Epa+Ejp) Gt o (;:
a sa
EroEnr — (F ErCsgp
130E3p =(Ej+Epa+Epp+Epa—Ejsp) Cont Ca” (3.15)
S

Now, ideally, Ej, ~ Ej; so the SQUIDs and the transmon have similar en-
ergy levels, but this equations tells that Ej»,, Ejp, Ej3q, Ej3p << Ej; —recall that

Now I check whether these conditions are consistent with what is expected
from H,. This Hamiltonian contains the coupling between the transmon and the
SQUIDs. Since all the couplings have the same form, by analyzing one of them the
whole Hamiltonian can be easily found. Let me first study the coupling between
the transmon and the SQUID 2a:

HZ]:<_16¢6‘E% ) 15-2%90E , 42-22¢8E]} 6)( Cosa )2 )

n'E, nEr BE ) \Cut G ) P
of of L 0\
—Epa |2 TL 4 T 92 1

Now ladder operators could be plugged inside the fluxes and momenta using
Eq. (3.1) to (3.4), but it can be simplified if all the six terms are compared by pairs.
Let us consider first the terms in Eq. (3.16) containing p% p% , and ¢12¢22a-

_16(p§E72~ < Czsa )2p2p2 __ ETEJZa C2sa (al _a'}')z (02 _a? )2
WE; \Cut+Cua) 172 2E; CogtCay oA e
(3.17)

Epa 2.0 Er  Coa )2 i)

R g ey, () ()
(3.18)

Since Ej,, < Ej, the first line is negligible compared to the second. A similar
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34 Analysis of the model and further considerations

analysis of the other four terms yields
Ejq 1) 2ET ETEJZa) 2ErCosa 5+ 4
H,~—|1-|180—/—+= +7560—— a,aia, a
21 ( ( £, 2)VE E? ) CogtCoy 1172072

Epa 1\ [2Er ErEpa\ 2E7Coa 2 5 4
+ {190 + - — +7560—— a, aa a
( < E; 4 E; E2 ) CoputCoyq ' 1 2

ErEjpa 2ETCoyq 3 3 %
— a, ajal a,. (3.19)
EJ2 Crq+ Coga I e

— 1680

To obtain this expression I have also used the rotating wave approximation.
The full interaction Hamiltonian H, is constructed by doing the same analysis
with the other SQUIDs.

Up to this point, the only free parameters that are left are the capacitances, all
of them, but with the constraints Cp, ~ Cyp ~ C34 ~ Csp, Cogq ~ Cogp ~ Cigq ~
Csgp and G, Cyy > C1 > Cygq. The parameters Vi, V, and V3 are also still free
but in principle, in order to make the system scalable, they have to be equal.
Nevertheless, I will assume that they can be slightly different —to check whether
the system can be improved by not making it scalable— and at the end of the
calculations, if it is possible, they will be made equal. For these potentials I have
assumed the following quantized form

_ A, g
V= 2¢0A (b1 —b)) (3.20)
_ A,
V= 2¢0A (by — b)) (3.21)
1/4 +
Vi3 = ——A b —b,). 3.22
3 003 (b3 —b3) (3.22)

To derive the quantized form of the Hamiltonian H3 as a function of the ladder
operators | have also used the rotating wave approximation.The final expression
reads

H; = Z ( (.ula,i - 3nulb.,i) a-]kbl + 3H1b7laTaTalb1

3
+ Wipal by —|—Z,uk7ia}:bi> +h.c. (3.23)
k

Here the index k runs over {2a,2b,3a,3b}. The most relevant coefficients y; ; that
appear in this expression are displayed below. Those that are small enough to be
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3.1 Quantizing the Hamiltonian 35

ignored are not shown.

=\ 1/4
Hia,1 :2C1ETA}/4 (ﬁ) (3.24)
g\ 14
Uiy =2C,ErAl* <—JT) (3.25)
5o\ 1/4 1/2
1/4 Ey Eja Cosa
=2C1ETA — = 3.26
»u2a,1 it (ZET> (EJ C2a+c2sa> ( )
o\ /4 1/2
1/4 Ey Ejq Cosa
a ~2C aE aA N = 3.27
H2 2 2a=2a%0 <2ET) ( EJ C2a+C2sa) ( )
5 1/4 1/2
1/4 ( Ej Epp G
=2C1ETA — = 3.28
Hor 1 =25 (2ET> (EJ cz;,+cm) (3:28)
5 1/4 1/2
1/4 ( Ej Epy, Gy
Hap 2 %2CZbE2bA2/ (E) ( éj C2b iSCZSb) (329)
= 1/4 1/2
1/4 Ey Ej3q C3sa
=2C1ETA — - 3.30
u3a71 T (2ET> (EJ C3a+c3sa> ( )
F 1/4 1/2
1/4( E E C
U3a3 R2C3E3,AY (ﬁ) < éj" > j“’cm) (3.31)
= 1/4 1/2
1/4 ( EJ Epp G
=2C1ETA — = 3.32
Habd e <2ET) <EJ C3b+C3sb) (3-32)
n 1/4 1/2
1/4 EJ E 3h C3 b
H3p3 %2C3bE3bA3/ (E) ( éj C3b+sC3sb> . (3.33)

Previously I had to make the capacitances Cy,, smaller than Cy, [for the Taylor
expansion of the Hamiltonian in Eq. (2.31)] and I found that the energies Ej;,
and Er are smaller than Ej [see Eq. (3.10) to (3.12) and also Eq. (3.15)]. Using
these conditions the interaction strengths t;, > and U, 3 become much smaller
than (11, 1, so they can be ignored. The same happens with ty; > and py; 3. This
means that the transmon is strongly coupled to the incoming transmission line but
weakly coupled to the outgoing transmission lines, so a photon absorbed by the
transmon will modify the energy levels of the SQUIDs —as described by H,— but
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36 Analysis of the model and further considerations

will not be transmitted forward. Similarly, the interaction strength Ly, 3 is smaller
than pp, 1 and Lo, . This indicates that the SQUID 2a can absorb a photon from
the incoming transmission line and emit it into its nearest transmission line, but
not into the other. This is exactly the behavior expected for the quantum switch.
For the other SQUIDs the same applies, so Uy, 3, Uop3, Uze2 and U3, o can be
disregarded.

3.2 Dynamics of operation and a problem with the
transmon

In the previous sections I have introduced a model for a quantum switch using su-
perconducting qubits. The proposed device (FIG. 2.6) consists of a semi-infinite
incoming transmission line coupled to a system composed of four SQUIDs and a
transmon. Two outgoing transmission lines couple the SQUIDs to the next quan-
tum switch as incoming transmission lines in a tree-like network. The model I
propose is described by a Hamiltonian that can be divided in three parts. The first
part of that Hamiltonian [H, see Eq. (3.13)], describe the energy level of each of
the artificial atoms. All the levels are supposed to have a different energy. The
second part is more interesting [H>, see Eq. (3.19)]. It describes a density-density
interaction between the energy levels of different atoms. That is, when a trans-
mon level is excited, this part of the Hamiltonian contributes to modify the energy
levels of all the other atoms. Ideally, an incoming photon will have the energy to
excite only the first or third level of the transmon (the second level is not coupled
to the transmission lines, as shown by the third part of the Hamiltonian, H3). If
a second photon comes in, it will not be possible to excite further levels of the
transmon —the photon will not have enough energy to do so. Instead, the photon
will excite one of the SQUIDs. Since the excitation of the transmon modifies the
energy spectrum of the SQUIDs, now this will be possible. We have to make sure
that, if the first photon excites the first transmon level (or the third) the second
only excites the SQUIDs leading to the second transmission lines (or the third).
This way, the first photon decides which paths the other photons will follow.

Up to this point I have assumed that the lifetimes of the transmon excitations
are large compared to those of the SQUIDs. Otherwise the transmon will decay to
its ground state and the other photons will not be routed forward, but this is some-
thing that will be determined by Hs, the third and last part of the Hamiltonian [see
Eq. (3.23)]. This last expression tells us that the transmon is only coupled to the
incoming transmission lines (both levels) thus, a photon absorbed by the trans-
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3.2 Dynamics of operation and a problem with the transmon 37

mon can only be reflected back into the incoming transmission line. It cannot be
transmitted. The SQUIDs, on the other side, are coupled to both the incoming
transmission lines and to the closest outgoing transmission line, but not the other.
Therefore, the second photon —which cannot be absorbed by the transmon— will be
absorbed by the SQUID. After some time this photon will be emitted into a trans-
mission line, either back or forward to the next node in the network of switches.
The constraints I have imposed before force the excited SQUID to emit a photon
into the outgoing transmission lines.

3.2.1 Operation

The operation of the quantum switch is represented in FIG. 3.1. This scheme
shows how a register of photons is routed by the device. In the ideal case, a
register of photons sent through the incoming transmission line will arrive at the
first node of the network, where the first photon of the register is absorbed by the
transmon. The photons in the register can be in two different states (or a superpo-
sition), each with energies @, and wy,. When the first photon arrives at the switch
it encounters a system with the energy spectrum shown in the top left box (A).
The switch is in the ground state, with the paths closed (i) and the first incoming
photon can be absorbed by the device by exciting the first level of the transmon
(red) if it has energy @, = wr or the third level (green) if it has energy @, = @r3.
The other levels depicted in this box are not accessible for a photon that can only
be in the states @, or @,. In the box (A), the left upright arrow contains the energy
of the incoming photon. The levels next to it describe the spectrum of the trans-
mon in the range of possible energies the incoming photons can have. The lowest
level, labeled with |GS), is the ground state.

Once the transmon is excited, a new set of energies is accessible for the next
incoming photons (B). Although @, # w7, the Hamiltonian H, gives an extra
contribution to the energy levels (J; ;) such that if the first level of the transmon
is excited, an incoming photon with energy @, can be absorbed by the SQUID 2a
(or the SQUID 3a, if the third level of the transmon is excited) or by the SQUID
2b if the energy of the photon is wy. Thus, the transmon opens one or the other
path (ii) according to the state of the first photon absorbed.

After being absorbed by the corresponding SQUID, the second photon is emit-
ted into the open outgoing transmission line and the system goes back to the state
with just one excited state (either |@7) or |wr3)), waiting for the next photon of
the register. If the first incoming photon has energy w,, then all the successive
photons will be absorbed by either 2a or 2b and will be transmitted through the
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Figure 3.1: In this figure I schematically show the expected behavior of the quantum
switch based on the interactions contained in the Hamiltonians. The upper part of the
figure contains a set of diagrams with the energy levels of the device at each step of the
process of routing a register of photons. The lower part contains a graphic representation
of the behavior of the device at each step of the process. In (A) the system is in its ground
state and an incoming photon (i) comes in. This can excite any of the energy levels and
“open” the path (ii) to any (or both) of the outgoing transmission lines. Once the transmon
is excited, a second incoming photon can only excite a selection of states (B) and decay
into the path opened by the transmon (iii). A third, fourth, etc. photon experiences the
same process while the transmon is excited. At the end of the process (iv), when all the
photons have gone through, the transmon emits a photon into the first transmission line
(where the photons came in) and the system goes back to the ground state (C), waiting for
the process to start over again. For a more detailed explanation see the text.
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3.2 Dynamics of operation and a problem with the transmon 39

same transmission line, independently of their state (iii).

In the inset (B), the third level of the transmon does not appear. This is be-
cause in order to excite this level —assuming that the first level of the transmon is
already excited—, the photon would have to create two elemental excitations, but
according to H3, it can only create either one or three. That is why the second and
a hypothetical fourth level is displayed. Nevertheless, these levels do not have
enough energy to become excited.

Finally, when the whole register has gone through, the first photon is emitted
into the ingoing transmission line and the rest of the register continues its way to
the next quantum switch (iv). The device, after being relaxed, comes back to the
ground state, with all the paths closed (iv), waiting for another register to come in
©).

During all of this process, if the first photon is in a superposition of states, say
v = (J@,) +|®p))/+/2, then the photons that follow will all be forwarded through
both the second and third outgoing transmission lines.

3.2.2 Scalability

In order to make a system composed of a tree-like network with one of these de-
vices in each node, the transmon energy levels must coincide with those of the
“open” SQUIDs (w7 = @y, — J124). Unfortunately, this is not the case with the
present system. The energies of the transmon excitations are some orders of mag-
nitude larger than the SQUID excitations and the energy separation is also larger.
To solve this problem an external device can be added before each switch that in-
creases the energy of only the first photon without measuring it. Another solution
would be to add another element in the SQUIDs that increases the energy of its
excitations. This could be a simple inductor connected to the point labeled as ¢,,
in FIG. 2.6 on one end, and to the ground at the other end. Since it is an inductive
element, it can be straightforwardly added to the Hamiltonian. This element will
generate a term raising the energy of the SQUID, but also another term contain-
ing a; aag , and azqaz,. These two last elements cannot be suppressed using the
rotating wave approximation because they are large compared to the energy of
the excited levels of the SQUID —the main contribution to its energy would come
from this expression. Moreover, the density-density interaction strength (in the
expression H;) will be too small compared to the energy of the excitations.

Nevertheless, I will assume that a solution can be found to this drawback and
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40 Analysis of the model and further considerations

continue with the analysis (I will come back to this in Section 5.1). In the worst
case, it will not be possible to construct a QRAM using a network of quantum
switches, but a fully operational quantum switch that routes many-photons regis-
ters can still be found.

3.3 The final Hamiltonian

So far, a transmon-based quantum switch has been presented and his Hamiltonian
has been analyzed, hypothesizing about its expected behavior in an idealized case.
Nevertheless, the form of the Hamiltonian is not the most suitable to work with. It
would be convenient to use a simpler notation. In previous chapters I have claimed
that terms containing a‘;a 1 describe the first level of the transmon and terms with

(aI)%z% describe the third level. The first statement is right, but the last in incom-

plete. aIal acting on a ket that describes the third transmon excitation gives a
non-zero contribution. The notation I use in this chapter makes a clear distinction
between levels. From the resulting equations I have obtained the expressions for
the energy of each of the excitations and the coupling strengths.

Let me start by writing the Hamiltonian as a sum of all the contributions found
previously plus an expression describing the transmission lines

H =H+H;+Hc+Hr. (3.34)

This is the full Hamiltonian that completely describes the routing device. In this
expression Hyyy is the part of the Hamiltonian that describes the energy levels, Hy
contains the interaction between the energy levels, H¢ describes the coupling to
the transmission lines and Hr is the Hamiltonian of the transmission lines. The
first part can be reduced to

Hgys =0 a;lan + o7 a;zaTZ + o3 a;3aT3
] T
+ g a"zaaZa + wyy Aaypd2p + W3y agaa3a + W3 azba3b- (335)

In this equation I have used three new (projection) operators. In a 4D Hilbert
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3.3 The final Hamiltonian 41

space (only three excited levels) these are defined as

0 00O
1 3 0 00O
al, —ga%air =1l 0001 | (3.36)
0 00O
00 0O
1 3 0001
T2 malal 000 0 s (337)
00 00O
0001
1 .3 0 00O
o - 70
ars \/gal 000 0 (3.38)
00 0O

They excite the first, second and third energy levels of the transmon, respectively,
from the ground state. These operators do not satisfy the usual commutation rela-
tions. The reason to choose them is to simplify the notation and to easily identify
the energy of each transmon level. The energy of each of these excitations is

2FE
wr| =2/ 2E]ET —TE7 +90ET T
J

2Er 7
o7y =207 +2 ( 90Er | =X — ZEr (3.40)
E, 2

2E
O3 =307, — 307 + 120Er ET (3.41)
J

EpaEnrq ) EpaCoq  |2ET

\ 2F TET Coa+Cogq EJ ’

(3.39)

(3.42)

and similar expressions for @y;, @3, and @3,. Using the same notation, the inter-
action Hamiltonian reads

W

Z ,kaTlaT, akak, with k € {2a,2b,3a,3b}, (3.43)
i—1 k&

i=1
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42 Analysis of the model and further considerations

with interaction strengths

Ep. 1\ [2E7 ETEpg\ 2E7Coy
J, = 1—(180—— + = — +7560—— 3.44
12 ( < EJ 2) EJ EJZ C2a + C2sa ( )

Epa 1 2ET ETEpg\ 4E7Chq
Jrg = 2J124 — 90— + - — +7560—— 3.45
22a 12a (( E 4) \/ E 22 ) CoutCon (3.45)

E ]Z“EJ 2a C2sa
E]2 Coa+Cogq '

J324 = 3J204 — 3J124 + 20160 (3.46)

The other nine expressions are found by substituting 2a by 2b, 3a and 3b in
Eq. (3.44) to (3.46). With the current set of capacitors, the interaction strengths
are two orders of magnitude smaller that the energies of the SQUIDs, just like in
other similar works [17].

The following is the Hamiltonian that describes the coupling to the transmis-
sion lines.

HC:/ dp

ajib1(p) | afsbi(p)
T nirs3

3 2 2 3
+ <\/ - 3\/ ) aysaraby + (\/ - \/ ) aparibi
TTr] TTTr3 T T3

.‘.
a3 b1(p) | aba(p) | aybi(p)  ayba(p)
Va1  /TTa2  /TTp1 /T2
.‘.
al,bi(p) | al,bs(p)  albi(p) . aybs(p)
+ + + +
VITBal  /TTBa3  /TWBh1 /R T3p3
Here I have introduced the parameters 7; ; to stress that the exchange interaction

strengths are related to the lifetime of the excitations. These 7; ; are related to U; ;
as (only for the transmon)

+h.c.

(3.47)

1

1
=6 ) 3.49
i \/_,ulb,l (3.49)

For the SQUIDs this relation is simpler:
1

— =l ithi € {2a,2b,3a,3b} and j € {1,2,3}. 3.50
e M withi€{2a.2b3a.3b and € {123} (350)
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3.4 Relaxation and dephasing 43

Let me focus for a second on Eq. (3.47). In the second line there are two expres-
sions with a different form. The first (actually its hermitian conjugate) implies that
the third excited level of the transmon can decay into the second excited level and
emit a photon. This process makes the switch stop working. The other expression
is not that harmful. It says that an incoming photon can excite the second level of
the transmon if the first is already excited, but this will not happen if the energy
of the photon does not coincide withe the energy gap between the first and second
levels of the transmon. The hermitian conjugate of this expression describes how
the second level of the transmon decays into the first one by emitting a photon.
Regarding this last process, since the second level cannot possibly be excited, it
will just not happen. Moreover, if by any chance the second level is excited, the
switch will not work, so there is no need to worry about this process.

Only one of the coefficients multiplying these two expressions can be canceled
and, given the nature of the interactions I decided to cancel the first. I do not expect
the second to affect the functioning of the device. In order to cancel it the lifetimes
have to satisfy 773 = 677 or, equivalently,

ouh* P
@0 324G

(3.51)

This constraint on ¢; implies that £; > Er, which is a condition I already had
to impose before. Moreover, in this way the lifetimes of both transmon levels
are of the same order of magnitude, which is necessary for a device that does not
make a distinction between left-steering or right-steering photons.

Finally, the Hamiltonian describing the transmission lines, derived assuming

that the superconducting wires behave as the continuum limit of an infinite chain
of LC oscillators®, reads

Hr= [ dpp ([(p)or(0) +BYP)2(0) + B P)s(p) . (B52)

3.4 Relaxation and dephasing

In this chapter I derive the coupling of the system to an external bath following
Ithier et al. [44] to take into account relaxation and dephasing processes. Recall

fsee the Appendix A.
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44 Analysis of the model and further considerations

that the Hamiltonian contains wa'a and ub*a + h.c [Eq. (3.35) and (3.47)]. For
simplicity, let me consider its analogy to a two-level system. Consider the follow-
ing Hamiltonian, which describes a two-level system not coupled to any external
field.

H:ﬁ(O)-FS:nZGZ%—nLc&, (3.53)

where 0 contains o, and o, or 6_ and o, and 7 is a field that contains infor-
mation about how the system interacts with its environment. At 7(0) it does not
interact at all.

Let 7i be a function that depends on two parameters, 7#(A,p), where A is a
variable related to the coupling to the transmission lines and p is a variable related
to the coupling to an external source of decoherence. In the Hamiltonian, if the
coupling of the transmon with the external bath is neglected, then 7(0,0) = n, and
n, = 0. A perturbation of the Hamiltonian by 6 A —but keeping p = 0— gives

#(82,0) =7(0,0) + 95510 (82%)

dA
dn . dn) R 5
:nz(0,0)+d—;5l-nz+ﬁ5l-nL—l—O(b‘?L ). (3.54)
During the derivation of the Hamiltonian the following quantities are obtained
SA =b+b' (3.55)
dl’lJ_ 1
—_— =— 3.56
dA  /mt (3.56)
dn,
— =0 3.57
71 (3.57)
n;(0,0) = w. (3.58)

Now let’s do the same with p and A simultaneously. By perturbing our Hamil-
tonian, we obtain

M5 i +0(8).

. dn . dn .
A(8A,8p) =n.(0,0) + ——=8A-A| + d—pZSp it
(3.59)

dA

The first two terms of this expansion give the Hamiltonian previously found.
The other two terms describe the interaction with the external bath. Let j—g be a
bath coupling rate K(p) and 8p the operators that describe this decoherence in

the form d +d'. The Hamiltonian describing the decoherence is given by

Hy = / dp (Kp)(d+d")o.+K, (p)(d+d")o. ). (3.60)
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3.4 Relaxation and dephasing 45

Let me analyze how this Hamiltonian acts on any state in the z-basis. The first
term of the Hamiltonian acting on a state |1) (||)) gives a constant times d* |1)
(d"|})). Thus the initial state is only modified by a phase change plus the creation
or annihilation of an external bath mode. This term describes a dephasing pro-
cess. The second term flips the initial state from |1) (or |])) to |}) (or |1)) and also
gives an external mode excitation. Thus, it describes the relaxation/excitation of
the two-level system.

Now this has to be generalized to a multilevel system. In our proposed de-
vice, whose energy levels are schematically represented in FIG. 3.1, there are six
possible processes involving the relaxation of the transmon. These are

|or3) — |0r2) |or2) — |@r1)
|or3) — |or1) |or2) — |GS)
|or3) —|GS) |or1) —|GS),

where |@r3), |@r2) and |@r;) are kets representing the third, second and third
excited states of the transmon, respectively. |GS) is the ground state.

For simplicity, I only consider the process on the last row. The reason for in-
troducing this extra Hamiltonian is to quantify the effect of an external bath on the
successful operation of the device. By considering only two out of the six possible
processes, nothing relevant is being omitted, because the relaxation ratio can be
increased so that the relaxation of the excited states described by these two pro-
cesses actually contains the sum of all the possible relaxation processes of these
states. With this simplification, the information on what state the transmon decays
into is lost, but I am not interested in the final state. I only want to know whether
the device works (no relaxation) or it does not (relaxation).

The relaxation terms involve the creation of an external bath mode and an
operator or product of operators that describe the annihilation of one excitation
(and its hermitian conjugate). Other possible combinations are suppressed by
the rotating wave approximation. The dephasing terms contain a creation of an
external bath mode and a projector operator of an excited state. Furthermore,
commutation of the dephasing and relaxation operators has to be imposed, since
these elements belong to different Hilbert spaces. The resulting Hamiltonian is

H; = /dpz [Kri(p)"j(l’)ai+Kdi(P)diT(P)ajai

+p (1] (p)ri(p) +d] (p)di(p)) | (3.61)
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46 Analysis of the model and further considerations

where r(p) are the relaxation modes and d(p) are the dephasing modes. Here the
index i runs over {T'1,72,2a,2b,3a,3b}. It is important to notice that the vacuum
|0) is still an eigenstate of the Hamiltonian with zero energy. The coupling func-
tions K(p) can be approximated as constants [45] (first Markov approximation).

Ko (p) ~ 1/ zy_n (3.62)
K - | Ya
a(p) =\ (3.63)

Up to this point I have derived all the formulas with all the factors of 7 although
in some equations I have set implicitly # = 1 —by giving to the frequencies w; units
of energy. From now on I will consider 72 = 1 to simplify the notation.

3.5 Equations of motion

In the previous sections we have found a Hamiltonian that describes a quantum
switch including relaxation and dissipation processes. This Hamiltonian has been
expressed in a quantized notation. The next step towards studying the dynamics
of operation of the quantum switch consists of obtaining, from the Hamiltonian,
the equations of motion. With these equations, the probabilities of reflection and
transmission of photons are obtained and the performance of the device is evalu-
ated. Since the Hamiltonian contains different operators, it is not easy to diago-
nalize, so working in the Schrédinger picture may not be the best option. Instead
I work in the Heisenberg picture.

In this model, a photon comes in, interacts with something and a photon comes
out. The only element that has to be computed to be sure that the device works is
the probability of the photon being reflected or transmitted. What happens during
the interaction is irrelevant. For this reason it is convenient to work with the in-
put/output formalism [45, 46] (or just in/out). Within this formalism, a quantum
state in the asymptotic limit  — oo (|W,,,)) is related, by a unitary operator, to the
same state in the opposite asymptotic limit ¢t — —oo (|y;,)) [47, 48]. This formal-
ism is very convenient when the photons can be considered as free particles in the
limit ¢t — +oo —far away from the scattering center—, in the sense that they are not
influenced by the interaction part of the Hamiltonian.

The in/out operators are defined by [17, 45, 48]

Drinfou(p) = lim_e™"10el1110by (p)e™ o, (3.64)
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3.5 Equations of motion 47

By making use of the Baker-Campbell-Hausdorff formula together with the Hamil-
tonian Hr from Eq. (3.52), this becomes

btinjout (p) = tognilwe—iptoe—iﬂtobl (p)eiH’O

= lim e "Pbiy(p,to), (3.65)

to—>Eoo

where by (p,to) is an initial value of the operator by (p,t) in the Heisenberg
picture. In time space the in/out operators are related to the momentum space
ladder operators as [17, 45, 48]

| o
blin/oul(t) = \/T—n/dpblH(p;t())e plt tO/l), (3.66)

where ty) — —oo and #; — oo. These in/out operators will be inserted in the equa-
tions of motion to facilitate the calculations.

The equation of motion of an operator A(¢) is found, in the Heisenberg picture,
by using

d , JdA
EA(I) =i[H,A(t)]+ R (3.67)

The equations of motion of the transmission line modes are

; ) A ari ars 2 3 +
bi(w) =—iwbi(w) — —
1(®) by (@) i (\/mﬂ * VT3 * (\/ﬂfﬂ \/ETT3> “r14r2

G0 _%b _ Ba 93 (3.68)
Va1  /TTb1  /TWBal  /TT3p,1

. . . a2q azp

br(w) =—iwby(w) —i + 3.69
2(®) 2(®) <\/7T72a,2 \/m'zb,z) ( )
; : . a3q asp

by(w) =—iwbs(w) —i + . (3.70)
(@) (@) <\/7”3a,3 \/7”317,3)

From these differential equations the relation between the in/out operators is
obtained by integrating them and introducing b;, and b, in the initial condi-
tions [46] using Eq. (3.64-3.66). A full derivation of these equations can be found
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48 Analysis of the model and further considerations

in Appendix C. Here I give the results:

. ari ars / /
blout(t) :blin(t) - l\/E ( TT < ; — 73 ) ar,ar2

anq 3a asp (371)
\/T2a 1 \/sz 1 \/T3a 1 \/T3b 1
. azq arp
Boout (1) =bo; t—z\fz( + ) 3.72
20, t( ) 2n( ) \/Ta,Z TZb,Z ( )
. a3gq asp
b 1) =b3;,(t) —iv2 . 3.73
roult) =0t ’f(m+ w) o

Similar relations hold for the decoherence operators. Finally, the evolution of
the ladder operators describing the transmon and the SQUIDs is also found by
using the Heisenberg equation. For the operator ar this is

ary =—ioriari ‘f‘iZJ]kaTla/tak

k
T
+‘/d (aTlaﬂ aTlaTl)b1<p) +aTT3aT1bl(p)
l p \/FT] /T3

3 2
_ bt
* (\/7”73 \/JTTn) l(p)am

[ Y11 -
+ er_n (a;laﬂ _“Tla%) rri(p) + %0;3‘”1’73(17)

+ — }Zn (aTldTl( )+d;1(P)dT1> : (3.74)

The input operators are introduced in this equation by making use of Eq.(C.7) in
the Appendix C. This gives a coupled equation of motion that contains the input
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3.5 Equations of motion 49

operators as well as all the other a; ladder operators:

1 1
ari = (le1+—+ Y1+ YdTl)aTl \/T:dn-l-lzfmanazak

V1 (V;_\/TT>aT1 ar2t VT3 (\/;_\'TT>aT3aT2

1
T il il
+ —<Cl ary —aria )+ —ua aTl)
( fopy \9T1 Tl T T3
( o G azp )
v P2a,1 \/szl \/TSal \/T3b1
T T T
/|2 _ /3 a2a Dp I 434 4 asp a7
Tr1 13 Va1 \/TZb,l Va1 /Bl
. F . 2
ti aTlalelln( ) l aTlalelm( )
Tr1
2
+i aT3aT1b1m —l\/_ lm aT2
TT TT

+iVYT1 (a;laﬂ —aTla;l) rr1in(t) +ivy/ '}’rTSa;“g,aTerSin(t)

_ % (andnm(r) +d;1m(r)an) . (3.75)

Similarly, the other operators satisfy the equations:

2
2 3
) : ; i
ary =— [ o+ [/ ——/— ary+1i) Jarra ax
( 71 TT3> ; g
+(—dt amt — \/ 2 \/ . x
—a,a ———Aa,47) — — —3\/— |a
VT 112 A T3 3712 71 T3 a
( Wa | b | asy )
Va1 /T2b1 \/Ba,l \/ T3b,1
.12 [ 2
+1 a;lanblm()—kl —a;3aT2blzn()
—l\/_< —_— )alelm
V Tr1 V 73

\/ YrTlaTlaTZrTlm( ) +i 1/ }/rT?;aTgaTZrTSm(t) (376)
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50 Analysis of the model and further considerations

. ) 1 1 1 .
ar3=—\(10r3+_—+ %13+ Yar3 | ar3 — ari + IZJ3kaT3aZak

1
\Vr1trs3
aT a ClT a —d ClT
719713 734T3 734713 aq @y a3q azp
+ + + + +
VIT1 V13 Va1 /b1 /a1l /Bl

.12 ]2
iy ——al ar3bin(t) + i (a;“3aT3 - aTSaTm) b1in(1)
Tr1 113

+iy/ ana;lamrnm () +iv/Yrr3 (a;3aT3 - aT3“§3> rr3in(1)

_ l" / % (aT3dT3in(t) —f—d;r«3in(t)aT3> 3.77)

1 1 3
o 1 1 . J. T
a2q <la)2a + T + T + 2%261 + 4Yd2a) azq + lj; Jj2a4T ;4T jA2a
[ 2 [ 2
— iy | ——Db1in(t) — iy | ——bon(t
ool lm( ) 202 2m< )
1 1 1 1
- + ap — azg — asp
V24,1061 \/T2a2T2b2 v/ 2a,1T3a,1 /T2a,1T3b,1

1 /2 /3 1 1
— =\ a;lan — —Q—————ar] — —(———ar3
v/ Qa1 Tr1 Tr3 v T2a,17T1 v/ 24,1713
i Tarsain(t) — i/ 7‘122“ <a2ad2a,-n ) +d,. (t)aza) . (3.78)

Similar expressions hold for the operators ayy, az, and asp. Eq. (3.75) to (3.78) are
the Langevin equations for the transmon and SQUID operators [45]. Now the b(7),
r(t) and d(t) operators could be expressed as the inverse Fourier transformation
of b(p), r(p) and d(p). This will introduce an integral into our equations of
motion, but the time dependence of the in and out operators will disappear. In
some calculations this may be useful, but in others it may not, so I am leaving it
as it is, by now.
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Chapter

Dynamics of operation of the Quantum
Switch

One of the advantages of studying a system analytically is that its analysis holds
for any value of the parameters that appear in the equations. Thus, the values
of these parameters can be obtained after the analytical calculations have been
performed and can be chosen to give the desired results. Since at the time of
writing this text I already knew which conditions these parameters had to satisty,
I have imposed some constraints during the derivation of the equations in the
previous chapters. In this section I compute the scattering amplitudes of some
relevant processes and announce the remaining constraints to be imposed to the
parameters that, at this point, remain free.

4.1 Scattering of a single photon

The proposed quantum switch is a physical system that, in the first step, absorbs
a single photon and modifies its own energy spectrum according to the state of
the absorbed photon. Thus, it is convenient to start studying what happens when
a single photon comes in. For a correct performance of the quantum device, an
incoming photon should only be absorbed if it has the right energy —that is, @7
or wr3— and reflected if it does not. In case the photon is absorbed, it has to be
emitted back, never forward. The probability of transmission and reflection are
the functions that have to be minimized or maximized and their values will reveal
whether the device works properly or not.

When a photon (bLn (k) |0)) is sent in, the system can respond in four different
ways:
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52 Dynamics of operation of the Quantum Switch

1. The photon is absorbed and emitted back (or just reflected) as b1 Tour (K')10).

2. The photon is absorbed and emitted forward as b2 our (K')]0) or b; our (K 10).
3. The photon is absorbed but decays into an external bath mode (relaxation).

4. The photon is absorbed but the system experiences dephasing due to the
coupling with the external bath.

The last two processes cannot be controlled by the experimentalist, so my
efforts will be concentrated on the first two. The probability amplitude for an
incoming photon with frequency k being reflected with frequency p is

S1<p7k):<0|blout( ) lzn( )|0> 4.1)

Similarly, the probability amplitudes for an incoming photon being transmitted
into the second and third transmission lines are, respectively,

$2(p,k) = (0] baour (p)b;,(K) 0, (4.2)
S3(p7k) = <O|b3out(p) lzn( )|0> (43)

Let me start for the first process. After making use of the in/out relations
in Eq. (3.71), (3.72), (3.73) and introducing inverse Fourier transformations, the
probability amplitude S| (p,k) can be transformed to an equation containing only
the in operators and the time-dependent operators that describe the transmon and
SQUIDs excitations. This expression reads

S1(p:k) = (0| brin(p)b};, (k (4.4.2)
( N 6 ) = [ e Olaf (ara(e)p], (110

(4.4.b)

—i %\/%7 / dre' (0|ary(1)b], (k) |0) (4.4.c)

i\ o / dre'? (0|ar3(1)b], (k) |0) (4.4.d)

— T;E / dr e (0] az, ()b}, (k) |0) (4.4.¢)

+ (2a — 2b, 3a, 3b).

The first element of this equation, Eq. (4.4.a), is 8 (p —k). The second element,
Eq. (4.4.a), vanishes because in this expression there is a creation operator acting
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4.1 Scattering of a single photon 53

on the vacuum by the left-hand side. The other six terms have to be transformed
into a differential equation and solved using the Langevin equations®. This gives

Si(p,k) =6(p—k)

o T T
h (p) + % + a%T(g]) + <ﬁ + O;ZZIEPI)> T;gg + (1'3;1 + O%ff?) T;gzg
8(p—k) (2 + 2 00(p))
o T T
To(p) + g + S22 (o + 4led) o (L + i) 2y
8(p—k) (2 + 2 aa(p))
N 1, ap) 1, o) Bp) 1, o) G’
T3(p) + a1 + TSS_b.,l + (E + 11:T3 ) T?(p) + (Tza,l + Tzzb,l ) T;(P)
4.5)
with
Ti(p) =i (wp; — p) + TXL 4 HTL (4.6)

2 4

. 1 a1 Yr2a Ya2a

T =i(n,—p)+ + : o0w(p)+ + “4.7)
(p) =i (@2 =p) a2\ Tb1T2a2T202 (p) 2 4
. 1 34,1 Y3a Yd3a

T; =i(W3,—p)+ + ’ (07} + +—, 4.8)
(p) =i(@sa=p) Ta3  \ T3b,173a,3T35,3 (p) 2 4

and

w(p) o=+ (49)
i(ors—p)+ 13 + 1P
. 1 Tab,1 Y2a 4 Yd2a
i(@a —p)+ a2\ Ta1Ta2Tp2 2 T

OCz(p) - 1 / Ta,1 Yrob | Ya2b (410)
l(wa o p) + T2 TZb,ITZa:ZTZb,Z - 2 - 4
. 1 Tb,1 Yr3a | Yd3
i(03,—p)+ Ta3  \ TalTa3Tb3 T

O£3(p) - . 1 Ta,1 Yr3b Yazb ‘ (4.11)
i(@3—p)+ w3\ TSb,lT3a:373b,3 TR

*For the complete derivation, see Appendix D.
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54 Dynamics of operation of the Quantum Switch

Similarly, the other two amplitudes are given by

S ( k) = — 5(p—k) (\/T2a,21T2a,2 + \/rﬂj Tab2 OCZ(p))
2(pk) = Tz(P)+L+O‘2_(m+<L_|_M>M+< L +a3@) Tz(pg,

Tal | Tobl 1 13 ) Ti(p)

S3(p,k) O(p—K) (\/TBa,ZlT3a,3 + \/Tyj T35 a3 (p))
3D, = — |
T(o)+ i+ B+ (o) B (e +20) 2

T34,1 Tap.1 Tr1 3 ) Ti(p)

The amplitude in Eq. (4.5) contains information about three processes: (1) the
photon is absorbed by the transmon and is reflected, (2) the photon is absorbed
by the SQUIDs in the second branch and is reflected, (3) the photon is absorbed
by the SQUIDs in the third branch and is reflected. The first possible process is
described by the second line together with the first. We neglect, for a moment, the
decoherence parameters ¥, and ;. If, in addition, Ty, 1 = Top,1 and Tg2 = Top2
(likewise for 3a, 3b) and also Ty, 1 = 7242, these amplitudes become much simpler
and relevant information can be obtained. In this scenario, near p = @r; (p is the
momentum of the photon), ¢ and 77 go to zero and S goes to 1, thus the photon
is reflected. The contributions of the processes (2) and (3) are very small because
the denominator in the third and four lines are large when p # @,, @3,. In case

the incoming photon has energy @r3, then ; diverges and the amplitude goes to
200 /773
1 — 2%/ %r3

oty —1 again (the amplitude squared goes to 1).

Near p = @y, [this is the process (2)], the second and fourth line do not
contribute, thus the amplitude is given by the first and third lines. In this re-

gion of the momentum space, & goes to zero and so does the amplitude (S; ~
2/7,'2& . .. .

1— 1/%1—“}%2) Something similar happens with @w,,, w3, and @s3,. In any

other case, when the momentum is far from any of the energies of the excited

levels, the three denominators in Eq. (4.5) grow and the amplitude goes to 1.

All this means that, in the ideal case where there is no decoherence and any
value can be imposed on the lifetimes of the excitations, a photon that has mo-
mentum

e p = Or or p = Wr3 is always reflected,

o p = Wy, My, M3,, W3, is never reflected,

e p that do not coincide with the energy of any excitation is always reflected.
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4.2 Two-photon processes 55

4.1.1 Probability

The amplitude itself is not an observable and, therefore, is not suitable for de-
termining the performance of the quantum switch. The probability, on the other
hand, is a real number and its values can be contrasted to the results of experi-
mental realizations. The probability is the quantity that has to be maximized (or
minimized) to obtain a proper quantum switch and is derived from the scattering
amplitudes.

The scattering amplitudes computed in the previous section (and the ones that
will be computed next) are valid for an incoming photon with any frequency,
but these photons are sent with a definite momentum (or a superposition). I
will assume that the incoming photons have a frequency distribution given by a
Lorentzian centered at k = @y, and with width 1/7; (just like in similar works [17]).
Hence, given an amplitude S(p, k) describing any single-photon process involving
an incoming particle with momentum k and an outgoing particle with momentum
p, B(p) refers to the convolution of the Lorentzian frequency distribution of the
incoming photon with the amplitude of the process S(p,k).

dk 1

p)= - S(p,k). (4.14)
B0~ | i TSR
Now the incoming photon has a definite frequency —not just any— given by a
Lorentzian curve in momentum space. With this, the probability of a process
with an amplitude given by B(p) is

P= [dplB(r)I” @15

The probabilities of the single-photon processes discussed previously cannot
be obtained analytically and will be evaluated numerically in Sections 4.3.1 and
4.3.2.

4.2 Two-photon processes

Once the first photon is absorbed, the second step in the operation of the quantum
switch consists of absorbing a second photon and forwarding it into an outgoing
transmission line, according to the state of the first absorbed photon. The first
photon must remain in the device (the transmon must remain excited) until the
full process has finished and only then it can be emitted back to the incoming
transmission line, where it came from. The amplitude of this scattering process,
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56 Dynamics of operation of the Quantum Switch

where a photon is transmitted to the second outgoing transmission line, is given
by

512(P17P2;k1»k2) = <0|blout(pl)b20ut(p2)b1m<k2) 1m(k1) ‘O> (4.16)

that is, two photons come in and one of them is reflected and the other is transmit-
ted. Since the two photons are not sent in at the same time, some delay between
the incoming pulses have to be imposed onto these equations. This delay Ar be-
tween pulses can be taken into account by introducing the Heaviside function
O(t) — (11 + At)). That is, the operators blm(kl) and b} (k) would become

2in
biin(ko / dye™ "1, (5)0(85 — (1] + A1), (4.17)
b ( kl)zﬁ/dt e~hmpt. (1), (4.18)

To evaluate S12(p1, p2,k1,k2), I have tried to follow the same procedure as in
the previous section, but the complexity of the equations to be evaluated made
it impossible to find the scattering amplitude by using the Langevin equations. I
have tried different methods to solve the problem:

1. In the first place, I tried to solve the system numerically, but the dimension
of the Hilbert space and also the form of the differential equations made this
attempt fruitless. This attempt is expanded in the Appendix E.

2. I have also tried to use propagators and Green’s functions to evaluate the
expression in brackets that gives the scattering amplitude, but without suc-
cess. Appendix F contains all the steps I have followed in this attempt to
derive the scattering amplitude.

3. Another failed attempt to derive the scattering amplitude is described in the
Appendix G, where I have made use of quantum field theory techniques
to obtain the desired propagators. In this appendix, I derived the Feynman
rules for the Hamiltonian I have proposed, but the results were not good
either.

4. Finally, I have decided to assume that the lifetime of the transmon excita-
tions is infinite and I have computed the scattering amplitude following the
procedure described in the previous section. The validity of this assumption
is discussed in Chapter 5.

A transmon excitation fixed in time implies that the transmon operators ary,
ar, and ar3 (together with their hermitian conjugate) are constant and, thus, the
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4.2 Two-photon processes 57

Langevin equations do not satisfy the same differential equations as before. The
transmon excitations cannot decay into an outgoing photon in the transmission
lines anymore so, in this case, by, (¢) and by, (f) do not depend explicitly on arj,
arp and ar3 anymore. This assumption makes sense if the lifetime of the transmon
is larger than that of the SQUIDs, which is required for a good performance of the
quantum switch”. With this assumption, now the by;,(t) and by, (t) operators
become

b (1) —bri (¢ _l\/_< + ) (4.19)

blm - /dpbl

(4.20)

A2a azp Aa3q asp >

+— ( +
V2 \ /T2l \/7:217,1 VBal \/T3b1

Nevertheless, the transmon has to be coupled to the SQUIDs, otherwise it will
disappear completely from the system. The modified equations of motion of the
transmon and the SQUIDs once the transmon has been decoupled from the trans-
mission lines read

ary =dary =dar3 =0 4.21)

1 1
d2a _ (la)la + + + Yr2a + ’}/d2a)
Dal  Ta2 4

«/ b, ,/ bl
T2a1 ln 2n

3
arg+i Z JjZaQTTjaTjaZa
J=1

1 1
— ( ) arp — —F————a3¢ — ————Aa3)
V24,1 T2b,1 \/TZa 2,2 V 12a,1T3a,1 V/ 12a,1T3b,1
: . [ Ya2
— I/ Yr2a2ain (t) —1 Y2a (aZadZain( ) + dzam( )a2a> . (4.22)

The expressions for 2b, 3a and 3b can be easily deduced from Eq. (4.22).

In the case that the transmon is already excited, the probability amplitude for a
photon with momentum k being transmitted through the second transmission line

"The last n — 1 photons of a n-photon register have to interact with the device while the trans-
mon is excited.
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58 Dynamics of operation of the Quantum Switch

with momentum p is

Slz(p7k) = <0|aleZ()ut(p>b71Lin(k)a;l |0>
= (0lar1b2in(p)b];, (K)ay, [0)

2 1 .
l T2a,2 \/277,'/ pe < ’aTlaza( ) lm( )aTl‘ >
2 / dpe™ (0| ariaz, ()b, (K)ah,|0).  (4.23)
Top2 V2T

The second line gives zero because the two operators describing the incoming
photons (in two different transmission lines) commute and, since a7 is not cou-
pled to the transmission lines, by;, cannot annihilate a transmon excitation. It acts
on the vacuum instead, giving by;;, |0) = 0.

A simple way to see how the second line in Eq. (4.23) vanishes is the follow-
ing: as I said before [in Section 3.5, Eq. (3.66)], the by;,,(¢) operator —and the same
for by;, and b3;;,— is defined as

binlt) = [ dpe by (p,10), (424)

where b is evaluated at some 7y such that [ar,b;] = 0, thus, the following rela-
tions are obtained:

lar1,biin] = _a;l,b]‘in_ -0 (4.25)
lar1, bain] = _a;l,b;ﬂ_ -0 (4.26)
[aTl,bzin] = _a;‘l’bgin_ = O, (4.27)

and the same for ar; and ar3. Using these relations and following the same pro-
cedure as in the previous section (see also Appendix D) the scattering amplitude
becomes

2 2 /
5(p o k) <\/Tza,172a,2 + V26,1 02b,2 Otz(p)>

Tzl(p)—l—L—i—M—f— (L_FM) %Ei%,

Ta,1 Tb,1 T3a,1 T3b,1

Sia(p,k) =— (4.28)

where now, the o’ and T’ operators are

. 1 Ta,1 Yr2a | Ya2a
Ty(p) =i(a—Ji2a—p)+ —+ | —————0(p) + 5+ (4.29)
2(p) =i (@2 a=P) a2 Tob,1T2a,2T2b2 2(p) 2 4

. 1 T3q,1 Yr3a Yd3a
Ti(p) =i(@a—J13a —p) + —+ | —————o3(p) + 5"+ (4.30)
3(p) =i (@ a=P) T34,3 T3b,1T3a,3 T3b,3 3(p) 2 4
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4.3 Numerical integration 59

and

. 1 Tb,1 Yr2a Yd2a

, i(@rq —J12a—p) + a2\ Ta1Ta2Tb2 + Tz + ‘2_2
o (p) = ' i (4.31)

i( — Jirp — ) 4 1/ a1l 4 Y2b 4 Yazb

@25 12 =P Tb,2 Tob,172a,2T2b,2 2 4

. 1 T3p,1 Yr3a Yd3a

, ! (a):;“ —J13a — p) + B3\ BalTa3Tb3 + Tg + [ﬁ‘_3
a;(p) =- 1 e R (4.32)

l(w%_JBb_p)—}_Tbg_ T3bﬁ173ai373b,3 +T+T

A similar expression holds for the case where the photon is emitted into the third
transmission line and also in the case where the third level of the transmon is ex-
cited.

The expression for the transmission of a photon when the transmon is excited
is very similar to that of the transmission of a photon where the transmon is not
excited, shown in Eq. (4.12), the main difference being the frequency threshold
at which the photon is absorbed. In this case, due to the presence of a transmon
excitation, the second photon can be absorbed by one of the SQUIDs (if it has
the right energy) and be transmitted forward whereas, in the previous case (no
transmon excitation) a photon with the very same energy cannot be absorbed and,
thus, is reflected. For a more detailed analysis of this result, the reader is referred
to the following section, where numerical results have been obtained and the two
cases (presence and absence of a transmon excitation) are compared.

4.3 Numerical integration

Analytical expressions have been found —not free from approximations— for the
scattering amplitudes of one and two photons. These amplitudes, once convoluted
with the pulse shape in Eq. (4.14), give the probability of transmission of a photon
within the different processes that can occur. However, these probabilities cannot
be obtained analytically. Instead, some numerical values have to be introduced in
the equations in order to make them numerically integrable. In this section I com-
pute the squared amplitude (real numbers) of the different processes discussed
previously and I also evaluate the probability that these processes take place.

The free parameters that are left in the equations derived in the previous sec-
tions are the capacitances, although some constraints have to be imposed on them.
The values they take must satisfy:
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60 Dynamics of operation of the Quantum Switch

a) Cyyq < Cyy. This condition is used to impose a cutoff in the Taylor expansion
of the Hamiltonian, to ensure that the rotating wave approximation holds and
to decouple the transmon to the outgoing transmission lines.

b) Tr3 = 67r. This condition is already satisfied if 7%y /@3 = ¥3/(324C;) is
imposed.

¢) Similarly, 741 = 72,1 (and the same for 3a, 3b). With these conditions, the
scattering amplitude for a photon being transmitted —when it has the right
energy— is maximized.

d) For the same reason, Ty, 1 = 72,42 has also to be imposed.
e) 7ri and 773 have to be much larger than the lifetimes of the SQUIDs.

f) Finally, and possibly more important, the energy of the SQUID levels and
the coupling strengths have to be such that @y, — J12, = w3, — J33, and also

W — J12p = @3p — J33p. They also have to satisfy @y, # o) # W34 # O3
With these conditions is not possible to obtain an explicit set of values for the

capacitances. Multiple choices can be made, but none of them completely satisfies
these constraints. The set of capacitances I propose is

C,=0.1C
Coa=12Cy Cosa = 0.1824 C
Cyp=1.1Cy Coyp = 0.1934 C
Csu = Ci Casa = 0.1650 C
Csp = C Cag = 0.1799 C, (4.33)

. 2 . .
with C| = 10‘9% F. So the capacitances take values of the order of picofarads
and femtofarads, which are realizable values [49]. With this set of variables, the
energies of the transmon excitations are

or; =7.18884-10° Hz (4.34)
o) =1.43829-10'° H; (4.35)
o3 =2.19266-10'° Hz, (4.36)
and for the SQUIDs, the excitation energies are
e =1.0277-10° Hz (4.37)
@y, =1.1615-10° Hz (4.38)
W34 =1.05288-10° Hz (4.39)
wy, =1.18562-10° Hz. (4.40)
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61

The coupling strengths are also obtained from the capacitances

Ji2a = 1.85615-10" Hz
Jiop =2.09586- 107 Hz
J13q = 1.90274 - 10" Hz
Jizp =2.13998 - 107 Hz

Jroa = 3.14956- 10" Hz
Joop = 3.43797-10" Hz
Ja3q = 3.29556- 10" Hz
Josp = 3.54703- 10" Hz

J304 = 4.09808 - 107 Hz
Jyop = 4.32139- 10" Hz
J33q = 4.37402- 10" Hz
J33p = 4.50719- 107 Hz.

The values of the energies are in a range common in the related literature [49-51]
and the values of the coupling strengths, two orders of magnitude smaller than the
energies of the SQUID excitations, are also usual in other similar works (see, e.g.,
Neumeier et al. [17]). These values of the capacitances also satisfy:

1) Cosq = Cyy/5. If the difference were larger, then the lifetime of the transmon
would be much smaller than it is now. In this case, the transmon might also
be coupled to the outgoing transmission lines.

il) Tq1 ~ 40077. This is exactly the opposite of the expected behavior. To ob-
tain this relation between 7,1 and 77 I have assumed that V; —and thus, A|—
are the same for any incoming pulse, but they may depend on the frequency
of the pulse and also on other quantities, such as the cavity quality factor Q
of the transmission line, related to the Purcell effect [52]. Although I do not
expect this relation to be much different after considering a non constant Ay,
I will consider that, in the case of the two-photon scattering, the lifetime of
the transmon is infinitely larger than that of the SQUIDs. This assumption
simplifies the calculations.

i) To41 ~ ‘3—‘%71. This is because different capacitances have to be given to the
SQUID’s capacitors. Otherwise they all would have the same energy. This
small difference does not have a big influence in the scattering amplitudes, as
will be shown in the next sections.

iv) The last condition is identically satisfied: @,, — J124, = W34 — J33, and also
Wy — J12p = W3p — J33p. Although it may seem that the energy of the SQUID
excitations are similar, they are different enough , as will be seen during the
numerical integration.

Regarding the relation between 7y, 1 and 7y, 2, it can be imposed by hand be-
cause they are independent, but their values have to be chosen wisely. Recall that,
from Eq. (3.24) to (3.33), the lifetimes depend on some variables A, A> and A3. If
we want to make the system scalable, these have to be the same. Imagine that they
are not, and imagine that the lifetimes satisfy 7,2 = p 7,1 for some p which, in
case the system is scalable, is p ~ 25 [with the capacitances given in Eq. (4.33)].
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62 Dynamics of operation of the Quantum Switch

Near p = m,, the scattering amplitude for the transmission of a photon would go
as S~ 2%, which goes to 0.38 for p ~ 25. In the following calculations, I will
consider p = 1, so the amplitude will be maximized.

The values I have taken for the lifetimes are

r1=1-10""s (4.41)
Tr3=6-10""s (4.42)
Toa1 =Ta2 = Taal = Ta3 =410 (4.43)
Top1 =Topn = T3p1 = T3p3 =3 1077 s. (4.44)

These values —both their magnitude and their ratio to the energy of the excitations—
are common in the related literature [49-51].

Now that a choice for the capacitances and, thus, the energies and all the other
parameters of the system have been presented, the scattering amplitudes can be
evaluated numerically and their behavior as a function of the momentum of the
photons can be analyzed. Besides these amplitudes, the probabilities are also
obtained in the next sections.

4.3.1 Without decoherence

For the sake of simplicity, I will first consider an ideal case where decoherence
is not present in the system. The following figures contain the probability ampli-
tude squared (to make it real) without being convoluted with the Lorentzian pulse
shape, but I do have considered that the momentum of the incoming photon is
equal to the momentum of the outgoing photon®.

Reflection

When a photon is sent through the transmission line 1, it can be either transmit-
ted or reflected, as show the Hamiltonian previously derived. Let us focus on
the case where the photon is reflected. It can be reflected in two different ways:
the photon can reach the end of the transmission line and come back or it can
be absorbed by the device and be emitted into the transmission line again. In or-
der to study the two different cases, the incoming transmission line can be split
(or unfolded) is such a way that it is extended from —oo to oo, as in FIG. 4.1.

#This comes from the momentum conservation imposed by the Dirac delta function in the
scattering amplitudes.
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' Device
1

O
a3
<
=1
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""" R —> L II00NNNeNeNNII

Transmission line 1

Figure 4.1: This figure shows how the transmission line have to be transformed. The
first picture represents the actual device introduced in the previous chapters and, in the
incoming transmission line, the arrows show the path followed by a right-moving photon
that is reflected without being absorbed. The transmission lines have to be split (sym-
bolically, not physically) in the way shown by the second and third pictures. This way,
a right-moving photon that is reflected without being absorbed always goes to the right
whereas a right-moving photon that is reflected after being absorbed, first go to the right,
is absorbed and then is emitted back as a left-moving photon (and goes to the left).

An incoming photon that is reflected without interacting with the device goes,
in this new representation, from —oo to oo, whereas a photon that is reflected by
the device goes from —oo to O (the position of the device), is absorbed and then
is emitted back into the transmission line heading to —eo again. This is real-
ized by considering “left-moving” and “right-moving” modes within the incom-
ing pulse: by, (k) = (r1in(k) +lin(—k))/ /2 [48], where ry;, stands for incoming,
right-moving mode in the first transmission line (not to be confused with the re-
laxation operators) and /;, stands for left-moving. The amplitude for a photon
that is absorbed and emitted back in the same transmission line is

Su(p,k)=—

Tilp)+ o+ S (o - ) A+ (5 + B8 26
) 8(p—k) (5 + - 0a(p))
B+ B () 75+ (+ ) 7
) 8(p k) (5 + 7y ()
Bt S () R (2 B R
(4.45)
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64 Dynamics of operation of the Quantum Switch

whereas the amplitude for a photon being reflected without interaction is

Siv(p,k) = 0(p—k)+Su(p,k) (4.46)

with the a’s and 7"’s the same as before. The difference between these expressions
and the full scattering amplitude with only even modes (by;,) is that, in these two
expressions, the factors of two in the numerators have disappeared.

The total amplitude for a photon being transmitted, independently of how this
happens, is S1 = S1y + S1;. The curves in FIG. 4.2 and FIG. 4.3 show the mo-
mentum dependence of S| and also Sy;. In the first figure, the red curve shows
the amplitude for a photon with energy around @7 and @r3 being reflected (in
any way). The green curve shows the probability that the photon is absorbed and
reflected. The data in red is completely flat whereas the data in green is zero ev-
erywhere except for two peaks that go up to 1. This means that if a photon with
energies around w7 and w73 but not exactly wr or @r3 is sent to the switch it
will just be reflected without interacting with the device. If the photon has en-
ergy wrp or @rs3, it will always be absorbed by the transmon. Moreover, this also
shows that if the photon is absorbed by the transmon, it is always reflected.

Consider an incoming pulse shaped as a Lorentzian curve (in momentum
space) with width 1/7; and momentum ;. If 7; is much larger than 77| —it
can be up to three or four orders of magnitude larger, with the numbers I have
introduced® — then the integral of the product of the Lorentzian times the curve
S17 —that is, the probability that a photon is absorbed and reflected— goes to one.

Take a look at Eq. (4.45). Near p — w7y the amplitude goes to one, but near
p — o3 it only goes to one if 773 = 677;. Something similar happens with all
the other lifetimes. This is the reason why the constraints (b), (¢) and (d) had to
be imposed

In FIG. 4.3 the behavior is quite different. The red curve tells us that the pho-
ton will be reflected as long as its energy does not coincide with the excited state
of the SQUIDs (my,, @y, W3, Or @sp). If it coincides with one of these energies,
the incoming photon will not be reflected. That means that it will be absorbed by
the SQUIDs and transmitted forward into one of the outgoing transmission lines.

Regarding the green curve, its explanation is more complex. In FIG. 4.3, 4.4
and 4.5 the red curve shows that a photon with enough energy to excite any of

$ A single photon pulse of these characteristics can be obtained by the emission of a photon by
a single-mode cavity with resonant frequency @ and spontaneous emission lifetime comparable
to 7; [53]. Artificial atoms with this lifetime have been recently demonstrated [49, 50].
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Figure 4.2: These curves describe the probability amplitude squared for the reflection of
a photon by the proposed device in the high energy range (around wr| and ®r3). The
red line gives the probability of reflection of an incoming photon as a function of the
momentum, and the green curve gives the probability that a photon is absorbed by the
transmon and reflected back.
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Figure 4.3: This figure describes the reflection of a photon by the quantum switch in the
low energy range (around w,, Wy, W3, and @sp). The red line gives the probability of
reflection of an incoming photon as a function of the momentum, and the green curve
gives the probability that a photon is absorbed by the SQUIDs and reflected back (only
right-moving or left-moving modes).
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66 Dynamics of operation of the Quantum Switch

the SQUIDs is never reflected. The same figures also tell us (green curves) that
if the transmission line is split in a way such that right- and left-moving photons
can be considered, if a left-moving photon —or a right-moving photon— is sent to
the device there is a non-vanishing probability that the photon is reflected. This
seems to contradict the previous statement, but it does not. In the first case an
even photon, defined by bjn = (rjn + l;) / /2 is absorbed, and the amplitude prob-
ability squared of obtaining a reflected even photon is computed. In the second
case, a right-moving photon rl.Tn is absorbed and the amplitude probability squared
of obtaining a reflected right-moving photon is computed. This amplitude, be-
fore squaring, is 0.5. The amplitude for a left-moving photon being obtained after
sending a right moving photon gives —0.5. The total amplitude of reflection is the
sum of the two processes, which gives identically zero, but the figure only shows
the square of one of the processes.

Hence, we can conclude that if an incoming photon has enough energy to ex-
cite a SQUID, it is always transmitted as long as it is described by an even mode,
otherwise there is a probability of being reflected. In the case of an odd mode
blTn =(r], — l;) //2 [48], the photon is always reflected.

The curves in FIG. 4.4 and FIG. 4.5 show the same as those in FIG. 4.3 but
with a closer look at the energies @, and @3, in the first of the figures, and around
a»p, and @3 in the second. In all these figures, and also the ones that follow, it
is very important to notice that there is no overlap between the peaks in the am-
plitudes, except in the case when a perfect overlap is needed (last figures). This
means that the separation between the energy levels is just right and that a photon
that is meant to excite one definite energy level will not excite any other than that.

Transmission

FIG. 4.6 and FIG. 4.7 show the probability amplitude of a photon being transmit-
ted to the second (and third) transmission line in three different cases. In the first
case (red line) the photon is transmitted only if its energy is @wp, or @y, (W3, or
3p). In the second case (green line), the first level of the transmon is excited and,
because of this, the photon can only be transmitted if its energy is @y, — Ji24 Or
W — J12p (W34 — J134 OF W3, — J13p, for the other figure). In the third case (blue
line), the third level of the transmon is excited and, because of this, the photon
can only be transmitted if its energy is @y, — J3p, Or W) — J3pp (34 — J334 OF

W3 — J33p).

The most interesting curves are those in FIG. 4.8 and FIG. 4.9. When a photon
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Figure 4.4: Reflection of a photon by the quantum switch in the low energy range. In this
case the probability amplitude ranges within energies around which the SQUIDs labeled
with an a are excited (0, and W3,).
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Figure 4.5: Reflection of a photon by the quantum switch in the low energy range. In this
case the probability amplitude ranges within energies around which the SQUIDs labeled
with a b are excited (;, and @3p).
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Figure 4.6: The probability amplitude for the transmission of a photon to the second
transmission line is plotted in this figure. The red curve gives the probability of trans-
mission of an incoming photon as a function of the momentum, the green curve gives
the probability of transmission when the first transmon level is excited and the blue curve
gives the probability of transmission when the third level of the transmon is excited.
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Figure 4.7: The probability amplitude for the transmission of a photon to the third trans-
mission line is plotted in this figure. The red curve gives the probability of transmission
of an incoming photon as a function of the momentum, the green curve gives the proba-
bility of transmission when the first transmon level is excited and the blue curve gives the
probability of transmission when the third level of the transmon is excited.
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Figure 4.8: The probability amplitude for the transmission of a photon to the second and
third transmission lines through the SQUIDs labeled by a is shown in this figure. The
red curve gives the probability of transmission of an incoming photon as a function of the
momentum, the green curve gives the probability of transmission through 2a when the
first transmon level is excited, the dark blue curve gives the probability of transmission
through 3a when the first level of the transmon is excited, the magenta curve gives the
probability of transmission through 2a when the third level of the transmon is excited and
the cyan curve gives the probability of transmission through 3a when the third level of the
transmon is excited. The green curve cannot be seen because it is behind the cyan curve
(full overlap).

is sent in, it can be sent with only four different frequencies: if it has frequencies
w71 or @r3 the photon will excite the first or third energy levels of the transmon;
if we want them to be transmitted the photon has to be sent with enough energy
to excite either the SQUIDs labeled with a or the SQUIDs labeled with b. The
device is designed in such a way that the energy needed to send a photon through
2a when the first level of the transmon is excited is exactly the same as the energy
needed to send a photon through 3a when the third level is excited. This way
it is the transmon —or the first photon, which is absorbed by the transmon— who
decides to which transmission line the following photons are transmitted.

Let me consider first FIG. 4.8. In this figure there is a red curve that shows the
probability amplitude for a photon being transmitted through a to the second or
third transmission line. There is also a green line that shows the probability for a
photon being transmitted through a to the second transmission line when the first
level of the transmon is excited. The blue line gives the probability that a photon
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Figure 4.9: Transmission of a photon to the second and third transmission lines through
the SQUIDs labeled by b. The lines represent the same as in the previous figure. The
green curve cannot be seen because it is behind the cyan curve.

is transmitted through a to the third transmission line while the first level of the
transmon is excited. There is also a magenta line that gives the probability for a
photon being transmitted through a to the second transmission line while the third
level of the transmon is excited. Finally, the cyan curve shows the probability that
a photon is transmitted through a to the third transmission line when the third en-
ergy level of the transmon is excited. The cyan and the green curve are perfectly
overlapping.

Imagine that an incoming photon (the second) is absorbed, and that this pho-
ton is supposed to excite the first level of the transmon on the next node of the
network. This means that it has to be transmitted through either the low energy
SQUID that leads to the second transmission line or the low energy SQUID that
leads to the third transmission line. This is, the SQUIDs labeled with a, so this
photon is sent with some energy ,. In this plot we expect to see two red, sep-
arated peaks that must not be excited. These have energy m,, and @3,. We also
expect to see a blue and a magenta peak, separated as well. They have energy
3, — J134 and o, — J32,4, respectively. These are not supposed to be excited
either. Finally, we expect to see two overlapping peaks (green and cyan) with en-
ergy W, = Wy — J124 = W3, — J334 corresponding to the energy of the SQUID 2a
when the first transmon level is excited (green) and to the energy of the SQUID 3a
when the third transmon level is excited (cyan). Summarizing, when an incoming
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4.3 Numerical integration 71

photon (the second) goes to the switch with energy @, it is transmitted through 2a
if the first energy level of the transmon is excited or through 3a if the second level
of the transmon is excited. The last figure displays the same behavior but with the
other two SQUIDs.

As I said before, the probability is found by calculating the convolution of
these curves together with a Lorentzian curve centered at @, and with width 1/7,.
For the variable 7, I have taken 7, = 10~* s, which is a realizable value [49, 50, 53].
With this value, which is much larger that the lifetimes of the excitations, the
shape of the incoming pulse is a curve much narrower than those in the FIG. 4.2
to 4.9, so the convolution will give a probability as large (or small) as the value the
scattering amplitude (squared) takes for the frequency @y of the incoming photon.
In the next section, where dephasing is considered, the probabilities are computed
to give the exact value they take (not just one or zero, as in this section) for each
possible process.

4.3.2 With decoherence

The decoherence processes are present in the expressions for the scattering am-
plitudes with the parameters ¥, ¥, (relaxation and dephasing). I have assumed
that both take the same value y = 10* s~!, for the transmon excitations and
y =103 571, for the SQUID excitations. These are realizable values in systems
with similar energy scales [51, 54]. Moreover, I have considered 773 = 377 to
account for all the possible relaxation processes that may experience the third ex-
cited level of the transmon (see Section 3.4).

The scattering amplitudes computed before [in Eq. (4.5) and (4.28)] become,
in the presence of dephasing and relaxation processes and near wr; — p — 0 and

O)Za_p—>0,

1—3yr
Si~— g’/ Tl (4.47)
L+ 37711
1
Sip . (4.48)
1+§y72a71

If we consider a transmission line split like in Fig. 4.1, then Eq. (4.46) and (4.45)
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72 Dynamics of operation of the Quantum Switch

become (near wr; — p — 0, as well):

3
2771
Siy ~— 55— (4.49)
L+ 3ytr1
1
Syy~——s—. (4.50)
1+ 1yt

The full scattering amplitude for all these processes will not be derived again.
These are just the same as in the previous section (see FIG. 4.2 to 4.9) but with
smaller peaks (and slightly wider). Instead, in this section, the probability of re-
flection and transmission of photons through the quantum switch in a few different
cases is computed. These probabilities now include the possible decoherence pro-
cesses.

Single-photon processes

The probability p; 71 for an incoming photon with frequency @, = wr; being re-
flected by the quantum switch is expected to go to one. The same behavior is
expected for a photon with frequency @; = @r3, both in the case the photons are
even modes or just right- or left-moving particles. However, with the introduction
of the dephasing processes, these probabilities are slightly different. The proba-
bilities py 71 and py 73 are, for even modes,

p1,r1 =0.997 4.51)
P13 =0.947. (4.52)

This is the total probability: it accounts for the process where the photon is ab-
sorbed and reflected and also for the process where the photon is just reflected
without being absorbed. If the incoming photon is a right- or a left-moving mode,
these probabilities are slightly larger:

p1,r1 =0.998 (4.53)
p1,r3 =0.973. (4.54)

Thus, even modes are more likely to experience a decoherence process. Neverthe-
less, these are quite large values, if we take into account that the dephasing ratios
have been taken larger than usual.

If the incoming photon has enough energy to excite a SQUID (without the
presence of a transmon excitation), that is @, = @,,, the probabilities that it is
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4.3 Numerical integration 73

reflected by the device (p1 24,) as an even mode or absorbed and reflected (p1 24,1)
as a left-moving or right-moving mode are

Pl2ae=1.92-1072 (4.55)
P1,.2a, =0.238. (4.56)

Photons with enough energy to excite the SQUIDs should not be reflected, so it is
advisable to work with only even modes, although this makes the probability of
reflection of the photons with larger energy (w7 or @r3) smaller.

In our scheme, the incoming photons can have energy wr; or wr3 if they
are the first to arrive at the switch, and energies @, = @y, — J124 = W3, — J33,4 OF
Wp = Wy — J12p = W3p — J33p, for the rest of the photons. Therefore, we have to
make sure that a photon with energies @, or @ are not transmitted if the transmon
is not excited. The probabilities of transmission of a photon with energy @, being
emitted into the second transmission line (p; ) or into the third transmission line

(p3,4) are

P2.4=9.80-107° (4.57)
P3a=2.31-107°. (4.58)

These are virtually zero.

Two-photon processes

More interesting is the case where the transmon is excited, either its first level or
the third. In the case the first level of the transmon is excited, the next incoming
photon must be transmitted only into the second outgoing transmission line, inde-
pendently of whether its energy is w, or @,. The probabilities for the transmission
of a photon in any possible case where the first transmon level is excited are

P2.a(T1) =0.952 (4.59)
P2.y(T1) =0.964 (4.60)
p3.a(T1)=1.63-107° (4.61)
p3p(T1) =1.47-107°, (4.62)

where the first of them is the probability that an incoming photon with energy @,
is transmitted to the second transmission line, p; ,(T'1) is the probability that an
incoming photon with energy @) is also transmitted to the second transmission
line and p3 4(7T'1) and p3 ,(T'1) are the probabilities that an incoming photon with
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74 Dynamics of operation of the Quantum Switch

energy , or wy are transmitted to the third transmission line while the first, and
not the third, transmon level is excited. In the absence of decoherence, the first
two probabilities [Eq. (4.59) and (4.60)] are expected to go to 1 because the in-
coming photon has the right energy to excite the SQUID labeled with 2a and 2b,
respectively, and thus, be transmitted to the second transmission line. The other
two probabilities [Eq. (4.61) and (4.62)], on the other hand, are expected to go
to zero because in that case, the incoming photons do not have enough energy to
excite the SQUIDs that are coupled to the third transmission line.

If the third level of the transmon is excited, the behavior should be the oppo-
site. The probabilities found in this situation are

P2.4(T3)=7.12-1077 (4.63)
p2s(T3) =2.94-1077 (4.64)
p3.4(T3) =0.952 (4.65)
p35(T3) =0.964. (4.66)
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Chapter

Implementation of the Quantum
Switch into a QRAM

5.1 Not all the requirements can be fulfilled

In the previous chapters I have introduced and analyzed a superconducting device
capable of routing photons through different paths. The purpose of this quantum
switch is to route an n-photon register from a root node to the memory cells in
a quantum random access memory. In order to perform this function, the device
must satisfy some requirements already discussed previously. These include:

1. A multilevel device coupled to three transmission lines. The proposed
device must be coupled to an incoming transmission line, where the photons (ad-
dress register in a QRAM) come from, and also to two outgoing transmission
lines, thus creating the bifurcating path needed to build up a QRAM. This device
must work independently, in the sense that an external interaction to control it
(opening/closing the switch) is not needed. This device is the one proposed in
FIG. 2.6, and is operated solely with the incoming photons it absorbs and emits.
Moreover, this must have different energy levels (see the different energy spec-
tra in the plots in Section 4.3.1) that interact differently with the photons and the
transmission lines, as shown in FIG. 3.1.

2. Excitation of higher levels. In order to achieve the desired transmon-SQUID
interactions that modify the energy spectrum of the device when two photons are
absorbed, the higher levels of the transmon must be accessible by the absorption
of a single photon. This is realized by introducing a nonlinear capacitor in the
transmon (Sections 2.2 and 2.3).
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76 Implementation of the Quantum Switch into a QRAM

3. Perfect absorption. The incoming photons have energy @wr; or @r3 to match
the two accessible energy levels of the transmon (in case it is the first photon to
be absorbed by the switch) or energy @, or @ if the photons are to be transmitted
after the transmon has been excited. An incoming photon with the right energy
is always absorbed by the device. This behavior is shown in Section 4.3.1 and
it is due to an adequate energy spectrum of the device and the right value of the
lifetimes of both the transmon and SQUIDs.

4. Reflection/transmission when necessary. After the incoming photon is ab-
sorbed it must be emitted back into one of the transmission lines, or the other,
depending on the energy of the photons and the state of the excited transmon. The
plots in Section 4.3.1 also show this behavior, which is described by the Hamilto-
nian in Eq. (3.47).

S. The transmon decides. After the first photon is absorbed (always by the
transmon), the following photons are also absorbed by the device but they are
only emitted into one of the outgoing transmission lines. It is the transmon which,
according to the level that is excited, modifies the energy spectrum of the SQUIDs
and forces the photons to be absorbed by only the SQUIDs that lead to one of the
transmission lines, as is described in FIG. 3.1. This transmon-SQUID interaction
is contained in the Hamiltonian in Eq. (3.43).

6. Scalability. In order to make the system scalable, which is necessary if we
want to construct a QRAM based on a network of these quantum switches, there
can only be two different energies: @, and w,. In a QRAM, when the second pho-
ton is transmitted it becomes the first of the new address register and, thus, will be
absorbed by the transmon at the next quantum switch it will encounter in its way
to the memory cells. It is necessary, therefore, that the second photon (and also
all the rest) have the same possible energies as the first (w7 or @r3), but with the
proposed device, the flux ¢, (see FIG. 2.6) is influenced by the transmon and all
the SQUIDs, whereas the other four fluxes are only influenced by the elements in
their nearest SQUIDs. This is what makes the energy of the transmon (atom-like
element described by the flux ¢;) larger than the energy of the SQUIDs for any
choice of the capacitances and Josephson energies.

A possible solution to this problem may be to add another device between
the nodes that enlarges the energy of only the first photon (without measuring
it, otherwise the wave function will collapse) and leaves the others with the same
energy. Simulated Raman Adiabatic Passage (STIRAP) processes may be a candi-
date for a device capable to transfer the population of a quantum state (with lower
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5.2 How to get to the memory cells 77

energy) into another (with higher energy). These processes have been studied in
circuit-QED systems in [55, 56].

7. Lifetime relations. Since the transmon has to remain excited while all the
photons go through the device, its lifetime must be larger than the lifetimes of the
SQUIDs, but for the same reason described in the previous paragraph, the behav-
ior is totally the opposite [see Eq. (3.24) to (3.33) and also Eq. (3.48) and (3.50)].
Thus, for a correct performance of the quantum switch, a way to extend the life-
time of the transmon must be found. One possibility may consist of making use of
the Purcell effect, which can be used to extend the lifetime of the transmon [52]
and also to reduce the lifetime of the SQUIDs [57]. Moreover, if the system is
scalable then 7,1 # T2,2. These two lifetimes must be equal or similar for a
good performance of the device, as discussed in Chapter 4 (Section 4.3).

8. Absence of undesired interactions. The Lagrangian derived for the device
in FIG. 2.6 led to a Hamiltonian with many interactions that should be canceled in
order to obtain a quantum switch that routes the address registers without losing
information by means of undesired processes such as e.g., a transmon excitation
that decays into a SQUID excitation plus a photon. All these processes have been
successfully canceled (or minimized) in Section 2.5 by introducing some extra
inductors, by tuning the Josephson energies and by imposing some constraints to
the capacitances (see also Section 3.1).

9. Low decoherence. Finally, any quantum device suffers from decoherence
and this is not an exception. Nevertheless, with the values for the decoherence
parameters used in Section 4.3.2, the quantum switch I propose can perform the
work it is designed for with a small probability of failure.

Almost all of these requirements have been successfully satisfied, and those
that cannot be realized may be amended by introducing extra elements into the
system. Let us assume that these elements exist and can be easily implemented.
Now that we know which are the basic elements needed to fabricate a QRAM, it
is time to ask ourselves how can a register of photons arrive at the memory cells
and come back with the information they contain.

5.2 How to get to the memory cells

In this section I consider two cases: (1) the lifetime of the transmon is very large
(Tr1 >> T24,1), and (2) it is smaller than that of the SQUIDs but large enough to
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78 Implementation of the Quantum Switch into a QRAM

make the quantum switch work (771 < T2q,1)-

Consider, for simplicity, a QRAM formed by a root node, a quantum switch
and a memory array with only two memory cells (¢ and ¢;), each containing a
classical bit (either 1 or 0). For this device, the address register consists of two
photons: the first of the photons is the one that excites the transmon, and the sec-
ond (the bus photon) is the photon that interacts with the memory cell to extract
its content. Each of the photons can be either in the state |a) or |b), with energies
@, or @y, respectively”, but I will consider that the bus photon is always in the
lowest energy state.

If we want to extract, from the QRAM, a wave function containing a superpo-
sition of the content of the cells ¢; and c;, a superposition of address registers have
to be sent to the QRAM. This will consist of a photon in the state |a) together with
a bus photon —in the state |a) as well- in a quantum superposition with a photon in
the state |b) together with another bus photon. The wave function of this address
register is

1

v) 7 (la) @) +1b) [a)). (5.1)
When the register arrives at the switch, the first photon is absorbed and the second
is transmitted, as described in the previous chapters, but the wave function is not
modified. Since the address register is in a superposition of states, the second
photon will be in a superposition of states, also, between the transmission lines
leading to ¢ and ¢;. When the second photon arrives at the memory cells, they
encounter an operator

Ux)=(1-x)1@1+x1® () (b]+|b) (a]). (5.2)

where x is the content of the memory cell and can be either O or 1. The first
identity acts on the space of the first photon and the second acts on the space of
the second photon. Thus, if the content of the cell is 0, the state of the photon does
not change and if the state is 1, it does. In a QRAM with ¢; = 1 and ¢; = 0, after
reaching the memory cells, the wave function |y) becomes

V') = f (la) b) +|b) |a)) - (5.3)

If the QRAM contains n levels of nodes (2" — 1 quantum switches, the root node
is the first level), then n+ 1 photons are needed and the wave function |y) can

*Imagine that either the transmon and the SQUIDs have the same energies or that there is an
element before the switch that enlarges the energy of the first incoming photon.
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5.3 Retrieval of information 79

contain the superposition of up to 2" address registers.

Let us consider now the case (2) where Tr; < 74,1, but considering that these
lifetimes are such that when the transmon is excited, the second photon has enough
time to be absorbed before it decays. In this case, after the two photons have
been absorbed, the transmon excitation decays emitting a photon with energy
o}, < or; (or @} < or3), whereas the SQUID will emit a higher energy photon.
This energy difference may not be a problem if there is a device before each node
that rescales the energies of the incoming photons. The problem is that, in this
case, no more than one photon can be transmitted. This can be amended by send-
ing more photons: if we want to send two photons through one of the switches
we will need to send one photon (this will excite the transmon and decay while
the second photon is absorbed), then a second photon will be absorbed and trans-
mitted; after this another photon equal to the first —it has to excite the transmon in
exactly the same way as the first— will be absorbed, and finally a fourth photon will
be absorbed and transmitted (second transmitted photon). For an n-level QRAM,
since only half of the photons are transmitted (the other half are absorbed by the
transmon and reflected), 2" photons will be needed. For large QRAMs this is not
optimal because it may not be possible to keep 2" photons coherently coupled.

In any case, since the reflected photons are all identical, the wave function of
the photon that has arrived at the memory cells is the same as before.

5.3 Retrieval of information

Now a photon (or a superposition) has reached the memory cells, but this is not
enough. This photon has to come back. It cannot be reflected to the same path
it came because the transmon have already decayed and emitted a photon (the
switches are closed), so the bus photon must go through another path. Once the
photon has interacted with the memory cell, it can be routed via superconducting
hybrid ring couplers [27]. A schematic representation of this QRAM is shown in
FIG. 5.1. The output will be a single photon whose state is a superposition of the
content of the memory cells that have been evaluated, weighted by the amplitudes
given by the states of the other incoming photons (that excited the transmon): just
the wave function described in Eq. (5.3).

TThese devices can route a photon through different paths according to their energy. They can
be fabricated in a way that route all the photons (with any of the two possible frequencies) to the
same path. For more information see [27].
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Flow of the bus photon
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Input Output
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Figure 5.1: This is a schematic representation of a 4-bit QRAM containing a mechanism
to extract the bus photons once they have interacted with the memory cells. This is com-
posed of an input bifurcation path with quantum switches at its nodes, an array of memory
cells, each labeled with ¢ to c4 and another bifurcation path. This last element contains a
superconducting hybrid ring coupler at each node, and its function is to route the photons
from the memory cells to the rightmost node. While the first (two) photons of the address
register are absorbed and reflected, the bus photon goes all the way from the left to the
right of the picture.

This photon can be used to do calculations where a superposition of the input
data is needed, but it could also be used to read the information of a single mem-
ory cell with complete privacy [16].

In the latter, a question is sent in (address register) and an answer is obtained
(bus photon), but in order to read the answer, which can be in a superposition
of states, the complete initial register (question) is needed. That is, the photons
absorbed and reflected by the transmons are needed. These can be recovered by
making use of the same superconducting hybrid ring couplers, but they can also
be obtained if, at the beginning of the whole process, two identical instances of
each photon are created. One of each pair is sent to the QRAM (and lost) whilst
the other is kept to decode the output information. This may not be suitable if the
address register is constructed using the output of a quantum computation (e.g.,
a wave function describing a mixed state) because the wave function that has to
generate the address register cannot be copied®. But in case we want to create a
“hand made” quantum register, we can as well create two of them.

#The No-cloning theorem does not allow to make copies of arbitrary unknown quantum
states [11].
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5.3 Retrieval of information 81

Whether the photons absorbed by the transmon are recovered or are lost, the
process of reading the content of a memory cell without anyone knowing which
cell has been evaluated consists in the following steps: imagine that Alice wants
to evaluate the content of the cell ¢; located in a QRAM in Bob’s computer, but
she does not want Bob to know which cell is evaluated.

e Alice prepares an (n+ 1)-photon register with a superposition of the ad-
dresses to m different memory cells and sends it to Bob. The first n photons
contain the instructions to arrive to the memory array, and the last photon is
the bus photon. The wave function is given by |y;) = \/Lﬁ(|c1> la)+---+

lem) |a@)), where |¢;) contains the instructions to arrive to the memory cell ¢;
and |a) is the bus photon (always initialized to |a)).

e Bob sends the register into the memory array and obtains an output photon,
given by |y]) = \/Lﬁ (le1)|a) + -+ |cm) |P)). Now the bus photon contains
the information previously stored in the memory cells (either a or b). He
sends this photon back to Alice. In case the other photons can be recovered,
he sends them to Alice as well.

e Alice constructs a new register |y») with the photons reflected by the trans-
mon, in case they could be recovered, or the other copies of the same pho-
tons, in case the first register is lost. At the end of the register, instead of
adding a bus photon, she adds the photon she received from Bob, which
contains a superposition of the content of m memory cells. Since the ad-
dress photons of this register are the same (or identical) to those in |y),
this state is the same as |y)

e In order to read the content of ¢}, she needs a QRAM with the same charac-
teristics as Bob’s. Alice sends the new register to her own QRAM, and the
last photon arrives at the memory array.

e If Alice wants to read the content of the ¢; memory cell in Bob’s QRAM,
she only has to evaluate the state of the photon in the cell c;. on her own
QRAM. This way she is collapsing the wave function in the c; direction,
leaving only one single ket with the content of the cell she wants to evaluate.

If Bob reads the register Alice sent him, the wave function will collapse and Alice
can detect it by measuring other memory cells. Thus, Alice can detect if her
privacy has been violated®. The full process is depicted in FIG. 5.2.

$More details on how to detect Bob’s intrusion can be found in [16].
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Figure 5.2: This figure shows a schematic representation of the procedure Alice has to
follow to read the content of one of the memory cells in Bob’s QRAM. (1) Alice prepares
a register of photons containing a superposition of the address of the memory cells that
she wants to evaluate. (2) Alice sends the register to Bob and he introduces it into the
QRAM. (3) Bob obtains a photon containing a superposition of the content of the memory
cells. He sends this register to Alice. (4) Alice uses the register she received from Bob to
create a new register. (5) This register is sent to a QRAM identical to that of Bob’s but
with measuring devices instead of memory cells. (6) By measuring the cell c’j, Alice is
collapsing the wave function, revealing the content of Bob’s ¢; memory cell.
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Chapter

The Switch beyond the QRAM

Within a network, the quantum switch proposed and analyzed in the previous
chapters has outstanding applications such as a QRAM, needed for the Grover
search or the Deutsch-Jozsa algorithms [11] and also for quantum private queries
(QPQ) [16], provided that mechanisms are found to enlarge the energy of the
photons that have to be absorbed by the transmon and to extend the lifetime of
the transmon far beyond the lifetime of the SQUIDs (both discussed in Chapter 5,
Section 5.1). The QRAM can e.g., operate within the bucket brigade architecture
proposed in [15].

Besides these significant applications, the quantum switch, by itself, has other
remarkable uses. Some of them make this device different to any other similar
quantum switch or router.

6.1 The switch as a single element

As discussed previously, this element can absorb two photons and transmit one of
them (the second) in one outgoing transmission line or the other, according to the
state of the first photon. This property has some relevant applications:

1. The switch can be used to create an entangled state out of two photons.

2. It can also be used to amplify an arbitrary one-photon signal describing a
quantum state in a two-dimensional Hilbert space.

3. The quantum switch can be used to measure the frequency of a single pho-
ton, provided that only two different (and previously known) frequencies
are possible.
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84 The Switch beyond the QRAM

In the next sections I discuss these three possible applications of the quantum
switch.

6.1.1 Creation of entanglement

Quantum entanglement is a key element in quantum teleportation, quantum algo-
rithms and quantum error-correction, thus is of great utility in quantum computa-
tion and quantum in formation [11]. Entanglement between two photons can be
created using the device proposed in FIG. 2.6. Imagine that a state

) =
V=

has to be created, where a and b label two possible states, one being a low energy
state and the other a high energy state. To create this entangled state two photons
are needed. The first should be in the superposition

(la) |a) +1b) b)) (6.1)

1
01) =7 (la) +10)). 62
while the other can be in the state

|$2) = |a). (6.3)

Consider an individual quantum switch with a device in one of the outgoing trans-
mission lines that changes the energy of the transmitted photon (a NOT gate) but
nothing in the other outgoing transmission line. After the first photon is absorbed,
since it is in a superposition of states, the switch will forward the second photon
into a superposition of the second and the third outgoing transmission lines. The
output state will be given by

) = % (1a) la)s + B) la)s), 6.4)

where the subscripts describe at which transmission line the second photon can be
found. Since there is a NOT gate in one of the transmission lines that acts on, e.g.,
la), , at the very end of the process, the output state will be

1

) 7

Thus a two-photon entangled state will be created.

(la) la) +1b) b)) (6.5)
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6.1 The switch as a single element 85

6.1.2 Amplification of single-photon signals

When two people want to communicate through a noisy channel some mechanism
has to be introduced to preserve the information to be transmitted. If a single pho-
ton is sent, there is a non-zero probability for the photon to be lost. It is convenient,
for this reason, to amplify the signal. That is, to send, not one, but lots of pho-
tons carrying the same information. This can be achieved by creating an n-photon
entangled state® using the same procedure as in the previous section but sending
more than one photon while the transmon is excited.

Even in the case that some of the photons are lost, a group of them may arrive
at the final destination and transmit the information contained in the first photon
absorbed by the quantum switch (provided that the wave function has not been
collapsed due to the noise in the channel). The performance of this process can be
quantified by the number of photons that the quantum switch can transmit while
the transmon is excited, that is, by the ratio 7/ Ta,l-

These cat states are also important for open-destination teleportation [59],
quantum secret sharing [11] and fault-tolerant quantum computing [11], among
others.

6.1.3 Measurement of the frequency of a single photon

Single-photon detectors are devices that can detect the presence of a photon and
also measure its energy, but most of the current detectors have a finite probability
of recording false counts [61].

The device I propose can detect single photons with a high probability of suc-
cess provided that the photons can have only two previously known frequencies.
In this scheme, if a photon with energy @y, is sent to an individual quantum switch
with detectors in the outgoing transmission lines, the switch will forward other
photons (with any frequency) to the second (and not the third) outgoing transmis-
sion line, thus only one of the detectors will be triggered. Since many photons
can be transmitted, the signal-to-noise ratio can be made small. Besides detecting
the presence of a photon (absorbed by the transmon), given that only the detector
in the second outgoing transmission line has been triggered, we also know the
frequency of that photon.

*These states are called Schrodinger cat states or Greenberger—Horne—Zeilinger (GHZ) states
and have been realized in multiple systems [58—60].
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For any of these three applications only two SQUIDs are needed, each coupled
to a different outgoing transmission line.
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Chapter 7

Conclusions

This project was aimed at proposing and analyzing a quantum random access
memory based on circuit QED, including possible relaxation and dephasing pro-
cesses during the operation of the device.

In this thesis I have introduced the quantum switch, a central element in a
QRAM. This circuit QED-based device, capable of routing an address register
composed of photons in exactly the way required by the bucked brigade archi-
tecture [15], has been proposed and analyzed. It is composed of SQUIDs and a
transmon (see FIG. 2.6), all of them capacitively coupled, with the peculiarity that
the transmon contains a capacitor whose capacitance does not depend linearly on
the applied potential. This capacitor —which is relatively easy to fabricate [42]—
gives rise to a new set of interactions that I believe have never been studied before
in cQED: with this capacitor, a single photon can be absorbed by the third energy
level of a transmon that was, previously, in the ground state (see Chapters 2 and 3).

The excitation of the third level of the transmon by a single photon was just
one of the challenges I had to face. Others were the difference between the energy
levels of the SQUIDs and the transmon, the relation between 77 and 7, 1 and the
difficulties in analyzing, analytically, two-photon processes. These last obstacles
have been partially solved (this is discussed in Chapter 4), but a more detailed
analysis is needed and more imaginative solutions have to be found.

Beside these drawbacks, a quantum switch that fulfills (at least partially) all
the requirements to be part of a QRAM has been studied, including relaxation
and dephasing processes. This device has proved (in Chapter 4) to operate as ex-
pected, giving probabilities of success above 94% in all the possible processes.
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Applications for this quantum switch have been discussed both in case the
switch is connected to other similar devices to form a QRAM (in Chapter 5) and
in case a single instance of this device is considered (in Chapter 6).

This work must not be regarded as a full study of a quantum switch, yielding
an optimized device capable of routing photons. Much more work has to be done
to improve the switch. A proper way to enlarge the lifetime of the transmon still
has to be found, as well as a device capable of minimizing the consequences of
having two different energy scales in the system (transmon levels and SQUID lev-
els). The two-photon problem has to be solved in order to find the most optimal
time delay between the emission, into the system, of two consecutive photons. If
this is achieved, the number of photons that can be transmitted by the switch while
the transmon is excited can be obtained. This will give a quantitative limit of how
large the QRAM can be (in number of memory cells).

Other systems to extract the information of the memory cells should also be
studied. It is important to recover all the photons that are reflected by each individ-
ual switch, but in this thesis I only give some ideas on how to do it (in Chapter 5).

And last but not least, the dynamics —and also the possibilities— of a single
transmon containing a non-linear capacitor should be studied with much more de-
tail. New interactions and capabilities may emerge, yielding devices such as —and
now I am just speculating— a transmon whose first excited level is not coupled to
the transmission lines. In this device, if an excitation in the second level decays
into the first level, it will remain there for a long time (or infinite time, if the cou-
pling to an external bath is neglected). This may be a good candidate for storing
both classical and quantum information.

I have started this thesis claiming that the forthcoming development of a quan-
tum computer is just a matter of time. Now, at the end of this research project, after
reading and studying lots of papers about quantum processors, quantum memo-
ries, quantum information, etc., I have some more reasons to support my state-
ment. I do not see any impediment for building a quantum processor or a QRAM
(I just proposed one). It is true that state-of-the-art processors contain only few
qubits but, in the last years, the numbers of qubits in these devices have been
slowly increasing. Also, these qubits have been realized in multiple, different
fields (see Chapter 1). I do not think that a quantum computer will be realized any
time soon, but I am fully convinced that it will be realized some day.
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Appendix A

Lagrangians and Hamiltonians in
cQED

Lagrangians are essential elements to study any system within the framework of
circuit quantum electrodynamics. Circuit QED Lagrangians are derived in exactly
the same way as in circuit theory. They are constructed by adding the energy of the
capacitative elements and subtracting the energy of the inductive elements [30].
The only difference is that there is an element in cQED that is not present in classi-
cal circuitry: the Josephson junction. This element, inductive, has energy [29, 30]

E = —FEjcos (2) , (A.1)

%o

where ¢y is the flux quantum divided by 27 and the variable ¢ is the flux across
the two ends of the Josephson element (the difference between the flux at two
nodes of the circuit diagram). The flux ¢ is defined as the time integral of the
potential across the element considered [30],

o) = /_:o V(tdt'. (A.2)

Josephson junctions are usually integrated in circuits with the form of the device
shown in FIG. A.1. This consists of a pair of Josephson junctions connected in
parallel and with a potential difference between the two ends of the circuit.

The diagram in FIG. 2.1, containing four capacitors, two Josephson elements
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92 Lagrangians and Hamiltonians in cQED

X

NE
7%

Figure A.1: This is the circuit diagram of two Josephson junctions connected in parallel.
Each of the Josephson junctions is represented by a cross.

and two node variables ¢ and ¢,, is completely described by the Lagrangian
C . G, C, . G
L="-(@1 =V + (g2 = V) + (91 — )" + T ¢1

+ E;cos (ﬂ) + Egcos ((pl _ (Pz) . (A.3)
o )

The first line describes the energy of each of the capacitances and the second
line describes the energy of the Josephson elements. Recall that, from Eq. (A.2),
the time derivative of ¢; is the potential at the i-th node of the circuit.

The dynamical variables in this Lagrangian are ¢;, ¢, and their time deriva-
tives. The Hamiltonian is obtained from this equation by means of a Legendre
transformation

H=pi¢1+pr¢»—L, (A.4)
with the conjugate momenta
aL . .
4 =90 = (C1+C+G) o1 —Csp — C1V; (A.5)
1
aL . .
=56 = (C2+Cy) 92— Csp1 — G Vo (A.0)
2

In phase space, the Hamiltonian reads

l C1+CS+CZ‘ 2 2CS
H=—(pj+ -
2y (Pl C,+C, P> C2+CSP1P2
C2CS
+2C1Vip1+2 \%
1V1P1 1 C. 2P1
Ci+Ci+ G CCy
20— V; 2 V
+2C, Gt C. 2P2 + C 1192)

2 +Cs
—E;cos (ﬂ) —E cos ((Pl _ (Pz) + Const, (A.7)
%o Po
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A.1 Quantization of the Hamiltonian 93

where y=C; +C; + C?féz' The expression Const contains all the terms with Vlz,

V22 and V1V, (they are not dynamical variables). Although these potentials may
depend on time —since an incoming pulse, a photon, can modify them-— it is safe
to consider them constant and take this Hamiltonian as a particular case, where a
more general Hamiltonian contains the sum of the particular ones with different
values of V| and V;. In any case, all these expressions will be rearranged and
added later.

A.1 Quantization of the Hamiltonian

Before proceeding to the quantization of the Hamiltonian, some transformations
should be done. In order to simplify the notation, it is convenient to work with
the flux ¢; = ¢;/ @o. With this transformation, the canonical commutation relation
becomes [¢;, pi| = ih/ Q.

The fluxes and their conjugate momenta, expressed as a function of some lad-
der operators, can be written as

in [ E; \V* ;
P11 == % (2Ec1) (al —a1> (A.8)
B
o1 = <2§;1)1/4 (a1 +aI) (A.10)
0> = (252) v (a2+4d}). (A1)

= 2 2 . .
with E; =E, +E;, E.| = 877:_@% and E, = %. The interactions between

the transmon and the SQUID levels show up after separating the cosines in local
and non-local terms and expanding them in Taylor series of ¢; and ¢,.

H,os = — Ejcos ¢ — Egcos ¢
—E;((cos¢g; — 1) (cos ¢ — 1)+ sin @y sin @) + Const.

z7J¢12+?‘¢22—?¢12¢22—Es¢1¢2+C0nst. (A.12)
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94 Lagrangians and Hamiltonians in cQED

After plugging the Eq. (A.8-A.11) into the Hamiltonian, its quantized form reads
H= 2E61Ejai-a1 + 4/ ZECQESCIECZQ

— Z Dij<b,-—bj> (aj—aj->

i,je{1,2}

1/4

E. E #\ 2 2

(552 ol o)

—F 2G; E]Es v (a —aT) (a —aT>
ST ARy AN AN

AEqEn\V*
—E; ol e (al +aJ{> (az —|—a;) + Const. (A.13)
EJEs

The second line in this expression is obtained by imposing, on the operators V;
and V,, a similar quantization form as in the momenta operators. Thus, the oper-
ators bf and b; create photon modes in the different transmission lines. The form
of the Coupling strength D;; of each term is irrelevant, by now.

Let us focus on the last two lines. These expressions allow the exchange of an
excitation between the transmon and the SQUID. Since the photon absorbed by
the transmon has to be reflected, this interaction must be canceled. The main con-
tribution to these processes com from the term containing aJ{ag and its hermitian
conjugate, and it can be eliminated by imposing

C; _E;
(CI+C+C)(Cr+Cy) E;

The other terms coming from this expression vanish when the rotating wave ap-
proximation is assumed. Coming back to the Eq. (A.13) and making use of the
rotating wave approximation again —in the third line, now—, the quantized Hamil-

tonian becomes
1/4
= E E
H=|2EE —2E, [ == dlay
EJEs

1/4
E E»
+ ( 2E02Es—2Es( l%JEZ ) )azaz

+ Z D,-j<bi—blT> (aj—aD

i,je{1,2}

(A.14)

1/4

EE

_4E, [ == aiala;az +Const. (A.15)
EJES
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Lnfl Ln Ln+1 Ln+2
Y —— Y —— Y — Y ——
On—2 q)n‘—l (En (Pn.—l—l On42
In—l - Gy - (Ijln—i—l - Cii2 i
|

I] ||
1 1 1
Figure A.2: A broadly used model for a superconducting transmission line in cQED
consists of an infinite chain of LC resonators [30].

Now, the expression Const also includes small terms that hardly contribute to the
Hamiltonian. In this new expression, the first and second lines describe the energy
levels of the transmon and the SQUID, respectively. The third line contains the
interaction between the two atom-like elements of the circuit and the incoming
and outgoing transmission lines. The last expression gives the coupling between
the transmon and the SQUID. Within this Hamiltonian, exchanges between the
transmon and the SQUID excitations are forbidden.

A.2 Transmission lines

A Hamiltonian describing the transmission lines has also to be added to the previ-
ously derived equation to obtain a general Hamiltonian capable of describing the
process of transmission and reflexion of photons through the quantum switch. The
derivation of such Hamiltonian is not much different to the previous procedure. A
transmission line [30] can be modeled as the continuum limit of an infinite chain
of LC resonators. Once the transmission line is short-circuited (what is propagated
are the quantum fluctuations of the flux defined at every node of the system), these
resonators become independent and its Hamiltonian is just the sum of the inde-
pendent Hamiltonians of each independent circuit. FIG. A.2 shows this broadly
used model for the transmission lines. In the continuum limit, this Hamiltonian is
expressed as [30, 48]

HT:/ dw b} b, (A.16)

for each semi-infinite transmission line. In case the transmission lines are infi-
nite, with left-moving and right-moving modes, the transmission line Hamiltonian
reads [48]

Hy — / 400 (o) (A.17)

The terms that I have omitted in the Hamiltonian in Eq. (A.7) containing V;
and V, are absorbed by the Hamiltonian of the transmission lines. Regarding
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96 Lagrangians and Hamiltonians in cQED

the terms containing V|V;, these can be omitted if the capacitance Cy, located at
halfway between the two transmission lines, is small enough, given that the result-
ing term will be negligible compared to the other expressions in the Hamiltonian.
This will prevent the transmission of a photon without interacting at all with the
quantum switch. Finally, since an incoming photon —described by V| and V,>— can
have multiple frequencies, not just those given by a fixed V; and V5, an integral
over all possible momenta has to be added to the final Hamiltonian, which reads

1/4
= EE.» ;
H:( 2EC1E]—2ES( EJES ) >a1a1

1/4
EaEe
+< 2E62Es—2Es( EJES ) >a;a2

+/dP Y. Dij(p) (bi(l’)_bj(pw (a"_aD

i,je{1,2}

1/4

E.E.

—4E, c1Zc2 aJ{alaEaz
EE

+ [app (B{(p)b1 () + B3(Pb2(p) ) (A18)

plus an irrelevant constant.
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Appendix B

Coefficients in the Hamiltonians

Within the main text large equations do not fit nicely. In order to keep the text clear
and give all the necessary information I have decided show symbolic expressions
within the main chapters and the full equations and coefficients in the Appendices.

B.1 Hamiltonian in Section 2.3

In Section 2.3 I have derived a Hamiltonian for a device containing a non-linear
capacitor. This Hamiltonian have been split in different parts, each containing in-
teractions of a different nature, to simplify the analysis. Some of these equations
are too long to write them explicitly, so I have decided to write them more sym-
bolically by introducing some coefficients in the Eq. (2.18). These coefficients
are

ﬂ ( Cs2cs3 )2
(Coa+C)(Csz +C3)
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98 Coefficients in the Hamiltonians

353 1 Co \"
A =— B( 2 )

9Y10 \ Cpr +C,
Appn =— 35B3 < G )4
9’}/10 Cy3+C;
(G Y
9y10 \ (Cyn +C2)(C3+C3)

1233 = —

7007[35< Cy >6

81y16 \ Cp+C
po = OB (G
81716 \ Cy3 + Cs
Aypyy — . T007B° ( CoCa )6
81y!6 (Co+C2)(Csz+C3)
g2 cp \*
B2 Co
A1221 =7 <C C )
Y 52 +C2
A2 =ﬁ ( Cs )4
6y’ \C3+C;
A3 :ﬁ ( Cs )2
6y’ \Cy3+C;
A3 :5B2 < €2 )4 ( Cs )2
6y’ \Cpo+C> Ci3+C3
A2 :5[32 ( Cy )2 ( Cs3 )4
6y’ \Cp+C, C3+C3
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App = 14B3 ( Co )2
9710 \ Co + G,
Aoy = 14ﬁ3 ( Co )6
9710 \ Co + G,
Az =— 14B3 ( Cis )2
9710 \ Cs3+C3
Az =— 145° ( Cs )6
9710 \ Cy3 +C3
Azl = 14B3 ( Co )6( Cs )2
9]/10 Co+C Cs+C3
e (G2 V(G Y’
9y10 \ Cpp +C Cs+C3
38584/ Cp \*
1212 =57 13 <Csz+C2>
38584/ Cp \°
27y (Csz +C2>
3854/ Cy \*
A2 =771 <C +C >
s3 3
38564 [ Cy  \°
Ty <Cs3 +C3)
A2321 _385B4 ( CS2 )6 ( Cs3 )4
27’}/13 Co+C Ca+C3
38564/ Co \'/ Cs \°
Ani2 =771 (c +C ) (c +C )
2+ Co 53+ C3
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100 Coefficients in the Hamiltonians

The equation H, has also been simplified using the following coefficients

Br11 —l < Cao > B311 —l ( € )
Y \Co2+C Y \C3+C3
B B G Y B B Cs
22 3’}/4 Co+C 32 3’}'4 Cy+C;
B3 = B ( Car )5 313 = i < Cog )5
39 \Cp +C, 3y \C3+GC3
B — £ Csz B _ £ CS3
2 37/4 Co+C 32 374 Cy3+C3
By = 10> ( C2 )3 B3y = 10p ( Cs3 )3
9y’ \Cp+C 97" \Cy+C3
B _ 28B3 CS2 : B — 28B3 CS3 :
2 910 \ Co + &> 2 9910 \ Cy3 + C3
g B Co g B (G
B =37\ corc B=37\cite
Y 52 +C2 Y s31TC3
B _ 28[33 CS2 : B _ 28B3 Cs3 :
2% 910 \ Co + &> 32 9y10 \ Cs3 + C3
g S4B Co g S4B Gy
233 — 9 13 C C 333 — 9 13 C C .
Y s2 +C2 Y s3+C3

The following is the Hamiltonian Hs, containing processes that destroy the
information (see Section 2.3).

C C
Hs :—% (Clvl+C2—fC2C2V2+C3fC3C3V3) X
S S

2 Coa €3 P1D2p +( Co )Pzpz
Cop+CrCz+C5 3 Co+C !

+ + +
(Csz-i-Cz) p1p? Cy3+C5 P1p3 Cy3+C5 p1pP3

CsZ 2 < Cs3 > 2 ( Cs2 ) ( CsS ) 2 2
+ + .
(Csz —|—C2) Cy3+C5 p2p3 Cop+C Cy3+C5 p2p3

(B.1)
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B.2 Hamiltonian in the Section 2.5 101

B.2 Hamiltonian in the Section 2.5

Section 2.5 contains the Hamiltonian (or a part of it) [ have used to model a quan-
tum switch. This Hamiltonian have been divided in few expressions to simplify
the notation, and these expressions, in turn, have been simplified by adding some
coefficients. The following is a list of the coefficients used in the Eq. (2.33), that
is, in H,

/ _ ﬁ ( C25a )2 A/ _ ﬁ ( C2sb )2
12¢ =7 1294\ Cop + Cona 1207 1294 \ Cop + Cog

A/ :5[))2 ( CZsa )2 A/ :Sﬁz ( C2sb >2
226 7 6y7 \ Cag + Caya 2207 6y7 \ Cop + Cogp

s 14 ( Coua )2 PR G4 < Caw )2
324 9’}/10 CZa + C2sa 32b 9’}/10 C2b + C2sb
/ _ B ( C3sa )2 / — ﬁ ( C3sb >2
13a 1294 \ C34 + C354 13 1274 \ C3p + C3

A/ :SBZ ( C3sa )2 A/ :SBZ ( CSsb )2
234 =697 \ C30 + Cosa 2% 6y7 \ Cap + Cagp

A/ _ 14ﬁ3 ( C3sa )2 A/ _ 14ﬁ3 ( C3sb )2
33a 9910 \ C3, 4 C35a 33b 9Y10 \ C3p+Cap )

The interaction with the transmission lines (H3) is completely described by the
coefficients

1 B
B}, =Ci— Bi;=—Ci=—
11 1}’ 13 13},4

B _ ( C2aCosa | CopCosp ) 1 B ( CoaCosa | CopCosp ) B
2\ CutCoa  Cp+Cag ) v > Coa+Cosa - Cop+Cagp ) 37
B _ ( C34C3sa C3pCssp ) 1 Bl — ( C34C354 C3pCsp ) B
31= + b 337 + A
Ga+Csa Cp+Caap ) Y Cia+Cssa  C3p+Cigp ) 37
Cosa
By, =Cl——20
12a (C2a + CZsa)y

B.. — ( CZaCZSa C2bC25b C2a '}/) C2sa
224 = +
CZa + CZSa C2b + C2sb C2sa (C2a + CZsa) Y
B., — ( C3aC3sa C3bc3sb ) C2sa
32a —
C3a + C3sa C3b + C3sb (C2a + CZSa)y
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102 Coefficients in the Hamiltonians

C2sb
(Cop+Cogp)Y
B)y, < C2aCosa CopCosy CpY > Cosp
Coat+Coa  Cop+Cog, Cogy ) (Cop+Cogp)Y
B _ < C34C3sa C3pCasp > Cosp
32b (

By, =Ci

C3a+C35a C3p+Csg ) (Cop+Cogp)Y
C3sa
B3, =Ci
13a (C3a + C3sa)y

/o CZaC2sa C2bC2sb C3sa
B3, = +
Coq + Cosa C2b + C25b (C3a + C3sa)'}/
B.. — < C3aC3sa C3bC3sb C3ay> C3sa
33a — (

C3a + C3sa CSb + C3sb C3sa C3a + C3sa)'y
Csp
B Cl————
13 (C3p+Cag)Y

By, — ( C2aCosa CapCosi ) Cssp
Coa+Coa Cop+Casp ) (C3p+Cagp)Y
By, — ( C3aC35a C3pCssp n CpY ) G
Caa+Casa  Cap+Cap - Cap ) (Cap+Cagp)Y
Two more expressions conform the total Hamiltonian of the device in FIG. 2.5.
These are Hs; and Hg, defined below. These two expression carry interactions
that must be either canceled or neglected for a good performance of the quantum
switch:

HS :( ﬁ p + SBZ 28ﬁ3 ) CZsa CZSb
6’},4 ! 3'}’7 1 9’}/10 C2a + CZsa C2b + C2sb

P2aP2b

B 5132 28[33 6) C3sa C3sb
+ | —gaPi 3
ﬁ 2 SB 28B ) CZSa C3sa
+ | —gaP 3
( 6'}’4 : C2a + C2sa C3a + C3sa Paap3a
n (_ B e 552 28ﬁ ’ ) Cagp Cssb -
6y ! 37’7 ?’10 Cop + Cogp C3p + G
[3 2 5132 28[33 C2sa C3s
- ( 67’4p1 - 377 10 A Caa+ Casa Cap + Cagy 2P
B > Sﬁ 2 285 : ) Cogp C3sa
+(—oaph+ 3 o (B2)
( 6’y4p1 C2b + C2sb C3a + C3sa Pabps
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C.C C,C C3.C C3,C
Hg = — (( 2a%“-2sa + 2b%“-2sb ) Vst ( 3a“3sa + 3b\“-3sb ) V3> %
Crat+Coa Cop+Cogp Cat+Cia C3p+Cagp

Bp? ( CosaP2a Cosbp2b CssaP3a C3sb P30 )
’}/4 CZa + C2sa C2b + C2sb C3a + C3sa C3b + C3sb

_ Bawvipt < CasaP2a CosbP2b n C35aP3a n C3sbP3b ) (B.3)
7 CutCua Cop+Copp C3a+C3a C3p+C3g
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Appendix

Equations of motion within the in/out
formalism

In this appendix, some equations of motion are derived using the in/out formalism
of quantum optics [45, 47, 48]. The procedure followed is similar to [17, 45,
46, 48] Using the Hamiltonian in Eq. (3.34), and the Heisenberg equation, the
equation of motion of the b (®) operator is found

bi(w) =i[H,bi(0)]
: [ ari ars 2 3 .
——iwb — _
wbi(®) ~ <\/7WT1 * VTr3 * (\/ﬂTTl \/ETT3> 11412

a asp az asp
-+ +—+ . (C.1)
VAQa1  /TTb1  /TWBal /T3]

The formal solution of this differential equation is
bi(w,1) =e " U0)p, (@, 1)
_l t dt/eiw(l/_l) ari + ars + \/ 2 _\/ 3 aT aro
- VI /T3 TTr ntpy ) 1

24 ap a3q asp
+ + + ,
VAQa1 /Tl /a1l /T3,

(C.2)

where the a; operators are also time-dependent. b (p,f) is an initial value of the
Heisenberg operator defined at a time ty — —oo. Consider also the same equation
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106 Equations of motion within the in/out formalism

expressed with the opposite boundary condition

bi(w,1) =e M (0,1)

2 3
. dl/ io(t'—t) ari ars \/ i \/ T
l/ VT + VT3 + 7| el

a a a
\/ﬂfza,l VIATb1  \/TWBa1 /W1

Here b (®,1;) is a final value of the Heisenberg operator defined at a time #; — oo.
Now take these equations and integrate them over @ together with a factor of
1/v/27. The homogeneous part of the equation becomes, using Eq. (3.66)

\/LZ_n' /_ ) doe U p (w,1)) = bin(1). (C.4)

The particular part of the differential equation can also be integrated using the
properties [45]

/ " dwe ) —ons(i— 1) (C.5)

/ i 31 = % £0). (C6)

The same procedure is applied to the Eq. (C.3) yielding

\/%r/:oda)bl(w,t) =b1in(1)
1 ari | ars_
f(ﬁ Vi (V?_ Vers )a“m

+ aq + aQp 3a (C 7)
Va1 /T2b,1 \/T3al \/T3b1

and
L/w d(z)bl((l),t) :blout(t)
NI
+.1 (am ars (/__ /3 )a ar
\/_ v TT1 \ TT3 Tr T3 1

4 aq + arp 3a (C.8)
Va1 \/T2b,1 \/7:3111 \/T3b1
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By combining the two equations one obtains

ars

b]om(l‘) :blin( ) l\/_< a;{ (\/;— \/Z) arar2

aq 3a

\/TZal \/TZbl \/T3a1

asp
\/13;, 1 > . (C9

This equation relates the input and output operators. Similar expressions can be

found for all the other operators describing moving particles:

az
boou =boin C.10
(1) z<>zf(ﬁ m) ©.10)
b3ou (1) =b3in(1) — V2 a3b > . C.11
1) =bilt) - V3 (2 v ooy 1)

And for the decoherence operators

10w (t) =rr1in(t) — iv/Yer1ar1 (1) (C.12)
730w (t) =r73in(t) — iv/Yer3ar3 (1) (C.13)
Maout (t) NMain (t) \/ Yr2a@2a (t) (C.14)
r2b0ut(t) 2bm(t) \/ Yr2b Clz;,(l‘) (C.15)
3aout (t) V3ain (t) l\/ Yr3a03a (t) (C16)
P3bout (t) =T3pin(t) — iv/Yr3pa3p(t) (C.17)
10w (1) =dr1in(t) — i/ y"zT Lad (F)ary (1) (C.18)
130w (1) =dr3in(t) — i/ y"zT 3aba(t)ars(t) (C.19)
Dot (1) =doain(t) — i 7"22“ i, (1)aza(t) (C.20)
dapour (1) =dapin(t) — i %azb(f)azb(f) (C.21)
Bsaout (1) =daain(t) — i Yfaaga(t)aga(t) (C.22)
spous(t) =dspinr) = i\ | 2l (1)aso (1) (€23)
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Appendix D

Derivation of single-photon scattering
amplitudes

This appendix contains the derivation of some of the scattering amplitudes dis-
cussed in Chapter 4. To derive these quantities I have made use of the Langevin
equations in Eq. (3.75) to (3.78). Recall that, using the in/out formalism, the
probability amplitude for a photon being reflected is

S1(p,k) = (0| b1ow (p)b, (k) |0) . (D.1)

This expression can only be evaluated by expressing the out operator as a function
of the in and the other ladder operators that describe the transmon and SQUID
excitations. In the previous appendix, the relation between these operators in time
space is found, so they must be transformed to momentum space via a Fourier
transform. Within this work, the convention I have used for the Fourier transform
is the following:

F1b(0) (p) == [ are™bi).
7 [v0)] (v) :\/%7 [are i), (D.2)

109

Version of June 29, 2015- Created June 29, 2015 - 21:15



110 Derivation of single-photon scattering amplitudes

By using the aforementioned relations and the Fourier transforms, the scattering
amplitude of a photon being reflected is given by

Sl(pa ) <O|b1m( )blm
6

iy o m/dte’p’ (Olar(t)b 1m( )10)

2 )
i = —— [ dte’” (0lars(t)bT. (k)]0
T]gﬁ/ < | T3() lm< )| >

2 1 :
_ ipt T
Ta,1 \/ﬁ /dte <O| @2a <t)blm(k) ‘O> (D-3)

+(2a — 2b, 3a, 3b).

) ;n/dteipt (0}, (1)ara(1)b};, (k) |0)

The first element in this expression gives just a Dirac delta function 6 (p —k). The
second element vanishes because there is a creation operator acting on the vacuum
by the left-hand side. Six more elements remain in the expression. These have to
be evaluated one by one by making use of the Langevin equations.

The first element to be evaluated is (0| ar(¢)b lm( )|0). The way to proceed
consists of taking the time derivative of these expression and plug in the Langevin
equations. The solution of the system of differential equations that has been gener-
ated gives the elements that conform the Eq. (D.3). After disregarding all the terms
that vanish due to the presence of the vacuum bras and kets (such as (0| a;l =0

or (0| by (k)b 1m( )|0) = 6(p — k)61 2 = 0) the considered element reads

o Olari ()b}, (k)]0) =
— (iwm + TLT]Jr%YrTl + %Ydﬂ) (0| ar1 ()b}, (k) |0)
— ———(0lars(1)b};,(k)|0)

1 (O|aT1(t)a}1(t)<a2“(t) +a2b<t) +a3a(t) +a3b(f)) lm( )10)

Tr1 Va1 /b1 /Bal /T,
1 _
— \/FTI <0| aTl( )aTl(t) |0> lkt. (D.4)
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Similarly, five other expressions are found for the five last lines in Eq. (D.3).

o (Olars(1)b],, () 10) =

. 1 1 1
— iors + =+ =13+~ Yar3 | (0lar3 ()b, (k)|0)
T3 2 4
1
E———)) )bl (k)0

1 gon(\al ax(t) | anp(t) | aza(t) | asp(t) ' 4
VT3 Olars(t)ars(t) (\/TZa,l * Vb1 * Va1 * \/T3b,l> P1in()10)
1

s (Olars (t)af(1)[0) e ™, (D.5)

& (0] an(0)b],(0)[0) =

- (ia)Za +

_|_
a1 a2

1 1
+5%2at ZYd2a> (0] a2 (1)b1, (k) |0)

_( . )<0|aza<r>bim<k>\o>

V24,1261 /T2a2T2b2

_ ﬁ (0] aza(t)bT, (k) |0)
- ﬁ (0] asp(1)b], (k) [0)
— \/ﬁ <O|aT1(t)lerin<k) 0)
_ % (0lars(1)b],, (k) |0)
.
- me zkt7 (D.6)

and three more expressions that are found by replacing 2a — 2b, 3a, 3b. This
last equation contains a set of terms that also appear in all the other five equations,
hence this can be solved, in principle, as a linear system of differential equation.
However, the Eq. (D.4) and (D.5) contain other terms that have to be explicitly
evaluated. These are in the two last lines of both equations. Let me start with
(0|ary (t)a}l (¢)]0). This can be written as

(0l ari (t)a}, (1)[0) = (0™ ar af e~ |0), (D.7)
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112 Derivation of single-photon scattering amplitudes

where ar; and a;l are the Schrodinger picture operators defined in Eq. (3.36)-
(3.38). Since the vacuum is an eigenstate of the Hamiltonian with eigenvalue 0
(H |0) = 0), this expression becomes

(Ol ar1 (t)a}, (1)[0) = (O]arial, [0) = 1. (D.3)

The same applies to (0| ar3 (t)a;3 (¢)]0) and also to the remaining two expressions
which, in this case yield

a a a a
<0|aT1(t)a}1(t>( 2a 20 4 Ta 3b>bLn(k)|0):
Ta,1 Wbl Va1l Wbl

a a a a
Ta,1 Wbl TWal b1

)y,  ayp | A3g A3\ 4
oaT3raTr( + + + >b.k0:
(Olars(yars(1) Dal Dbl Bal  Tb1 1in(k)10)

a a a a
(0\< 2a | b | Tda 3b)bfin(k)\o>. (D.10)
14,1 b1 a1l T3p,1

Now the system can be solved. Given that only the Fourier transform of the so-
lution is needed, the calculations can be much simplified by taking the Fourier
transform of the differential equations. This gives the following linear system of
equations.

1 1 1
(i(am -p)+ P + 5%“ + Z'}’dTl) x1(p,k) =
1 (XZ(p7k) X3(p,k) X4(p,k)+x5(p,k)+x6(p,k))

VTrr \ V713 Va1 /b1 /Tal /b1
2
—iy | —8(p—k) (D.11)
Tr1

_ 1 1 1 B
(l(sz —p)+ s + E'}’rT3 + Z'}’dT3) x2(p,k) =
1 (x1 (p,k) | x3(p,k)  xa(p,k) +xs(p,k) +x6(p,k))

_\/TTS V1 Va1 /Wbl /a1l /T3]
2

—i\/—8(p—k) (D.12)
Tr3
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(it —p)+

1 1

+ + ! + ! (p,k)
— f— x =
Dot | Tz 2}’r2a 47’d2a 3(P,

1 (xl (p,k) X2(p,k) X5(p,k) _|_x6(p7k)>

VT \ VT VT3 VBal  /Bb1
1 1 2
— + x4(p,k)—1i o(p—k (D.13)
(\/ Ta, 121 / 72a7272b,2> 4(pk) \/ Ta,1 (=)
. 1 1 1
i(wyp—p)+——+—+ Shwt g }’dzb x4(p,k) =
Tob1 W2b2
. 1 (xl (pak) Xz(p,k) XS(pvk) x6(p7k))
vVTbr \ V11 V13 vV Ba,l V3,1
1 1 2
— ( + ) 3(p,k)—iy | —8(p—k) (D.14)
V24,1261 /T2a2T2b2 Tb,1
(s —p)+ oy Ly ] (p.k) =
HW3g—p Tal | Tas ) Y3a 4'}/d3a Xs\P,K) =
. 1 <X1 (pak) Xz(p,k) X3(p,k) X4<p,k)>
VTBa \ V11 V13 v Ra,1 V' 2b,1
1 1 2
— + x6(p.k) —iy | ——8(p—k (D.15)
(\/T3a7lf3b,l \/T3a,373b,3> o(P.k) T3a,1 (=)
. 1 1 1 1
(3 —p)+—+—+ Yr3b+ Yasb | X6(p,k) =
Tl T3b3 4
. 1 (xl(pa )+x2(p,k) X3<p,k) (pak)>
vVBb \ VT r3 Ta,1 v/ 2b,1
1 1 2
—~ ( + s(p,k 5 (D.16)
VBa,1T3b1  /T3a,3T3b, 3
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114 Derivation of single-photon scattering amplitudes

where the functions x;(p, k) are defined as

%1(p.k) =7 [{0lar1 (1], ()10} | (p.K) (D.17)
%o (p,K) =7 [ (0lars (1)}, () [0)] (. (D.18)
x3(p,k) = [(0] @salt)b],,(6)[0)] (p, ) (D.19)
xa(p.k) = |(0laz(0)b1],()[0}| (p.) (D.20)
x3(p.k) = |(0lasa(0)b], ()0} | (. ) (D21
xo(p, k) =F | (0]asy(1)b],, (0)10}| (p, k). (D.22)

This system of six coupled equations can be reduced to a system of three linearly
independent (coupled) equations, because three of the variables are not indepen-
dent. Let me discard e.g., x2, x4 and xg using the functions introduced in the main
text [in Eq. (4.9), (4.10) and (4.11)].

0 (p.k) =, / %al (p)x1(p,k) (D.23)
xa(p.k) =,/ Z—Z’iaz (p)xs(p.k) (D.24)
xo(p,k) = %ﬁ%@%m@- (D.25)

Now the system can be easily solved by using linear algebra, but the solution is a
set of long equations. The solution of x3, x4 and xg is

(b1 i %S(p—k)
X1\P, =
1 olp) 1 %(p)\ hi(p) 1 (p)\ Ti(p)
Li(p) + T ﬁ + (Tza,l + T22b,1 ) T;(P) + (Tsa,1 T gb?l ) T;(P)
(D.26)
- i/ 5 8(p—k)
P>
1 %(p) 1 o)) Lp) 1 oa(p) \ Ta(p)
L(p) Ta,1 Tzzbl + <TT1 + 717T3 ) T?(P) + <T3a1 + 'éb,l ) Ti(ﬁ)
(D.27)
k) i/ 78 (p—k)
D,
1 o3(p) 1, op)) Ixp) 1 %(p)\ Lp)
3(p) Ta,1 ':3171 + <TT1 + 117T3 ) TT(P) t (Tzal T TZZh,l ) T;(P)
(D.28)
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In this expressions, the functions in Eq. (4.6), (4.7) and (4.8) have been used
to simplify the notation. The scattering amplitudes are recovered by using the
solution to the Fourier-transformed system of equations, yielding

. ]2 .2 2
S1(p,k) =5(p—k)—l\/axl(p,k)—l\/f—”xz(p,k)—l\/Tz l)63(1r9,k)
a?
.2 2 2
—1 _X4(p,k)—l x5(p7k)_l X6(p,k), (D29)
Tb,1 T3a,1 T3p,1

for the reflection of a photon, and

) 2 . 2
SZ(pak) =1 X3 <p7k) —1 —X4<p,k), (D3O)
Ta,2 b2

x6(p7k)7 (D31)

for the transmission of a photon through the second and third transmission line,
respectively.
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versn .
Appendix

Failed attempts (1): numerical
integration

The equations of motion found in Chapter 4 together with the Hamiltonian of the
system [Eq. (3.34) together with Eq. (3.35), (3.43), (3.47) and (3.52)] are the nec-
essary tools to study the dynamics of operation of the quantum switch. To check
that the device works as expected, the probabilities of transmission and reflection
of photons under different conditions have to be found. This can be done, in prin-
ciple, analytically, but the complexity of the system of differential equations that
has to be solved makes it impossible in the case where two photons are sent to
the quantum switch. After dismissing this option, a numerical approach has been
considered. Numerical calculations are performed to obtain the desired scattering
amplitudes and probabilities. In this Appendix I give a short description of the
steps I have followed to derive the expressions for the scattering amplitudes nu-
merically.

In order to find the scattering probabilities numerically we should reconsider
whether we want to work within the Schrodinger picture or the Heisenberg pic-
ture. In any case, the Hilbert space has to be bounded. Both on the Hamiltonian
and in the equations of motion there is a large number of different operators, and
some of them are under an integral sign. The elements under the integrals are
supposed to belong to different Hilbert spaces for each of the value the integra-
tion variable takes, thus making the Hilbert space infinitely large. Since it is not
possible to work, numerically, with an infinite Hilbert space, we have to consider
just one or some representative elements inside the integral. Afterwards, the sim-
ulations can be repeated with other values for the integration variables.
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118 Failed attempts (1): numerical integration

E.1 Schrodinger picture

The equations of motion in Chapter 4 have been derived in the Heisenberg picture
because of the impossibility to diagonalize the Hamiltonian. This difficulties only
arise when working analytically, but numerically, one can find fast algorithms to
exponentiate —that is, diagonalize— any matrix. Let’s see how the in/out formal-
ism looks like in this picture. Consider the probability amplitude of an incoming
photon being absorbed by the system and reflected back.

S = (0| bow (p) b}, (k) |0) . (E.1)

The b;(n(k) operator acting on the initial state |0) represents a photon that has been
created far away from the influence of the system we are considering —it is, thus,
a free moving photon— but acting on the present time. The vacuum |0) is a wave
function defined at the present time. The action of the free moving photon on the
vacuum is given by

Jim bje~Hrioeitlio o) (E.2)
where H is the total Hamiltonian and H7 is the Hamiltonian of the transmission
lines, a Hamiltonian that describes the dynamics of a free moving photon. In this
expression I have brought the vacuum to —eo with the full Hamiltonian, then I
have driven it back to the present time with the free Hamiltonian and finally a
photon has been created. After this, the system has to be brought back to —eo with
the free Hamiltonian and again to the present with the full Hamiltonian. This way
we will have a ket describing the a free photon at time ¢ = 0.

’Win> — tgi_l,}:oe—iHl‘OeiHTlQbze—iHTtoetho ‘O> . (E3)

Similarly, an out operator acting on the vacuum gives*

W/out> — tgll}go ethOC_iHTtObZCiHTtOC_thO ’0> ) (E4)
With this notation, the probability amplitude reads

S= <‘/’0utwfin>
_ tli_r>n (0| eiHto—iHrl b, oiHTt0 o —iHto o ~iH10 oiHT 10 bZ o iHrt0 oiH1g 10) . (E.5)
oo
Given that in these equations there are lots of oscillating functions that have to
be evaluated at large ¢, the numerical algorithm will not be stable. Moreover, the
largest values of ¢ that a computer can handle are far from infinity, given that the
exponential function is a function that grows very fast.

*Compare these two expressions with Eq. (3.64).
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E.2 Heisenberg picture 119

E.2 Heisenberg picture

Given that the numerical simulations within the Schrodinger picture do not seem
to give a reliable answer we can try it within the Heisenberg picture. In this pic-
ture the operators evolve with time so, in order to find the probability amplitude,
the Langevin equations of motion have to be solved.

Before doing any calculation with our system it is convenient to try it first with
a simpler Hamiltonian. If it works then the algorithm can be generalized to our
more complicated device. Consider the Hamiltonian describing a single-photon
transistor composed of two transmon qubits and a SQUID [17].

[0
H==! Z+%62 Jojos

o (rp,+1,) o)b,
dp | 12 +h.
+/ ( V21T + \/Zm c)
+ / dpp (rirp =1l +biby) . (E.6)

This Hamiltonian has some similarities with the Hamiltonian described in E. (3.34).
I will work with 9 operators: o , 6", 0, , 65", 0}, 65, r, [ and b. In order to keep
the Hilbert space small, I have imposed that the incoming pulse has frequency @y
(not a distribution in the momentum space).

The problem with the Langevin equations is that most of the algorithms used
to solve them are numerically unstable because the exponential function grows
very fast 7. So far I have not been able to find a solution for these equations for
large ¢. Nevertheless, the solution I have found shows the behavior of the system
within a time range large enough (at least for a one-photon interaction).

Before plotting the results let me compute, analytically, what is expected to be
found numerically, so we can have enough information to tell whether the numer-
ical calculations are right (and useful) or not.

Since the Langevin equations give us a set of functions that depend on time and
we are working at a small time scale, the Fourier transform cannot be performed
on the results. Moreover, since the incoming photons have one definite frequency,
it makes no sense to find a result that depends on the frequency. For the process
involving an incoming photon moving to the right and an outgoing photon moving

TEquations of this kind are called stiff equations.
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120 Failed attempts (1): numerical integration

to the right (transmission), this element of the scattering matrix reads

S = (0] rou () ). (£')]0) (E.7)
=01 (rul = =01 () ()0 E8)
L oikt! okt _ o~ (01204201 ©9)

Ti(o+2) k) + &

Let me separate this equation in two parts, the first part being

1 —ik(t—t")
Sl =1-— R © 1
T il +2] — k) + &

T1

(E.10)

and the second part

ik —(io+2i 4+
=" — (E.11)
71 l(CO] —|—2]—k)—|——

Tl

with §1 + 5> = S. By imposing the same parameters as in the numerical calcula-
tions (t =¢', k = @, = @; +2J) these two equations become S =0and S, =e™! /7,
Now we can compare the curve describing the numerical result with the expres-
sion we have just found. These curves are plotted in FIG. E.1.

The numerical integration may seem right because the results agree with the
analytic calculations, but if the analytic expression are computed again without
imposing any condition to the pulse shape and frequency, we will see that S, do
not contribute to the final expression and is S the term that contains the informa-
tion of the scattering process. So, these plots should actually be completely flat
(after taking the Fourier transform).

It can not be solved in the Schrédinger picture because it may give large nu-
merical errors. In the Heisenberg picture we have to face the numerical errors
(for large times) and also some extra contributions coming from expressions that
within the analytical derivation do not exist. For these reasons I believe that the
numerical integrations are not a good approach, at least at this stage.

120

Version of June 29, 2015— Created June 29, 2015 - 21:15



E.2 Heisenberg picture 121
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Figure E.1: This figure contains the probability amplitude computed using numeri-
cal methods (red points) and also analytical methods (green curve) for a photon being
transmitted. For these curves I have used @) = wy = nw-107'° Hz, J = 0.01®; and
TN =T = 100/(1)1.
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Appendix F

Failed attempts (2): propagators and
Green’s functions

In Chapter 4 I have explained that the amplitude probabilities for a photon being
reflected and transmitted are, respectively

S1(p,k) = (0| b1ow (p)bl, (K)]0), (F.1)
S2(p,k) = (0] baows (P, (K)[0) (F2)
S3(p,k) = (0] b3ows (p)b, (k) |0) . (F3)

Eq. (F.1) to (F.3) have been derived by quantizing the Hamiltonian in Eq. (2.31),
but another approach can be considered. The scattering amplitude in Eq. (F.1)
can also be expressed, up to a constant factor, using some variable y; (¢), whose
quantized form is given by

vi(t) = Ay (b1 (1) + 5] (0)). (F4)
This yields the expression for Sy:
Sy~ lim (0] w1 (1)1 (1')]0), (F.5)
t'——oo

in the Heisenberg picture, as well. The scattering amplitudes can now be solved
by using Green’s functions. The advantage of working with the flux y; instead of
the ladder operators is that, in this case, the equations of motion do not contain as
much products of operators as before.

This Appendix contains a glimpse of this attempt to derive an expression for
the scattering amplitudes discussed in Chapter 4 by making use of Green’s func-
tions in the Lagrangian formalism.
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124 Failed attempts (2): propagators and Green’s functions

The Lagrangian in Eq. (2.24) only described the system containing the trans-
mon and SQUIDs, but not the transmission lines or the extra inductors. Given that
the transmission lines behave like an infinite chain of oscillators, we can guess the
extra terms that need to be added into the Lagrangian. The full Lagrangian now
reads

1 1 , 1 .
L=+ (A7 — A7) + 5 (495 —Axy3) + 2 (A3V3 — A3v5)

Co . ) Cy . Csa, . . Gy, . .
5 (920 = ¥2)” + (02— W)+ 5 (930 — W) + (0 — U
Coa, ., . Cog Csa. . Cip, . .
5P — 920) (91— 02) (91— paa) + 3 (01— @)
C G, . .
S (91— v)* + t(<p12+oct<Pi‘)+Enc08<%)

+ Ej>,COS (%) + Ejpp cOS ((p — (p2b>

+ Ej3,C08 (M) + Ej3,COS ((p Psb
Po
I , (1 1 1 I 5, (1 1 1
‘5*"3“(L—1+L—2+L—3)‘5"’3 (f*f*&)
1 1 1
Ly

I , (1 L 1 . 1 1 + L
D3aP3p | P3aP2p §D3a(/)2a (PZa(PZb D3 P2 | P3pP2a
+L1+L2+L3+L4+L5+L6'
In this expression, the potentials Vi, V> and V3 that appeared in Eq. (2.24) now
are substituted by y; = Vi, y» =V, and y3 = V3. In this Lagrangian, A; and A;
are just constants. Although some expressions have been added and the V;’s are
treated as variables instead of constants, this Lagrangian is assumed to lead to the
Hamiltonian found in Eq. (2.31), plus the expressions that describe the transmis-
sion lines.

(F.6)

With this Lagrangian, the equations of motion of the time-dependent fluxes
are found using the Euler-Lagrange equation:
(Cl + Cosa + C2sb +C35q + C3sb + Ct) (pl + 6O‘tCt(P12(pl
— Co5aP2a — Cosp Po2p — C35a P30 — C356 P30 — C1 Y1

+ Ejsin ((p > + Ejp4sin ((Pl (PZa) + Ejpsin (M)
%o %o ®o

+E13asin<(P1 ‘P3") YE (‘P "’“’) 0 (E7)
®o Po
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(CZa + C2sa) (pZa - CZsa ¢1 - C2a ip2

. L1 .
+E12asin<¥)+¢za (—+—+—)—ﬁ—@—%:0 (F3)
0

(Cap + Casp) o — CopP1 — Cop 2

. [ P1— Py 1 1 1) P O P3p
FEppsin [ ——22 ) p oy [ —+—4— | -2 -T2 TP o (R9
72b ( ) (sz(Lz Lo ; (F.9)

<C3a + C3sa> ¢3a - C3sa (pl - C3a 1;’73

. P1— P34 1 1 1) © P P
+Epgsin| ——— |+ 03| —+—+— | ————-——-==0 (FI10
73 ( % ) 03 <L1 L L L, L L (F.10)

(C3p + Cagp) P35 — C3sp 1 — C3p W3
- 11 1 . .
+ Ejpsin (%) + Q3 (—+—+—) P P Pa gy

L Ls Lg L Ls Le
and also
A1y +Ay = Ci ¢y (F.12)
AU +As s = Coy (g + Cap Bap (F.13)
A3 + A3y = G P30 + CapB3p- (F.14)

In these last three equations I have introduced the variables Al =C+A,, A =
Cou +Cyp —l—Alz and Az = C3,+ C3y, —|—A/3.

Now, the way to proceed consists in solving this system of coupled equations
and plug the solution into Eq. (E.5) to obtain the scattering amplitude for the re-
flection of a single photon. If the system can be solved, two-photon processes
could be easily found, but this system of coupled, second-order differential equa-
tion is not easy to solve, although the equations are much simpler than those in
Chapter 3 (Section 3.5).

Let me try now a different approach. Consider the time-ordered propagator:

(0[G(1,1')0) = (O] T{w1 (t)y1 (') }]0), (F.15)

where T is the time-ordering operator and G(t,t’) is defined as

G(t, ") =0 -1y (t)yi (') + O — 1)y (¢ )y (2). (F.16)
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126 Failed attempts (2): propagators and Green’s functions

In this expression the function (s — ') is the Heaviside step function. I want to
find (and solve) the equation of motion of this propagator. Its solution will give
the scattering amplitude we are looking for. The time derivative of this operator
is:

d d
460 —1) =5~y owi ) + 0~ 1y, 1)
d
3 (v 0+ () AT
. nawi(t) ' / AT
=00 —1)— =)+ O 1)y (r)— =, (F.17)
and the second derivative
d? n_ [ dwi(t) /
d7G(t—t)—5(t—t)[ I L (1 )]H/
d? d?
Lo 1) ;’;2(” wi(l) -0 — )i () ;’;12(’). (E18)

If we neglect C; [in the Eq. (F.12)] and impose the quantization of the fluxes
and momenta, the commutator in the previous expression becomes

(W1 (0), wi(1)],_, ~ —in. (E.19)

With this, the equation of motion of the propagator reads

2
(% + 2—1) (0/G(t —1')[0) ~ —inS(t — ') + % 01T {1 () (#)}10).
(F.20)

Now, the value of (0| T {@; (t) w1 (¢')} |0) has to be found, but this will not give
a simple and short differential equation. With this procedure a highly coupled sys-
tem of differential equations is obtained, so we have the same problem as before.
Thus, another mechanism to find the scattering amplitudes has to be found.
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Appendix

Failed attempts (3): Feynman
diagrams

The last fruitless attempt I have made to find an expression for the scattering
amplitudes of the single- and two-photons processes discussed in Chapter 4 is de-
scribed in this Appendix. Here I make use of quantum field theory techniques to
obtain an expression for the propagator in Eq. (F.15) by using Feynman diagrams.
The notation in this Appendix is the same as in Appendix F.

The derivation of all the necessary tools to construct the Feynman rules is a
long procedure and, since this section is just illustrative and will not bring any-
thing new to this research project, I will skip some steps and give only the rele-
vant results. The first of these results is the Hamiltonian I will work with. In the
Interaction picture, the total Hamiltonian of the system has to be split into an in-
teracting part Hy and a part that describes the free, non-interacting system Hy. The
non-interacting part of the Hamiltonian, derived from the Lagrangian in Eq. (F.6),
is

1._
Ho =4Erqi + 5 197
+ 1 +4E %sa 2 + 1E ¢2
T-— o |4 ~ALEJ2
2(P§ (CZa +C25a) (CZa +C25a)2 2a ) a¥2a
+{2a — 2b,3a,3b}

lxt 1% 1x 1
poAL A2 A
YT2A, 24, T24; 2

1 1
ALyT + A0 + SA35, (G.1)

where, in this expression, the variables ¥, x> and x3 are the conjugate momenta
of the fluxes Y1, Y, and y3 (the cosines have been expanded in a power series).
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128 Failed attempts (3): Feynman diagrams

The interaction part of the Hamiltonian, Hj, contains all the other expressions,
each of them with a coupling constant different for every term. This expression
contains the couplings between the transmon and SQUIDs with the transmission
lines and also between themselves. Each of these coupling constants will be re-
ferred as A; and will be considered small.

Following [62], the propagator in Eq. (F.15), in the interaction picture, reads
QT {yi(t)y1(12)} Q) =
o {umynlexp [ [Trar )]} o)
im

Tsoo(1-i€) 0| T {exp [—i ST dzH,(t)} } 10) O

where the subscript / stands for Interaction picture and |Q) is the ground state
of the interaction theory, which is generally different from |0). Moreover, the
Hamiltonian Hj(7) is

Hy (1) = 0! jye~Hot — ) /0! pje=iHot (G.3)
By expanding the propagator in Eq. (G.2) as a Taylor series in small A we obtain

QT {y1(t1)y1(12)} Q) ~
) (o T {%1@1)1//11@2) + i (1) v (12) [—i T dtHI(t)] ¥ } 10)

T—soo(1—i€) o|T {exp [—if,TT dtHI(f)] } 0)

b

(G.4)

which can be evaluated by using free-field propagators such as Dp(t; — 1) =
(O| T {1 (t1)w11(12)} |0) together with Wick’s theorem [62].

G.1 Propagators within the free field theory

In this section only the Hamiltonian Hy [Eq. (G.1)] will be considered. I am
interested in computing two-point propagators within this theory. Let me start
with

Dri(tr —12) = (0| T {y1 (1) w1(r2) }|0) . (G.5)

In order to find this propagator, its equation of motion has to be solved, but first,
the equations of motion of the flux and momentum involved in this expression
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G.1 Propagators within the free field theory 129

have to be found. These are

, _Ho
. JdHy
X1 =- 8_11/17 (G.6)
which gives
1 = —ofy, (G.7)

where 0)12 = A1 /A;. The quantization condition [y, x1] = i must be imposed, as
well. Consider also the operator

O1(h —t) =T{yi(t)yi(2)}
=011 —n)yi(t)yi() + O —t)yi () wi(t), (G.8)

whose second derivative gives

d? B dyi (1)
d—tlzﬁl (1 —12) =6(11 —12) { a, Jl’l(@] -
d2 t d2 t
+0(n —tz)M% () +O(t2 —t1) (fz)—lmz( 1)'
dr? dti

(G.9)

Recall that, within the free theory, the conjugate momentum of the field v (¢) is
x1(t) = A1y (r). With this, the equation of motion of the operator &} becomes

d? i
(———(012) ﬁ1<t1_t2):%_15(t1_t2>- (G.10)

Since the vacuum ket |0) does not depend on time, the propagator Dg(t; —12)
follows the same equation of motion. Its solution in Fourier space it is

ih 1
Dpi(k) = = . G.11
S Ve (@10
Similarly, for the propagators
Gri(t —12) = (0| T {21 (1) y1(12) } |0}, (G.12)
Hpy (1 —12) = 0| T {x1(1)2:(12)} |0}, (G.13)
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130 Failed attempts (3): Feynman diagrams

similar expressions are found:

h ki

Gri(ky) = NGz TR (G.14)
lhAl 1
HFl(kl) \/—kz ]2—|—l'8. (GlS)

For any other combination of fields and momenta —like yi¢,, or g y3,, etc.—
the propagators vanish, in Fourier space.

G.2 From n-point correlation functions to the S-matrix

In this Appendix I make use of a theory where, by making use of the two-point
propagators, any n-point correlation function can be found. In this theory, a free
particle propagating from ¢, to #1, represented by the diagram

5] I3

is given by

7lk l‘] 12)

Dpy(t; —t
Fi1(t —12) 177: ke i

(G.16)

I am interested in a scenario where #; — o and t, — —oc. I also want to make
this particle that goes from #; to #, a real particle, and not a virtual one. This
means that it has to be on-shell. Particles on-shell satisfy the relation k> — ®? = 0,
as can be seen by solving the equations of motion of the fields [in Eq. (G.7)]
in Fourier space. To transform this equation —and the diagram— into something
physical, I will make use of the L.SZ reduction formula [62-64], which states that
the scattering amplitude (pj...p,|S|k;...ky) containing m incoming particles
and n outgoing particles is related to the (n + m)-point correlation function (in
Fourier space) as

N

3—w2+zs

2 e
Slky...ky)y= 1
(p1---pal S|k .. km) on lgzlell | IJ

- dtl —zp,t,H/ J +tk.,~t;-
V2r V2r

x Q|T{¢ ). Pt (1) - (1) } L),
(G.17)
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G.3 Feynman rules 131

where Z is the field renormalization strength. It is defined as the residue of the
single-particle pole in the two-point function of fields. As can be seen in [62, 63],
Eq. (G.17) is a function of the interaction strengts A; whose value as A; — 0 goes
to 1. Hence we can safely assume Z = 1 if we restrict ourselves to low orders of
A; in the computation of the scattering amplitudes. Actually this is the result for
(p1...pn|S—1]ky...ky), but since the initial state and the final stare are different
(and orthogonal), the 1 can be omitted.

Notice also that the exponent in the Fourier transform of the incoming fields
has a plus sign whereas the Fourier transform of the outgoing fields has a minus
sign.

Given that the factors introduced in Eq. (G.17) go to zero when the on-shell
condition is imposed, the only diagrams that contribute to any scattering processes
are the fully connected diagrams, since the n factors of zero only cancel when the
diagram generates n factors of zero in a denominator, and this only happens when
there are n external points in the same diagram.

G.3 Feynman rules

At this point we have enough elements to write down the Feynman rules, which
are indispensable to extract physical information from the Feynman diagrams.
Given a scattering diagram

ks

> >
p k ,
where the arrows indicate the propagation of a photon, the symbols p, k and k3
are the momentum of each particle (either real or virtual) and the black dot is a
vertex, the rules to construct the S-matrix elements for any scattering processes
are, in momentum space,

1. For each internal propagator, add Dr (k);

(—2mi)"
n!

)Lllz...ﬁ,n;

2. For n vertices, add

3. For each external line, —iDy;
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132 Failed attempts (3): Feynman diagrams

4. Impose momentum conservation at each vertex: 6 (Y k;);

dk
/_2 b

5. Integrate over each undetermined momentum: /

6. Multiply by the number of equivalent contractions.

G.4 Scattering processes

Now that we know how to express a scattering amplitude in Feynman diagrams
and find its expression using the Feynman rules, processes involving one and two
incoming photons can be computed. Let me start with an incoming photon that is
reflected.

By looking at the interaction Hamiltonian we can see that scatterings of order
O(A) are not possible. The lowest order at which something happens is O(A?).
At this order, the following are the only possible diagrams with two vertices:

Gr(yvi = x1) Hr (q2a = q24) Gr(x1 — v1)
2X ® °
(G.18.2)
Gr(y1 — x1) Hr(q1 — q1) Gr(x1 — v1)
2X ® °
(G.18.b)
Gr(y1 — x1) Hr(q1 — q1) Gr(x1 — 1)
12 ®
(G.18.¢)
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G.4 Scattering processes 133

Gr(yvi = x1) Gr(x1 — w1)

12

Gr(y1 — 1) Hr(q1 — q1) Gr(x1 — w1)
+18x

(G.18.d)

For the transmission of a photon from transmission line 1 to transmission line
2 there is only one diagram at O(2).

Gr(y1 = x1) . Hr (q2a = q24) . Gr(x2 = v2)

(G.19)

The factor in front of each diagram is the number of contractions of the fields
that give the same diagram, and the relation between the diagrams and the fields
is the following: consider the external fields to be at the points #; and #,, and the
intermediate vertices at t3 and #4.

e The diagram in (G.19) is generated by contracting
Vi (1) W2(22) X1 (£3) 24 (13) X2 (14) G204 (14).

e The diagram in (G.18.b) is generated by contracting
Vi ()i (22) x1(23)q1 (83) X1 (t4) q1 (1)

e The diagram in (G.18.c) is generated by contracting
Wi ()i () 21 (63)q1 (53) 1 (1) 7 (14).

e The diagrams in (G.18.d) are generated by contracting
v (t) Wi (02) 01 (3) 4 (63) 11 (t4) 1 (1)

e The diagram in (G.18.a) is generated by contracting

1 (t) w1 (2) x1(23)q24(23) X1 (t4) 24 (t4). Three more diagrams can be gener-
ated by substituting g2, — 926, 93a; 93b-

After a careful examination it can be seen that the diagrams with loops such as
G.18.c or the second part of G.18.d represent a small contribution to the scattering
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134 Failed attempts (3): Feynman diagrams

amplitude, so they can be omitted. Nevertheless, the scattering amplitude at such
low orders give something different to what we obtained previously in Chapter 4
[scattering amplitude of single-photon processes, Eq. (4.5), (4.12) and (4.13)].
Moreover, the expressions obtained from these diagrams do not converge after in-
tegrating them for all the incoming and outgoing momenta.

, and the first

. . . . 2
The diagram in G.18.b gives an expression that goes as m

2
p .
A GorTiE" After squaring
it and integrating over p, the final expression diverges. Also, it does not contain
the energy of the transmon excitation nor its lifetime. @ is the frequency of the

incoming pulse.

diagram in G.18.d gives an expression that goes as P

If we go to higher orders of the coupling constant (more vertices), then the
assumption we made stating that Z ~ 1 does not hold anymore.

For these reasons I believe that this in not a good approach to derive the ex-
pressions for the scattering amplitudes for the two-photon processes.
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