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Abstract

In this thesis, we introduce a quantum circuit for stabilizing an error-correctable
two-mode quantum cat state, known as the pair-cat state. Using Foster decomposi-
tion, we derive experimentally feasible circuit parameters that engineer a dominant
fiftth-order flux nonlinearity, yielding the effective Hamiltonian required for pair-cat
state generation. We further present implementations of logical X rotations, show-
casing the possibility of rotating around the Bloch sphere and encoding quantum
information.

Keywords: pair-cat, non-Gaussian, quantum, superconducting.






Acknowledgements

I'd like to thank my supervisor Dr. Maryam Khanahmadi for many fruitful discus-
sions.

Jesper Lagerberg, Gothenburg, June 2026

vii






List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

ATS Asymmetrically Threaded SQUID

BCS Bardeen-Cooper-Schrieffer

CcvQC Continuous Variables Quantum Computing
h.c. Hermitian Conjugate

RWA Rotating Wave Approximation

SGM(s) State Generating Mode(s)

SQUID Superconducting Quantum Interference Device

ix






Nomenclature

Below is the nomenclature of indices, operators, parameters, and variables that have
been used throughout this thesis.

Indices
a; Indices for the first and second state generating mode ¢
b Index for the buffer mode
) Index labelling the photon number difference between the two state
generating modes
n,m Index labelling the number state
Logical basis index (p = 0,1) for pair-cat states
D Mode index used in Foster synthesis
J Jump-operator index in Lindblad master equation
Operators
a;/ d} Annihilation/Creation operator of state generating mode 4

~

—

Annihilation/Creation operator of the buffer mode
Parity operator

Photon number difference operator

Hamiltonian operator

Density matrix operator

Reduced density matrix

Pauli X-operator

Pauli Y-operator

SR

Pauli Z-operator

%bw

Lindblad jump operator

X1



Pn
Pn
Jp

Parameters

Rconf

92,2

Variables

xii

Canonical conjugate momenta operator
Phase operator

Flux operator contribution for mode p

The coherent value. A complex number that specifies the coherent
state. Used interchangeably with the pair-coherent value

Normalization constant for a given state
Eigenfrequency of mode ¢

Drive frequency of the external magnetic flux
Drive frequency applied on the buffer mode to generate the X-gate
Planck’s reduced constant

Magnetic flux quantum

Geometric energy of Josephson junction
Total geometric Josephson energy

Geometric energy difference between two Josephson junctions
Dissipation rate

Buffer mode decay rate

Confinement rate

Effective nonlinear coupling strength
Four-photon interaction strength

X-gate coupling strength

Effective X-gate coupling strength

Resonant drive strength on buffer mode
Coherent drive strength used for X-gate
Reduced pump strength

Zero-point fluctuation for mode p

Inductance of circuit inductor ¢

Capacitance of circuit capacitor ¢

External magnetic flux



t Time

e(t) Flux-pump amplitude
Ey; Josephson junction energy
Z(w) Impedance

Y(w) Admittance

© Reduced phase difference
F State fidelity

(n) Average photon number

Mathematical Functions

I5(z) Modified Bessel function of the first kind
Js(x) Bessel function of the first kind
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Introduction

a™

2

A key component of quantum technology are the coherent states |o) = e~ X T=ln)
[1-4]. These states are characterised with the complex coherence value o and sat-
isfies |a|? &~ (n) for arbitrary occupation number n and their use cases ranges from
quantum spectroscopy [1] to constructing codes used for fault tolerant quantum
computing [2-4], often with a large overhead [5]. In continuous-variable quantum
computing (CVQC) specifically can they be used to encode a qubit in an harmonic
oscillator [6,7]. Here the computational basis states, [0}, = N, (|a) +| — a)) and
1), = N_(Ja) — | — a)), are often referred to as the even and odd two-legged
cat state since they contain the photon numbers with even and odd parity respec-
tively, and encoded as a superposition of coherent states which are sufficiently for
away from each other, such that the overlap is approximately zero [4,8]. These
states are, however, prone to amplitude damping, displacement, and dephasing er-
rors but can be corrected by applying a continuously driven two-photon dissipation
process [4,9,10]. However, as no cavity is perfectly isolated is there a risk for a
spontaneous photon gain or loss to occur which converts the even two-legged cat
state to the odd two-legged cat state and vice versa, a process that cannot easily be
autonomously corrected [9]. This process can be corrected by instead encoding the
coherent states into a four-legged cat state with computational basis states |0), =
Nis (ja) + | — a) + Jia) + | — i) and [1); = Ny (Ja) + | — a) — fia) — | — ia)),
in which both the zero logical, and one logical state has an even parity, and cor-
rection against spontaneous photon gains/loss can be implemented by continuously
measuring the parity using the parity operator II = (—1)“ [9,10]. The parity op-
erator, however, does not commute with the stabilizing dissipation process of the
four-legged cat state, except at certain discrete time-points, and as a result is it not
possible to correct against spontaneous photon loss and dephasing errors simultane-
ously [7].

The problem of correcting spontaneous photon loss/gain can be solved by utilizing
a pair-cat state instead of the four-legged or two-legged cat state [7,10]. A pair-cat
state is defined similarly to a two-legged cat state but instead of using a single mode
does it require two modes with the same coherence parameter. As such is the compu-
tational basis state defined as |0);, = Ny (Jas) + |icw)) and 1) = N (Jas) — Jicws))

a2n+5

where |as) = N 3% WW’ n+ ), where ¢ is the photon number difference be-
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tween the two modes. Since the photon number difference is the same between the
two nodes for both computational states, can we correct against spontaneous pho-
ton loss/gain by measurlng the photon number difference using the photon number
difference operator, 5 = agag — alal, to check if any spontaneous photon loss/gain
has occurred. This operator has one clear advantage over the parity operator, it
commutes with the stabilizing dissipation process of the pair-cat state, allowing
us to measure the photon number difference while the stabilizing dissipation pro-
cess is active [7,10]. There exists, therefore a need of designing a circuit that can
implement the stabilizing process of a pair-cat state; and in this thesis, building
on the work done by Campagne-Ibarcq’s group [11] for four-legged cat qubits, we
suggest a superconducting circuit design, in which by using a buffer mode, we can
implement a four-photon dissipation process that stabilizes a continuous variable
quantum computing qubit encoded using the pair-cat states.



2

Theory

In this chapter, we formally introduce the idea of a pair-cat state and circuit that
may be used to generate the state, introducing the required mathematics along the
way.

2.1 Introduction to Superconducting Circuits

It is well known that the Hamiltonian, 7:[, of the electromagnetic field in a vacuum
can be described using the harmonic oscillator,

= ho (a*a v ;) (2.1)

where w is the frequency of the photons, & is Planck’s reduced constant, and a', a are
the creation and annihilation operators of the electromagnetic field respectively and
satisfies the bosonic commutation relation, {dm dH = Onm [12]. Note that for the
rest of the thesis will we choose units such that A = 1. It is also well known that the
same Hamiltonian can be constructed using a superconducting LC-resonators [13].

For two LC-resonators with eigenfrequencies w, and wy, we get that the Hamiltonian,
up to a constant term, takes the form H = weata + wbIA)TlAD, and we observe no
interaction between the two modes. A circuit element which facilitates an interaction
between the modes is therefore needed, such as the Josephson junction [14], and is
in our circuit depicted as a box with a cross in it.

A Josephson junction is constructed by placing a thin insulator between two su-
perconductors [13-15]. In classical physics, no electrons and therefore current, is
expected to flow through the insulator, but for superconductors where the resis-
tance is zero and the conductivity is perfect may the electrons condense into a
single Bardeen-Cooper-Schrieffer (BCS) ground state, characterized with an ampli-
tude and a phase which allows for electrons in pairs to tunnel from one side to
the other [13]. The condensation process into a single ground state only occurs at
superconducting temperatures, when a net attractive interaction between electrons
allows them to form a bound state, known as a Cooper pair [16]. These Cooper
pairs behaves as composite bosons and follow Bose statistics [17], allowing the pairs

3



2. Theory

to occupy the same quantum state and causes the field operator to have a non-zero
expectation value that scales with the number of Cooper pairs [18,19]. If sufficiently
many Cooper pairs are formed then the field operator in one of the superconductors
will overlap with the field operator in the other superconductor causing tunnelling
between the insulator separating the superconductors depending on the phase dif-
ference, ¢, according to

I(1) = Lsin(6(1) 22)
OB 2.9

where I.. is the critical current and ¢. is the charge of the electron [13]. The energy
contribution of the Josephson junction over time is

E;;=—FEjcos (27:)(?(75)) (2.4)

where ®( is the magnetic flux quantum and E; is the Josephson energy of the
junction which depends on the geometry of said junction [13]. Furthermore, the
phase difference ¢(t) can be expressed using the previously established annihilation
and creation operators; allowing for non-linear interactions between multiple modes.

2.2 Coherent States and Pair-Cat States

Noting that both the linear resonators and the non-linear interaction terms can be
expressed as a function of the annihilation and creation operators is it apt to repre-
sent the states of our circuit as a superposition of the eigenstates for the annihilation
operator.

The coherent state, |«), is defined to be the eigenstate of the annihilation operator,
i.e. ala) = ala), and is in the Fock space expressed as

|n (2.5)
sy
where « is the coherence parameter [20]. Note that two coherent states |a) and |3)

are not orthogonal as
o2 +1812

(al) = e P g (2.6)
That being said can we often treat two coherent states as orthogonal given the
difference between the two coherence numbers « and [ is large [21]. One way to
construct a large distance between the coherence numbers is to let § = —a and
increase the size of a. One would then get (a| — a) = e 2’ ~ 0 for large a.
However, almost zero is not zero. In order to properly describe two orthogonal
states, one can implement the two-legged cat state.

The general idea of a two-legged cat state is to use two coherent states with coherence
values of @ and —a and express two new state as a superposition of these two
coherent states [21]. For instance, consider the even two-legged cat state, [¢)7), as

7)) =Ni(la) + [ — o)) (2.7)
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and the odd two-legged cat state, |¢7),

[07) =N_(lo) = | =) (2.8)
2\ —1/2 2\ —1/2 .
where NV, = (2 + 2¢ 2l ) and N_ = (2 — 2¢ 2l ) . In the Fock basis, the
even two-legged cat state takes the form

|77Z)+ Nfock Z

12n) (2.9)

Ve

and the odd two-legged cat state takes the form

2n+1

) = NTock Z i T 12n + 1) (2.10)

with the normalization constants N2 Since for non-zero «, (¥*|yp=) = 0, one
might be tempted to use [1)*) as the logical basis states for quantum computation.
These codes however, cannot autonomously protect against spontaneous photon
loss/gain as a spontaneous photon loss/gain will convert |¢)~) to |¢) or vice versa
and therefore remain in the code subspace.

In order to autonomously correct spontaneous photon loss/gain one can introduce
the four-legged cat state and stabilize it through a four-photon driven dissipation
process that can protect against dephasing errors [7,9]. These four-legged cat states
can be encoded into the logical basis states |0);, and |1), as

0) = Naro (Ja) + ] —a) + |ia) + | —ia)) = i‘idé & |4n) (2.11)
and
; o] a4n+2
D =Nipi(Ja) +]—a) = lia) — [ —ia)) = N&df 7I4n+2>- (2.12)
(4n + 2)!

These states can be corrected against spontaneous photon loss/gain by measuring

the parity of the state using the parity operator II = (—1)dw. Note however, that
we cannot protect against dephasing and spontaneous photon loss/gain errors si-
multaneously as the parity operator only commutes with the stabilizing dissipation
given by the jump operator Ly, = a* — o* at specific points in time [7]. The jump
operator and its role in stabilizing states is explained in depth in Chapter 2.3. A
code that can protect against dephasing and a single spontaneous photon loss/gain
simultaneously is the code utilizing pair-cat states instead [7].

A pair-cat state is constructed similar to the two-legged cat state, but with pair-
coherent states instead [7]. These pair-coherent states (first introduced by Barut
and Girardello [22]) require two modes a; and as, in contrast to the one mode
required for coherent states, and is defined as a,ds|as) = o|as) where a; and a, are

5
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the annihilation operators for their corresponding mode and ¢ is the photon number
difference between the two modes [7]. The pair-coherent state can then be described
in the Fock basis as

1 [eS) a2n+6

V15 (2laf?) go \/nl(n +6)!

where I5(-) is the modified Bessel function of the first kind. We can then define the
even and odd pair-cat state in a similar manner to how we defined the even and odd

two-legged cat states
bt ) = Nys (|045> + (=)’ |i045>> (2.14)

las) = |n,n 4+ 9) (2.13)

and

[ay) = Nos (las) = (i) Jiag)) (2.15)
where N5 is the normalisation constant for the even pair-cat state and N_s is the
normalisation constant for the odd pair-cat state. We can also, assuming that we as
before have {as|ics) ~ 0, define the logical basis states [0), = |47 ) and [1) = [¢7,)
for any arbitrary o and any arbitrary integer ¢ as

|fes) L Nu, Z

a4n+2u+6

\/2n+u) (2n 4 p +9)!

12n + 11,20 + p1 + 0) (2.16)

where 1 € {0,1}, and N, s is the corresponding normalization constant [7]. The
normalization constant can be expressed explicitly as

2
Nus = 5 ; 2.17
’ JL; (21af*) + (=1)" J5 (2]al?) 210

where Js is the Bessel function of first kind. The pair-cat states are useful as
the code subspace all have the same d-value, a value that is easily predictable as
initializing the states from vacuum gives ¢ the value of 0 [23]. Ergo, by measuring
the photon number difference (PND), 4, using 6= &;&2 —&1&1 can we correct against
spontaneous photon loss/gain. Importantly, this correction can be implemented at
the same time as the stabilizing dissipation process that protect it against dephasing
errors as the PND-operator commutes with the stabilizing dissipation given by the

jump operator L = a2a2 — a* for all points in time [7].

That the dissipation process stabilizes the state is shown in Chapter 2.3.

2.3 Dynamics of a Quantum System

The state that describes a quantum system is called the wave function, |¢), and for
our system of pair-cat states take the general form

V) = colas) + c1liag) (2.18)

where |cg|? + |c1]? = 1 and corresponds to the density matrix

= [0) (W] = leol” |as) (s| + coclas) (ias| + chenlias) (as| + lei|” fias) (ias|. (2.19)
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In particular, what is presented in Equation 2.18 is known as a pure state as the
corresponding density matrix can be described as a cross product of a single wave
function [24]. Mixed states can arise when entangling two states, a process that
is necessary in order to achieve efficient quantum computations that cannot be
performed on a classical computer [25]. To see why an entangled state cannot
necessarily be described as a pure state, consider two observers Alice and Bob that
each measure the spin of a particle. These spins can either be measured to be up,
| T), or down, | |) and let us assume that both states are equally likely for both
Alice’s and Bob’s particle. Now let us also assume that if we have a process in which
if Alice’s particle is in state | 1) then Bob’s particle immediately collapses to | J)
regardless of what spin it originally had, but if Alice’s particle is in | |) then Bob’s
particle is unaffected. We can then introduce the density operator, p, that describes
this entangled quantum state as

p= i| babp)(als |+ i| bate)(lats [+ ;I Tads)(Tals | (2.20)

where A and B denotes Alice’s and Bob’s particle respectively. Note that the state
in Equation 2.20 is a mixed state as the density matrix cannot be written as a
cross product of a single wave function [24]. In order to properly describe the time-
evolution of the quantum system is it therefore apt to consider the time-evolution
of the density matrix.

2.3.1 Time-evolution of an Isolated Quantum System

The time-evolution of a quantum system can be described by the time-evolution of
the density matrix. Which using Schrodinger’s equation, i<|y(t)) = H[y(t)), for
an arbitrary state |¢(t)), we get that the time-evolution for the density matrix is

d

6= RO + O Ol = —i[i]. )

The time-evolution of the density matrix should stabilize a linear combination of
pair-coherent states o), and should therefore satisfy £p = 0 for p = 3, sty Casar |us) (],

with Coser € C. Ergo, we want Hlos) (o] = |as)(eh|H. Recall that dids|es) =
aQ\a5> where a; and ay are the annihilation operators for the different modes. Then
in order for the density matrix to remain unchanged after applying the Hamiltonian,
we need said Hamiltonian to be on the form H = > mei Gnnatay + h.c.. Further-
more, since we want to stabilize the logical qubit states, presented in Equation 2.16,
and these states have a parity structure analogous to the cat-state, which means
the Hamiltonian should not consists of any operators that can break the parity
structure, 7.e. gam+12m+1 = 0 for m € N.

Consider then the simplest case of H = G220303 + 9572&12 df then the time-evolution
of the term |as)(af| takes the form

d ) o e At2 42
— (Jag){aj]) = =i [g226703 + g3 2]} , |as)(a]]

de (2.22)

. 4 At2 12 AD A
= —i (200" = g520""" + g3 001 4} |as) (0] — g2.lcvs)(aslata3)
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which is not 0 for any value of o and /. There is thereby a need to engineer a
dissipation channel that removes the unwanted operator terms 9572&12d£2|a5)<ag| —
ga2|as)(af|atas such that there exists some o and o for which the time-evolution
of density matrix is 0.

2.3.2 Time-evolution of an Open Quantum System

The total Hamiltonian for a system is H = 7:[5 +H B+ H 7 where 7—25 is the Hamilto-
nian for a subsystem; Hp is the Hamiltonian for the rest of the system, also known
as the bath, and #; is the interaction Hamiltonian between the subsystem and the
bath [26]. The total density matrix, psp, then time-evolves as

jtﬁSB = —i [H, pss] - (2.23)
Furthermore, by assuming the Markovian approximation [26,27] and tracing out the
bath from Equation 2.23 and following the calculation presented in [26] is it possible
to obtain the time-evolution of the density matrix for the subsystem as a function of
the subsystems Hamiltonian and its interaction with the bath. The time-evolution
of the density matrix then takes the form

s =i [ ps] + 3 (Lapst] - 3 {EiLp5} ) (2.24)
J

where ﬁj are the jump operators, and describes how the bath acts on the system [26,
28-30]. If we have the same Hamiltonian as before but engineer a four-photon
dissipation channel such that ﬁj = /ka?a2 with some dissipation rate x; then the
time-evolution of the density matrix becomes

dA . oA e At2 12 oA A A2 .42 1A2A2AA R
e i [onatad + giaal'al ] + n (@i2psalaf — L (el a2 o))
(2.25)
and & (|as) () evaluates to
d / . 4 x et N ESE / I A242
3 Uas)lagl) = — (9200" = g3.20"" + g3001 @} |as) (] — gaslvs) (ahlata3) (2.26)
K 42 a2 " o '
+ 5 (2a4a'*4 —otal al |os) (af| — o 4|a5><ag|a%a§)
and have the steady-state solutions
;T 4] 295
eid ’3,2
ei%” 4 295,2
a= 2”* (2.27)
—iZ 4 493,
e Z4 ’32
_;5m 4/ 2g3
e~ ’3,2
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and the constraint o/* = o*. Note that the photon number difference §, does not

affect the coherence value of the system. The stabilized density matrix of the system
can then be expressed as

ps = Cor g Yo, + Colbg ) (o, + C—s[toq ) (Vo | + C—— g ) (g, (2.28)
where [¢7 ) and [ ) are defined as in Equations 2.14 and 2.15.

2.4 Constructing the Circuit

Campagne-Ibarcq’s group [11], managed to engineer a near Kerr-free superconduct-
ing circuit that stabilizes the four-legged cat state. They achieved this by coupling
three capacitor pads together in series with a normal inductor between the first two
and an asymmetrically threaded SQUID (ATS) [31] between the second and third
capacitor pad. This generated two modes, one state-generating mode (SGM) and
one lossy buffer mode with which they could engineer the four-photon dissipation
of the SGM. We extend this design by adding another inductor coupled with an
additional capacitor pad to the capacitor pad that is only connected with the ATS
(see Figure 2.1).

Figure 2.1: Our suggested circuit. Four capacitor pads are placed in a tower, with
an inductor placed between the outer pair of capacitors, and an ATS in between the
middle pair. The capacitor pads are connected to a ground plane.

Here E;, and £, are the Josephson energies of the left and right Josephson junction
respectively in the ATS, L; and C; are the inductance/capacitance of inductor/ca-
pacitor pad i, and ®ey and Pey o are the external magnetic fluxes that arises
between two inductive elements [13].

By performing a Foster synthesis [32], is it possible to find a closed circuit that has
the same impedance of the linear elements, of which the quantized eigenmodes are
the same as for our original circuit [33]. As our Foster synthesis only treat the linear
terms, are we going to
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2.4.1 Foster Synthesis of the Circuit

A Foster synthesis is performed by applying a Laplace transformation on the time-
domain of an arbitrary signal in the circuit and then constructing another circuit
that yields the same response after a Laplace transformation [32]. After the Laplace
transformation, we obtain the impedance, which for a capacitor is Zc,,(w) = —ile
and for an inductor Zp,q(w) = —iLw, where w is the frequency and C, and L are the
capacitance and inductance respectively [34]. Furthermore, for two elements with
impedances Z;(w) and Zs(w) can the effective impedance, Z.g(w) be calculated
as Zeg(w) = Z1(w) + Z(w) if the elements are placed in series, and Z.g(w) =
(Z1(w)™" + Zy(w)™1) " if they are placed in parallel.

The synthesis will be performed from the point of view of the non-linear Josephson
junctions, with the goal of rewriting the circuit into an equivalent one with three
LC-circuits that generates three independent bosonic modes and a superconducting
quantum interference device (SQUID). The first step of the process is to combine
the left, central and right impedances into one, as seen in Figure 2.2.

EQ E2
ZL(LJ) Zc(w) ZR(L«.}) Zcﬁ-(w)
E1 El

Figure 2.2: Schematic process of Foster synthesis. The three impedances Z(w),
Zc(w) and Zg(w) are combined into one single, effective impedance Z.g(w).

The left impedance, Z (w) corresponds to the impedance of the leftmost part of the
circuit in Figure 2.1, and is

1 -1
Zr(w) = ((—iwC’l — ile) — iwC'2>
w201L1 —1

]
(Cl + CQ)CL) (w2%L1 — 1)

-1

(2.29)

The central impedance, Z¢(w), is simply the impedance of the inductor in the ATS
and is

Zo(w) = —iwLs. (2.30)

Finally the right impedance, Zr(w), corresponds to the impedance of the rightmost

10
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part of the circuit in Figure 2.1 and is

-1

ZR(w) = <(—Z(})C4 — iMLg) — Z'WC;),)
(.U2C4L3 —1

(Cs3+Chw <w270304 Ly — 1) '

-1

(2.31)

=1
C3+4Cy

The effective impedance of the circuit, Zeg(w), is then
Zew(w) = ((Zr(w) + Zpw)) " + Ze(w) ™)

_ Pw® — Py’ + Plw P(w) (2.32)
CQew® — Quut + Q- Qy  Qw)

with ( :
_ C1C4(Ce+C3
P = 01+02+03+C4L1L2L3
Py — C1(02+C3+C'4)L1+C'4(C1+C'2+C’3)L3L
3 C1+C2+4+C3+Cy 2
P1 — L2
_ _ 10030,
Qﬁ = O+ CotCatCh L1L2L3 . (233)
Q _ C1Ca(C3+4C4a) L1 Lp+C1C4(C2+C3) L1 L +C3C4(C1+C2) LaLls
4 C1+C2+C3+Cy
Q _ C1(Ca+C3+C4)L1+(C14C2)(C3+Cq)La+Cy(C1+C2+C3) L3
2 C1+C2+-C3+Cy
Qo=1

A circuit consisting of M LCR-oscillators in series has the impedance

M 1 1\~
Z(w) = —wCy + ——— + — 2.34
@ =3 (<t o+ ) 230
where the imaginary parts of the poles are (2RpCp)_1 and the real part of the
poles, gives the resonance frequencies of the LC-circuits, w, = (LpCp)_l/ ® [33].
Furthermore, the resistance and capacitance of LCR~oscillator p can be explicitly
dY (w . _
calculated as R, = me(yl(wp)) and C), = :Sm ( di} )Nw:wp, with Y (w) = Z(w)™ .

Note that superconductivity is characterized by a negligible electrical resistivity [13,
35,36], which means no current should go through the arm with the resistor of the
LCR-circuit and the contribution of R, to the impedance should be 0, i.e., Rip — 0.
We can ensure that R, — oo by choosing the values on the inductors and capacitors
such that w? is both real and positive.

The function in the denominator is that of a cubic equation, Q(v/z) = Q¢x® —
Q.22 + Qa7 — Qp, with z = w?. As such can we ensure that all roots, z, are real by
ensuring that the discriminant, A, of the function is larger than or equal to 0 [37].
This constraint then take the form

2 3 3
A =-27 <Q°> + (18Q4Q2 —4 <Q4> ) Qo @@ <QQ> >0 (2.35)

Qs Qi Qs) | Qs QF Qs

11
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and is the only constraint necessary on the circuit parameters. At first glance it
might seem that Equation 2.35 allows for w? = x < 0 and therefore imaginary poles
of the impedance, but the structure of (Q(w) does not allow for the real roots, z,,
to be negative. To see this, consider Vieta’s formula for which the roots of the
polynomial equation Qgz® — Q422 + Q22 — Qo = 0 satisfies

T+ 19 + T3 = % (236)
Qs
T1To + T1X3 + ToXz = @ (237)
Qs
T1T2T3 = gz (238)

where 1, x9, and x3 are the possible roots of the third degree polynomial [38]. Note
that for our specific case is the right-hand side of Equation 2.36 through Equa-
tion 2.38 all real and positive. If (z1,x9,23) are all greater than 0, then Equa-
tions 2.36 through 2.38 are all trivially satisfied. If only one of the roots is less than
0, then the left-hand side of Equation 2.38 is less than 0, while the right-hand side
is greater than 0 leading to a contradiction. We can therefore not have a root z;
that is less than 0 while the others are greater than 0. In the case where all roots
are less than 0, the left-hand side of Equation 2.38 evaluate to a negative number,
while the right-hand side is positive - leading to a contradiction.

In the specific case where two roots are less than 0, we consider z; > 0 without
loss of generality; then Equation 2.36 gives the constraint that z; > |z3] + |z3| and
Equation 2.37 gives the constraint |zs||xs| > z1 (Jz2| + |23]). The two constraints

imply
o |zs] > (|2a] + |a])? = |wol*+2|za| |zs| + |23 = —|2a|z3] > |22 +|23]* (2.39)

which is not true for any x5 or x3. The only possible solutions of Q(1/z) is then
that the roots, z,, are all positive real, which means that the roots w, are also
therefore all real, and Equation 2.35 is therefore the only constraint we need the
circuit parameters to satisfy in order to have no contribution from the resistance.

After a valid eigenfrequency is obtained can we calculate the corresponding capac-
itance, C,, by taking half of the imaginary part of the derivative of the admit-
tance [33]. We then get

dY(w) _ TR0 — RPW QW (TR i Ty
dw Qw)? PP~ \PWZw) Pw)
and since we only evaluate w when it is a pole of Z(w), and both P(w) and dl;iw)
are real for w = w,, we obtain
dQ(w) 5 3
¢, = Lom (X e _ 30wy 720wy Oy g
2 dw 2 \ P(w) Psw) — Psw3 + Pw,

12
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-1
from which we can obtain the strength of the inductance through L, = (wng) .

The result is the equivalent circuit of Figure 2.1 presented in Figure 2.3, in which
three LC-resonators are placed in series as the central element between two parallel
Josephson junctions. As a direct consequence of the Foster synthesis is the external
flux between the junctions and the central elements the same as in the original
circuit [11].

- ®

(I)ext,Q

E

Figure 2.3: Equivalent circuit of our circuit that generates pair-cat states. Three
LC-resonators are placed as the central elements between two parallel Joseph-
son junctions with strength F; and Fs respectively. Each component of the LC-
resonators are denoted with either the indices aq, as or b. The indices a; and as
indicates the modes used to generate the pair-cat state, whilst the index b is the
buffer mode. The external fluxes are unchanged as a consequence of the Foster syn-
thesis.

In order to describe how this equivalent circuit give rise to the dynamics we want,
is a derivation of its Hamiltonian required.

2.4.2 Hamiltonian of the Circuit

In order to properly describe the Hamiltonian and thereby the dynamics of the
circuit, we need to describe how the current, I(t), and voltage, V' (t), are distributed
and changes over time [13]. If each element of the circuit corresponds to a branch,
then the voltage and current over that specific branch is given by

end of branch _, o
Vbranch (t> - /start of branch E<t> e (242>
1 — —
Ibranch(t) = 7% B(t) -dl (243)
Mo Jbranch

13
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where g is the vacuum permeability, E is the electric field inside the wire and B
is the magnetic field outside the wire [13]. We can then introduce the branch flux,
®pranch (t), and the branch charge, Qpranch(t), as

t
CI)branch (t) = /_ dtlvbranch (t/) (244>

t
Qbranch(t) :/ dt/[branch(t/>- (245>
—0o0
Importantly, the voltage of a capacitor is Viap(t) = % and using Equation 2.45
together with P(t) = V(¢)I(t), where P(t) is the power, and we get the energy
stored in the capacitance is

Fou(t) = /t ) dt’Qg/>](t’) _ ;C@Q(t). (2.46)

Similarly utilizing that the current in an inductor is given by Iq(t) = ? we find
the energy of the inductor to be

°%()
Fioat) = 51 (2.47)
The obtained energy terms can be used to express the Lagrangian, £, and solve
the Euler-Lagrange equations, thus obtaining the time-evolution of the flux and
the conjugate momenta, p, = %, where ¢,, is the phase difference between two
modes [13,39]. We can then promote the flux and conjugate momenta to quan-
tum operators, by ensuring that they satisfy the canonical commutation relations

{(ﬁn, ﬁm} = ihd,,. These operators can be in turn expressed as a linear combina-

tion of the bosonic annihilation and creation operators, as they satisfy [&n, &In} =
Onm [13,40].

For circuits whose linear components only consists of LC-resonators in series, such as
our own, can we ignore the above laid procedure. Instead, we can use the admittance
to directly obtain the flux operator of mode p as

~ h N R
%= w,Sm (d’;fuw) ‘w:wp (ap + &D = fp+ 1} (2.48)

and the contribution from the harmonic oscillators to the Hamiltonian becomes
Hy = 2, fg (L)' f, = >, wphdy, for b = 1 [33]. The total Hamiltonian of
the circuit can then be written as a sum of the linear Hamiltonian, 7:[0, and the
contribution from the SQUID.

The energy contribution from a single Josephson junction is —FE; cos(¢(t)) where
E; is the Josephson energy and ¢ is the reduced phase difference defined as p(t) =
i%;gb(t) [14]. As such can we define the zero-point fluctuation, gofp F for mode p as

14
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Op(t) = gof PE (]5 + ﬁT>, which can be determined analytically as

zpp 2T h
“p ~ 3, oy 3m (d};iw))}w ) (2.49)

where @ is the magnetic flux quantum and we have kept A for clarity. Since ¢ is
a phase difference are we free to define a point on the circuit on which (¢) = 0. If
we define this point to be before the central elements in the equivalent circuit, see
Figure 2.4,

- ®

b (2

Figure 2.4: The equivalent circuit, but with added phase difference. The external
magnetic fluxes are also removed and replaced with p; = %’;@ext’i.

and we get that the energy contribution from the SQUID is

A

Esquip = — E1cos(@ + 1) — Eacos(¢ — ¢2)
<Elcos <<,0—|—SOZ — @ + FEs cos <¢— LY SOZ))
'

:—El< s< )cos(¢ “‘;A)—sin(‘p; sin
() (- 3) o (3):

2
= — Excos (8022) coS (gp — CP2A> — Easin (QO;) sin ((ﬁ — %)

where oy = 1 + V2, YA = Y2 — @1, By = By + By, EA = Ey — By,
P = cpflpF (al + a1> + (,DZPF (bT + b) + gprF (a2 + a2> (2.51)

and p; = %@ext’i. Here we define the operators a; and d, to be the annihilation

operators for the SGMs and b to be the annihilation operator for the buffer mode.

15
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If we then operate the external flux between the arms of the ATS in such a way that

{(2@2 ((I)extQ - (I)ext l) = -7

2T (252)
T (Pexe,1 + Pext,2 + 2 cos(wat)) = —7 + 2 cos(wat)

for some amplitude 7 and some drive frequency w,, and we get the following Hamil-
tonian

A

H =w,,dl a1 + wpb™b + wy,dbis
+ Ex sin (€ cos (wgt)) sin (@) — Ea cos (€ cos (wat)) cos (P) .

From here on will we assume that the strength of the Josephson energies satisfy

E, = By = Fyx /2. Expanding the cosine in Equation 2.53 as cos(wgt) = ewdtgie_wdt

and performing a Taylor expansion of the sine term, and we get that for the leading
order of &

(2.53)

Hioy = Way 101 + wpb?h + wyyaday + —> 25 ( ety e*“’dt) (nﬁ -0 (@3» (2.54)

in which we can choose what terms is on resonance by modifying the drive frequency
wgq. From the argument presented in Chapter 2.3, we want the Hamiltonian to create
two photons in the two SGM simultaneously. We can ensure that two photons are
created simultaneously in each mode by driving the buffer mode with a resonant
drive of strength ( at the same time the drive frequency of the magnetic flux is
operating at wy = 2w,, — wp + 2w,,. Rotating the Hamiltonian into the interaction
picture and performing the rotating wave approximation (RWA) [41], we get the
leading order of the Hamiltonian to be

Hrwa = Gal bay + ¢*b' + hec. (2.55)
H ZPFH ( ZPF)2¢ZPF(LPZPF)2
with G = gE Fay s~ see Appendix A.1 for the derivation.

The RWA Hamiltonian gives the interaction we want. This can be seen by consider-
ing what happens if we act with the Hamiltonian on the vacuum state |n,, , ny, n4,) =
|0,0,0). The Hamiltonian then only populates the buffer mode with strength (*,
and as more time passes does the photon in the buffer mode, corresponding to state
|0, 1,0) turn into two photons in each of the SGM, i.e. |0,1,0) — |2,0,2). Now, due
to the resonant drive of the buffer mode might we also occasionally get two photons
in the buffer mode, but by ensuring that we have a sufficiently large dissipation rate
of the buffer mode to the bath, x;, and sufficiently large coupling strength G is the
chance of this occurring negligible.

The reason we want low population in the buffer mode is so we can approximate the
buffer mode as a two-level system and adiabatically remove it, see Appendix A.2
for the derivation, and engineer a joint two-photon dissipation channel. After the
adiabatic removal of the buffer mode, does the time-evolution of the density matrix
take the form

d . N2GCM g0 2G(i 42,42
p=-—1 a1y — ay az,p
Kp Kp

4G2 "2A2""T2"T2 1 T2 .'.2/\2 2 A~ (256>
+— (al%l)al ay =35 {al 5 a1a2,p}>
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2GC*i

with the resulting equation being on the same form as Equation 2.25 with g, 5 = =

and Kk = %. The solutions then take the form

i3T 4
o= © % \f . (2.57)

—iZ 4/ ¢
e 4 e
s
—i2% 4/ ¢
(& 4 el

We have now a circuit that generate the steady-states, but the question remains on
how to choose the parameters in order to maximize the fidelity and the confinement
rate towards the manifold spanned by our pair-cat states.

2.5 Calculating the Confinement Rates

We have previously shown that the zero-point fluctuations and eigenfrequencies are
directly related to the geometric parameters of the circuit. As such will we work
with the Hamiltonian directly when calculating the local convergence rate, Keont, t0
the manifold spanned by the pair-cat states. Note that from here one ko will be
referred to as the confinement rate. The calculation for the confinement rate will
differ depending on whether the coherence value of the state, |a| is zero or not.

2.5.1 Confinement Rate for a General Non-Zero Coherence
Value

Consider our Hamiltonian in the rotating wave approximation
H=0C (a1a2 —a* ) bt +hc. (2.58)

where a* = e T ¢/ % Using the Langevin equations [42], we get

& = —2iGalal’d
b = —iG (a%ag - a*4) NG (2.59)
4y = —2iGal alb

where by, is the incoming bath field and the dot () denotes the time-derivative. If
we furthermore assume the semiclassical approximation [43], in which we replace
each operator with its expectation value and assume (b;,) = 0, we get

a; = —2Gaiay’b
b = —iG (a1a2 —a ) — b (2.60)
ay = —2iGat a3b
with stable points at
2iG *
(ay,b,a9) = (O, ;a*4,0) (a1,b,a2) = (ﬁa*,O, Oé) (2.61)
b
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for 3 € C/03. As we want to stabilize the pair-cat state with photons in the
SGMs and an empty buffer mode will we ignore the dynamics around (ay, b, as) =

(O, %a*4, 0) and focus on the other stable points.
The linearized dynamics at the stable points can be expressed as d (aq,b,az) =
(a1,b,as) — (ay,, b, ag,) where (ay,, by, as,) are the stable points. Which straight-
forwardly imply, (ai1,b,a2) = 6 (a1, b, az) + (a1, bo, as, ). For demonstrative purposes
will we present the calculation for the linearized dynamics around the stable point
of the a; mode and only present the results for the other modes.

Consider the a;-mode. We then get

*

2
an = iy — a3, = ~2iGajay’b = ~2G (daj + fa) (5 ¥ CE) 5
(2.62)

%3

«
~ —2i1G—0db.
B

We then get
day = —2iGS=6b
8b = ~2iGy §ay — 2Ga" a; — LSb - (2.63)
das = —2iGB*a3db

Furthermore, if we let da; = x4, + iy,,, for j € {1,2} and 6b = x; + iy,, then
assuming 3 and « are both real, can we describe the linearized dynamics as a block

matrix equation
. D M
v = <—M D) v (2.64)

T
where v = (%4, Tb, Tays Yay» Yos Yay)  and

0 2G% 0 0 0 0
M=|2G% 0 2GBa*| D=|0 —% 0
0 2GBa* 0 0 0 0

Let A= QG%;, B = 2GBa3. Then the characteristic polynomial is given by
. (A=D M\ b 2, 2\’
X(A)_det< u A_D>_>\ ((A+2)>\+A +B> (2.65)
and has the solutions

)\1’2 - 0

_ = 64G2a5(824+8-2) | _
Aga =7 <1_\/1_,(.@§)> =A (2.66)
A576:_1b<1+\/1_m%6£g2+52>> 0

b
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Note that the real part of the eigenvalues are non-positive. As such can the fluctua-
tions d (aq,b, ay) are either constant or exponentially suppressed for all values of G,
Ky and o

The solutions can then be divided into two regimes; the underdamped regime and the
overdamped regime depending on whether the eigenvalues are real or complex [44].
The transition point occurs when

64G*a® (8% + 7%
Ay

= 1. (2.67)

In the case where k7 > 64G?a% (3% + 72), we lie in the overdamped regime as
the buffer decay is too strong and the confinement rate, kcong, is governed by the
eigenvalue of least magnitude [44].

oM = % (1 n J Ll G “LB_Q)) . (268)

P |a7é0 _
conf K2>64G206(52+5-2) lﬁg

A Taylor expansion of first order yields

a#0 _ ]‘6G2a6 (/82 + /872) 2 69
/ﬂ?conf‘ng>64a2a6(ﬁ2+ﬁ—2) - Ko ( . )
which, assuming we prepare our pair-cat state from vacuum, in turn yield
32G?|a®
"iconf|:§é>0128(;2a6 - | ‘ (270)

Rp
as the photon number difference between the modes are 0 [23].

In the case where k7 < 64G?|a|® (5% + 372) are we in the underdamped regime as the
buffer decay is too weak to remove all photons in the buffer mode. The confinement
rate is then given by the shared real part of A; and A_ [44]. The confinement rate
is then

|| 0 _ _ hw

’fconf|N§<64Gv2|a|6(/32+5—2) - _2§Re ()‘:I:) - ? (271)
There is therefore a maximum decay rate of %2 we want to reach, and the circuit
parameters should be chosen such that

Kb
G > 28]l (2.72)

This calculation of course, assumes that |a| # 0. However, if we initialize a pure
Fock state |ng,,np, n4,), or a holonomic gate is used then |o| = 0 [45], and the
calculated confinement rate no longer holds. The confinement rate would then need
to be calculated another way.

19



2. Theory

2.5.2 Confinement Rate for a Coherence Value of 0

Consider the time-evolution of the density matrix in the RWA when no resonant
drive is applied on the buffer mode, { = 0,

d o il (a2a2ht - alal’h) 5 pait L (3 5
pP= [G (alaQb +aj al b) ,p} + Kp (bpb b {b b,p}) (2.73)
or in Liouvillian form
d ~
&ﬁ:£ﬁ2(1®G*+G®1+ﬁbb®b*)ﬁ (2.74)
where A L oo
G = —iG (aja3h +af ab b) — Ebbfb (2.75)

and 1 is the unitary matrix [44].

If we let n,,, ny, and n,, be the population in mode ay, b, and as respectively and
consider the Fock state |ng,,,np, ng,). Then for any n € N, can we immediately see
that the states |0, 0,0), |n,0,0),|n,0,1),|1,0,1),]0,0,n),|1,0,n) are steady states of
Equation 2.73. Let Ly be the space spanned by these steady states. Then one
can leave Ly by applying the operator &{&; simultaneously. Consider for instance
acting the operator alal on state [1,0,1) then we obtain state |2,0,2) and exit the
Lo-space. However, this state will turn into [0, 1,0) due to the presence of Ga2a2b,
which in turn will collapse into |0,0,0) due to the strong dissipation. We can then
define the first excitation manifold, £;, as the smallest subspace invariant under the
interaction dynamics G, and contains all states obtained by a single simultaneous
excitation of the storage modes from Ly and whose states are not already in Ly. For
instance the states |2,0,2), and |0, 1,0) belong to £y, but |1,0, 1) does not. We can

also define the second excitation manifold, £, in a similar manner.

It is then possible to estimate the space £ the Liouvillian acts on as

l
L= L L (2.76)

r,s=0

with £ — oo yielding the exact space. Furthermore, note that GL; C L£;, bL; C
L; 1 with GLy = 0 and bLy = 0; which implies that £ can be expressed as
a block upper triangular matrix and we only need to consider the eigenvalues of
G over the excitation manifolds [44]. Furthermore, it can be shown that G over
the excitation manifold decomposes into independent invariant subspaces V,(fzn =
Span (|n — 2k, k,m — 2k), k € {0,...,¢}), when G acts on £,. These subspaces also
satisfy one or more of the following equalities n —2¢ =0, n —2( =1, m — 2{ = 0,
or m — 2¢ = 1 by construction of the excitation manifolds.

Consider a state |n,0,m) € L,. The action of G on |n,0,m) is then

G|n,0,m) = —iG\/nm(n —1(m—1)|n—-2,1,m — 2). (2.77)
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Similarly,

Gln —2,1,m —2) = — iG\/2(n — 2)o(m — 2)a|n — 4,2,m — 4)

—iGy/(n)2(m)a |n,0,m) (2.78)

—%|n—2,1,m—2).

where (z); = x(z — 1) and is known as a falling factorial [46]. For a general state
|n — 2k, k,m — 2k) € L, where 0 < k < ¢, we have

Gln — 2k, k,m — 2k) = — iGN™™|n — 2(k + 1),k + 1,m — 2(k + 1))
— iGN = 2(k = 1),k — 1Lm —2(k —1))  (2.79)
- %k!n — 2k, keym — 2k).

where N"™ = \/(k +1)(n — 2k)2(m — 2k). Finally, for the case where k = ¢, we
have

Gln —20,0,m — 20) = — iGN |n — 2(0 = 1), 0 — 1,m — 2(¢ — 1))

2.80
—%é\n—%,f,m—%). (2.80)

Hence G leaves the subspace V,(f)n invariant. It remains to show that no coupling

exists between distinct subspaces V), and V,(f?m/ with (n,m) # (n/,m’).

Suppose there exists a non-zero matrix element connecting |n,,, ny, nq,) to a state
in Y
'I'L,

/.
M

By construction of the interaction term, such a coupling would require
the simultancous application of the operators a2a2b! or al*al’h, which change the

occupation numbers according to
(Nays My Nay) > (Nay £2,0p F 1,04, £2) € V,(f;n (2.81)

Thus, any path generated by repeated application of G starting in V}f;n remains

entirely within V¥) = and cannot reach V,(f?m,. This establishes that all subspaces

n,m)

V,(LQ,L are mutually invariant and dynamically disconnected.

Finally, since each invariant subspace V,(f)n is (¢ + 1)-dimensional, the restriction of
G to £, decomposes into a direct sum of independent (¢ + 1) x (¢ + 1) tridiagonal

matrices,
~ ()
G . = ,@G”’m’ (2.82)
with
0 —iGN{™ 0 - 0
—iGNS = iGN o 0
G = 0 —iGN™ — K e 0 - (2.83)
: : : —iGN"™
0 0 0 —iGNY
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Note that the confinement rate will be Keons = —2Re (Amin) Wwhere Ay, is the eigen-
value with the smallest non-zero real part in absolute value [44]. Also note that for
the matrix presented in Equation 2.83 does the terms increase monotonically with
n,m and k, which increases the size of the eigenvalue. The term with the lowest
eigenvalue is then the lowest possible combination of n, m that lies on an excitation
manifold, and is (n,m) = (2,2) which corresponds to the space Vg(lz) C L.

Rather then decomposing into a tridiagonal matrix does the restriction of G to £,
decompose it into a direct sum of independent 2 x 2 matrices

G|, ~ PG, (2.84)

with

Gl _ ( 0 —iG\/nm(n —1)(m — 1)) . (2.85)

" —iG\/nm(n —1)(m—1) —

To obtain the eigenvalues for G over £;, we then only need to consider the eigen-
values of Equation 2.85, which are

1 -1 - 1)G?
anm 5 (1 + J | _ L6nm(n g<m )G ) . (2.86)
4 Kj,
Specifically for (n,m) = (2,2) we have
64G?
P [ RE . 2.
4 K3 (2.87)

In the overdamped regime, where x;, > 8G, we have a confinement rate of

laj=0 Kb 64G?2
%Conf|f€b>8G - Z (1 - 11— /@% (288)
which saturates at Kenr = % as G — 2. In the underdamped regime, where
8G > Ky, we obtain
al= Kp
Feont|%50; = —2Re (A\s) = 5 (2.89)

The circuit parameters should therefore be chosen such that G' > “, as that both
maximizes the confinement rate for when |a| = 0 and satisfies Equation 2.72 for

la] > 6%/5 ~ 0.89.

2.6 Quantum Computing GGate Set

In quantum computing, a gate set said to be universal if any universal operation can
be approximated to an arbitrary degree using only the gates from said set [47]. Find-
ing one of these set is however not enough for quantum computing to be justified, as
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we also need the code that we want to simulate to not be efficiently computable on
a classical computer. In other words, we want our set to fail the Gottesmann-Knill
theorem [25]. What this means in practice is that we need at least one gate that
does not belong in the Clifford group, which is the normalizer of the group consisting
of Pauli matrices [48]. To construct a universal gate set can we, as a starting point,
use the gates presented in [7] and can be seen in Table 2.1.

Hamiltonian X-gate 7:[X =0 (d{&; + dlfzg)
Hamiltonian X X-gate | Hxx = gxx (alcladel + a161a205)
Holonomic Z-gate a— 0 — ae’® = a.

Table 2.1: Suggested gate set.

Here the letters a and ¢ denotes different qubits and the indexed numbers denote
the different state generating modes (SGM) of the qubit. Please note that the two
qubit gate is outside the scope of the Thesis, but is presented here for convenience.
The first two gates were first presented in [9], and the third gate in [45], all for a
single cat state and extended by Albert et al. in [7] for pair-cat states. Note that
the Holonomic gate will not affect the dynamics of the system, unless the qubit is
initialized in a superposition of |0);, and |1) as |0), then picks up a relative phase
of 205 with regards to |1) through the Berry phase [45]. Regardless, whichever gate
is used does the state rotate around the Bloch sphere.

2.6.1 Bloch Sphere

The Bloch sphere is a geometrical representation of a two-level quantum state [47],
and is presented in Figure 2.5.

Figure 2.5: Sketch of the Bloch sphere. A two level quantum state |¢) is completely
determined by the angles #; and 65 according to |1)) = cos (%1) |0) + €%2 sin (%1) 11).

The state is completely determined by [¢) = cos (%1) |0) + €2 sin (%1) |1) where
(0]1) = 0. We can then define a gate for a rotation around each of the principal
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1

axis. If we define |0) = (O

) and |1) = <(1)> then we can define the following gates
N 01
£ =0+ ol = (7 ) (2:90)

Y — i[1)(0] — i|0)(1] = (3 _OZ) (2.91)

z=wol-mal-(5 %) (29

These have the eigenstate |£) = |O\7|1 for the X-matrix, | i) = 2 \i["l for the

Y-matrix and |1) and |0) for the Z-matrix.

Applying for instance a X-gate on the qubit rotates the state depend on the time
the gate is active and its strength according to

R (D)) = X [y) (2.93)

where |¢) is the qubits initial state, ¢ is the time the gate is active and g, is the
strength of the gate [47]. The time it takes for the gate to implement a whole
rotation is t,ot = z—:.

Consider for instance the X-gate presented in Table 2.1. If we want to apply the
X-rotation, then we want the resulting code to still be in the code subspace spanned
by |as) and |icis), but the new time-evolution of the density matrix would be on the
form

TP = [92 2&%(12 9o QGJ{ ag + gza1a2 + ngLlCLQ, :0] (2 94)
R a2 42 2 12 R ’
+ 5 (oazapalal? — {al'af e o})

then if g, is comparable or much larger than g, we would stabilize another state
entirely and work against our stabilization process.

2.6.2 Proving the X-gate

The X-gate can be engineered by driving the buffer mode with a frequency of wy =
Wa, — Wp+ Way,; the derivation of which can be found in Appendix B. This subchapter
proves that the gate works and for which values of « it does work.

To prove that
Tix = g, (alah + a1a) (2.95)

acts as an X-gate on our code subspace can we define the projector of said code
subspace [7]. The projector of our code subspace is

= [Ya (W] + [ba ) (e, = PF. (2.96)
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Projecting our a,ay operator onto the code subspace, we get
o
(s 1))~ (3 1))

which means that for a real g, the effect the X-gate has on the code is described by
the following equation

Paya, P = (I (2]af*) X +iJs (2]a*) V) (2.97)

g.P (alad + aran) P = J% (e (0)” - Sm (a)%) fs (2[of’) X (2.98)

—2Re(e)Sm(a)Js (2]al*) V)

(1 (21aF))" = (s (2 ’0"2))2. (2.99)

X = 4

where

Note that rotations purely around the X-axis only occur for either purely real or
purely imaginary « and it does so with an effective gate strength g, where

Gl = 29, |a”
TR i)y

or in the large |a| limit; |§,| = 2¢. |o|>.

I (2]a?) (2.100)
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Results

In this chapter, are the results presented. We will first show the result for the induced
joint two photon decay, and then show how the strength of the circuit parameters
and the strength of the resonant drive of the buffer mode affect the fidelity of the
generated. Afterwards, will we show the state preparation of both the RWA and
using the full Hamiltonian as well as the X-gate for the RWA. The X-gate has not
been implemented for the full Hamiltonian but a quick discussion will be held on
how to effectively realize the gate in a future work.

3.1 Induced Joint Two Photon Decay

Recall the effective time-evolution of the density matrix for our system, presented
in Equation 2.56, and rewritten here for convenience

9GCi o2
ata; — ——al ay ,p
Rp Rp

dt

d. . [QGQ*Z'
(3.1)

4G2 A2A2AA.}.2/\1.2 1 ATQATQAZAQ N
+ T (al%l)al ay =35 {Ch a al%aﬂ}) )

then if the resonant drive on the buffer mode is turned off, i.e. ( = 0, we only have
the joint two-photon dissipator left. The new time-evolution of the system is then

d. 4G /o i 1 ars
—p= 16 (LﬁLT -5 {L'L, ,a}) (3.2)

where L = a2a2 and describes the dissipation [30]. For a state prepared in Fock state
|n,0,m), we expect the induced photon decay to continue until either n — 2 < 0
or m — 2 < 0. Here the central index corresponds to the buffer mode, the leftmost
index to the a; mode and the rightmost index to the as; mode.

Consider for instance what happens when we initialize a state in |2,0,2), and uses
the parameters presented in Table 3.1.
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Table 3.1: Parameters used when modelling the decay rate of the state initialized
in |2,0,2). The resonant drive on the buffer mode, ¢, was turned off during the
simulation.

QZPF 0.38 W, | 4.08 GHz x 27
o FF 0.39 wy | 7.90 GHz x 27
@ZPF 0.58 We, | 5.21 GHz x 27

E; | 560 GHzx h || Ey, | 5.60 GHz x h
Ky | 2.40 MHz x 27 || || -

In order to show the decay was the projection of the initial state against the |2,2)
and |0,0) Fock states plotted. Here we ignore the central index as we are only
interested in the decay of the two state-generating modes. The result of which is
shown in Figure 3.1. The confinement rate was then obtained by fitting the data
against Ppy = e "eont! where Py is the projection against the |2,2) state. The result
of the fitting, together with the analytical solution is presented in Figure 3.2.

Population Decay — Initial State |2,2>

Projection onto [2,2>

c 1.0 —— &=10.000 £=10.024
S £=0.004 —— £=0.028
+ 0.81
% —— £=10.008 £ =0.032
& 0.6 — £=0.012 —— £=0.036
c — £=0.016 —— £=0.040
o -
S 0.4 — £=0.020
= T
202
o
o

0.01

Projection onto |0,0>

1.0
C
]
£ 038
@©
—
Y 064
c
o
S 0.4
)
202
o
o

0.0

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
t [us]

Figure 3.1: Population decay. The state is initialized with two photons in each
mode. No photon decay occur when the magnetic flux between the arms of the ATS
is turned off. As the flux gets stronger, we observe a stronger decay and it is likelier
and likelier to measure no photons in the cavity.
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Figure 3.2: Fitted decay rate when initialized in different Fock states. The blue
dots corresponds to the fitted decay rate for when the state was initialized in |2, 0, 2),
the orange squares when the state was initialized in |2,0,0) and the green triangles
when the state was initialized in |3,0,1). The grey line is the analytically obtained
decay rate for |2,0,2) and the red dashed line is the theoretical maximum value of
kp/2. The fastest confinement rate is obtained at £ = 0.032, but deviate from the
theory.

The fitted decay rate in Figure 3.2, when the state is initialized in Fock state |2, 0, 2)
matches the analytical decay rate in the beginning, but starts to deviate more and
more as the strength of the external magnetic flux increases. One explanation is
that the RWA is not a good description for our system when using strong pumps,
even if it can give some idea on how the system acts. This is not entirely unexpected
since the leading order of the RWA is on the fifth order and there may exist near
resonant terms on a lower order, which can influence the result. However, the
interaction Hamiltonian, G (df&%?ﬂ + h.c.) is key to initialize the pair-cat states. As
such should the pump strength chosen to be as strong as possible, while still allowing
the RWA to give a good description of the system. From Figure 3.2 can we observe
that the RWA fail to describe the system when £ > 0.25 and as such was a pump
strength of ¢ = 0.02485 chosen for the following results.

For the process where we initialized the state as |2,0,0) and |3,0, 1), we observe no
decay. This is expected since both |2,0,0) and |3,0, 1) belong in £y while |2,0,2)
belong in L;.

The larger Fock state we initialize our system in, the faster the observed decay rate
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is. This is because of Equation 3.2, and we get that the {ﬁf), p} term dominates
when p is initialized in p = |n,0,m)(n, 0, m| for large values of n and m. For large
values of n and m and for stronger Josephson energies, we also observe "kicks”
in the decay as the old mode gets repopulated. A possible explanation is that
for the larger Josephson energies the term in front of the sine of the fluctuations,
FEs sin (€ cos(wgt)), become too large and we get an effective drive on the buffer
mode which invalidates the adiabatic removal of the buffer mode. Another possible
explanation is that for both the larger n and m as well as the larger Josephson
energies does additional near-resonance terms no longer become negligible and might
affect the dynamic of the system in terms of a feedback loop, but further studies
need to be performed in order to observe what causes the “kicks”.

The result for the population decay of the state initialized in |2, 0, 0), 2,0, 2), 3,0, 1),
13,0,2), 13,0,3), 4,0,4),|5,0,2),5,0,3),5,0,4), 5,0, 5),16,0,6),|7,0,2), 7,0, 3),
|7,0,4),(7,0,5), |7,0,6),]7,0,7), and |8,0,8) is presented in Appendix C.

3.2 Plotting the Fidelity

Even if the induced joint two photon decay for |o| = 0 is not maximized, can we still
achieve the maximized confinement rate towards the spanned manifold for non-zero

Kb

« as long as G > sk Furthermore, maximizing the joint two photon decay for
«

a = 0, hinders what value of |a| we can safely construct using our circuit. Consider
the case where we desire a pair-cat state with a pair-coherence value of |a| = 2; then

since |a| & \‘%g can we apply a resonant drive on the buffer mode with strength
|¢] & 16G. This occurs at the same time as the coupling strength G satisfies G > 2
and we get |(| > 2kp. The buffer mode then risks getting repopulated faster than it
empties and the approximation of adiabatically removing the buffer mode no longer
holds. This may potentially yield issues when implementing the holonomic Z-gate

but more studies need to performed in order to establish any potential issues.

In order for the adiabatic removal of the buffer mode to remain valid, we suggest to

construct the circuit such that it satisfies & > G > \/m’ZW’ as it then maximizes

the decay rate for the pair-cat states while also allowing for &, > |(| to hold. For
|a] > 1.95, have we plotted the fidelity of the resulting states in Figure 3.3, together
with our suggested maximum and minimum limit.
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Circuit Fidelity, |a| = 1.95

f f 100
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Figure 3.3: The fidelity for different circuit parameters, resonant drive, and decay
rate of the buffer mode that all result in giving a pair-cat state of |a] > 2. The
brighter the data point the greater the fidelity. The highest fidelity is 97.92% and
marked by a star. The blue dashed line correspond to the lowest vale of G that
maximizes the confinement rate of the pair- cat state when |o| > 1.95. The red
dashed line corresponds to the lowest value of that maximizes the confinement
rate when |a| = 0. The states with the highest ﬁdehtles lies in the middle section
of the two dashed lines.

The state with the highest fidelities all lie in the predicted regime. With the highest
fidelity state having the parameters presented in Table 3.2.

Table 3.2: Parameters used obtaining the state with the highest fidelity. The pump
strength of the magnetic fluxes was chosen to be |e(t)| = 0.02485. The coherence
value is || = 2 with a fidelity of 97.92%.

ZPF 0.36 we, | 4.11 GHz x 27
o 0.34 wy, | 6.18 GHz x 27
@ZPF 0.39 Wa, | 4.40 GHz x 27

E, | 396GHzx h || Ey, | 3.96 GHz x h
Kp | 2.25 MHz x 27 || |¢] | 1.35 MHz x 27
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3.3 Plotting the stabilization Time

All the states need some time to get initialized. In order to get as many simula-
tions as possible, we want to minimize the stabilization time. For each data point
simulated was the stabilization time recorded and plotted against the coherence pa-
rameter, |a|, see Figure 3.4, and the reduced gate strength, %, see Figure 3.5. We
also plotted the estimated stabilization time against the reduced Josephson energies
Ext  see Figure 3.6. For all of the above mentioned plots were only the states with

Kp !

a fidelity between 96% to 98% considered.
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Figure 3.4: Plot of the estimated dimensionless stabilization time against the
coherence value. If two states had been prepared in a pair-cat state with coherence
value ag then only the state with the best fidelity was chosen. Furthermore, only
fidelities between 96% and 98% were considered. The dimensionless time varies
between 35 to 115, with a linear dependence on the pair-coherence value.

From Figure 3.4 can we observe a general linear increase in estimated stabilization
time, proportional to the absolute value of the pair-coherence value. The fidelity
does not seem to be affecting the estimated stabilization time.
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Kpt vs G/kp — best F per unique G/kp
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Figure 3.5: Plot of the estimated dimensionless stabilization time vs the reduced
If two states were initialized with the same reduced gate
strength, then the state with the highest fidelity was chosen. Furthermore, only
fidelities between 96% and 98% were considered. The dimensionless time varies be-
tween 30 to 150 with the estimated dimensionless stabilization decreasing with the
increased gate strength.

gate strength used.

We observe a decrease in estimated stabilization time for larger values of the reduced
gate strength. For low values of ¢ is G o« Ex¢ and we should expect faster stabiliza-
tion time for stronger Josephson junctions. The result is presented in Figure 3.6.
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Figure 3.6: The estimated dimensionless stabilization time plotted against the
reduced strength of the Josephson junctions. For stronger Josephson junctions, we
observe a faster estimated stabilization time.
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From Figure 3.6 can we observe that the dimensionless stabilization time reduces
with the reduced strength of the Josephson junction, but not as fast as it does with
the reduced gate strength, see Figure 3.5. Increasing FEy reduces the stabilization
time, but a more effective method is increasing the zero-point fluctuations as the
gate strength is given by

2 2
Bxe eI (@Z0F) P (0207T)
= —€ 2
2 211121

G

(3.3)

and have a maxima at (gﬁflp F ofPr, @gZPF) = (\/5, 1, \/5) This, however, can affect

the fidelity of the state as if we exit the stable region of the zero-point fluctuations,
the fidelity can plummet quite quickly, see Figure 3.7.
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Figure 3.7: Comparison of the fidelity when slightly changing the zero-point fluc-
tuation for the different modes. Each point plotted is also simulated with a different
¢ value in order to obtain a similar coherent state. The decay rate is also different
in order to keep the effective decay rate % constant. The fidelity remains mostly
unchanged when changing the zero-point fluctuations; but for large zero-point fluc-
tuations does it quickly deteriorate.

3.4 State stabilization and Operation

The quantum states need to both be initialized and operated. In this section will
we present the result for the state stabilization in both the rotating picture and for
the full Hamiltonian. We will also present the the X-gate in the rotating frame, and
discuss how it can be extended for the full Hamiltonian.

3.4.1 Using the Rotating Wave Approximation

Initializing the state using the parameters presented in Table 3.2, we obtain popu-
lations presented in Figure 3.8.
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Populations vs Time - Best Fidelity (RWA)
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Figure 3.8: Population plot of the different modes for the state with the highest
fidelity, using the RWA. The a; mode has the same population as the a; mode at
all times. The as mode is therefore plotted over the population of the a; mode,
hiding the population of the mode in this graph. The buffer mode population
increases rapidly in the beginning, and maximizes with an average population of
1.058 photons, at 2.45 ps after the stabilization process has begun, before starting to
decay. The population of the state generating modes follow an exponential increase
and reaches the steady state after an estimated 30 ps with the average population
of 3.53.

The state has a fidelity of 98.14%, with a pair-coherence value of |a] = 1.90.

If we instead use the parameters presented in Table 3.1, with || = 1.91 MHz, we
obtain the population plot presented in Figure 3.9.
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Populations vs Time - Fastest Time (RWA)
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Figure 3.9: Population plot of the different modes for the state with the fastest
estimated stabilization time, using the RWA. The a; mode has the same population
as the as mode at all times. The a, mode is therefore plotted over the popula-
tion of the a; mode, hiding the population of the mode in this graph. The buffer
mode population increases rapidly in the beginning, and maximizes with an average
population of 1.627 photons, at 2.10 ps after the stabilization process has begun,
before starting to decay. The population of the state generating modes follow an
exponential increase and reaches the steady state after an estimated 24 s with the
average population of 3.38.

The RWA then predicts a state with pair-coherence parameter of || = 1.91 and a
fidelity of 98.13%.

However it is not enough to only initialize the state, but we also need to perform
rotations. For instance consider applying the X-gate rotation with a gate strength
|gz| = 0.27 MHz on a state fully initialized in the even pair-cat state with |«| = 1.90;
see Figure 3.10.
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X-gate - Starting in Even Pair-Cat (RWA)

1.01 —— Probability [0>
—— Probability |1>
¥/\M’W —— Total Probability
0.8 1
> 0.6 1
=
Q
©
Q
o
j .
o 0.4
0.2
0.01
0 5 10 15 20 25 30
t [us]

Figure 3.10: X-gate rotation of a state initialized in the even pair-cat state. A
rotation occur when the probability to measure the odd pair-cat state (|1)) reaches
its peak and the probability to measure the even pair-cat state (|0)) reaches the
bottom. The total probability of measuring either state |0) or |1) is also included.
A total probability of less than 1 means we have obtained a mixed state. A single
rotation takes 1.30 ps and leaves the state with a fidelity of 93.74%.

A single rotation takes 1.30 ps and if we turn off the gate after 1.30 ps, we obtain
the odd pair-cat state with a fidelity of 93.74%, as seen in Figure 3.11. The total
state is [¢) = 0.0032|0) 4 (0.0033 — 1i) |1) with a fidelity of 99.07%.
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X-gate - Single Rotation - Even Pair-Cat (RWA)
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Figure 3.11: Probability to measure either the even pair-cat state (]0)) or the
odd pair-cat state (|1)), when the X-gate is active in 1.30 ps. The total probability
of measuring either state |0) or |1) is also included. A total probability of less
than 1 means that we have a mixed state. The final state is [¢)) = 0.0033|0) +
(—0.0198 — 0.99987) 1) with a fidelity of 99.07%.

If the gate and the state stabilization process is initiated at the same time then we
obtain the result presented in Figure 3.12.
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X-gate - Starting in Vacuum (RWA)
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Figure 3.12: X-gate rotation together with the stabilization process on the vacuum
state. A rotation occur when the probability to measure the odd pair-cat state (|1))
reaches its peak and the probability to measure the even pair-cat state (]0)) reaches
the bottom. The total probability of measuring either state |0) or |1) is also included.
A total probability of less than 1 mean that we have a mixed state. The stabilization
is the dominating process and the X-gate has managed to turn the steady-state into
a mixed state. The final state has a fidelity of 46.31%.

Turning the gate off after once again 1.30 ps, we obtain the result presented in
Figure
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X-gate - Single Rotation - Vacuum (RWA)
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Figure 3.13: X-gate rotation together with the stabilization process. The X-gate
is turned off after 1.30 ps. The final state is ) = 0.9652|0) + 0.26144|1), with
a fidelity of 89.70%. The stabilization process, converts a photon from the buffer
mode into the two photons in each mode of the state-generation modes, with no
coupling to the odd pair-cat state. The result, is then what we observe in the graph,
with it initializing the even pair-cat again.

As the fidelity is better, and we have a slow stabilization process, we suggest to first
initialize the state in the even pair-cat state and then apply the X-gate in order to
perform rotations around the X-axis.

The X-gate works as a proof of concept in the rotating frame but is hard to imple-
ment in the full Hamiltonian. Recall the definition of g,

ZPF, ZPF, ZPF |[#ZPF| |2

Soal Spb Spag [ I I I
FE e 2 . 3.4
2 (Way + Way — 2wp) nélx (3-4)

gz =

To achieve the gate presented in Figures 3.10 and 3.12, we apply a coherent drive
on the buffer mode with (x = 269.7 MHz; which can be hard to implement. For-
tunately, there exists other parameters we can change to obtain a larger value of g,
and achieve a faster gate. The key to realize what parameters to increase is to recall
the time-evolution of the density matrix presented in Equation 2.94, but rewritten
here for convenience

d

A . A2 A2 x AT2At2 At A PP
ap =1 [92,2611@2 - 92,201 CL; + gzaJ{a; + gza102, ,0]

(3.5)
K (a2 a2 ant? At2 At2A122242 A
+ 5 <2a%a§pa1 a; — {ai a; a%a%,p}) .
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3. Results

Then in order to stabilize the pair-cat state we need |ga | > |g.|, where goo = 20¢%

Kb
then since both g, and |gs»| increase linearly with Ex, and 77" can we increase

f l92,2]
xT

those two values more than we decrease (x to increase, or fix the ratio o while

we at the same time shorten the rotation time ., = z—”.

3.4.2 Using the Full Hamiltonian

The state generation for the highest fidelity can be observed in Figure 3.14, and uses
the same parameters presented in Table 3.2.
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Figure 3.14: Population plot of the different modes when the state is initialized.
The a; mode has the same population as the as mode at all times. The as mode is
therefore plotted over the population of the a; mode, hiding the population of the
mode in this graph. The buffer mode population increases rapidly in the beginning,
and maximizes with an average population of 1.09 photons, at 2.52 ps after the
stabilization process has begun, before starting to decay. The population of the
state generating modes follow an exponential increase and reaches the steady state
after an estimated 30 ps with the average population of 3.74.

The state has a fidelity of 97.92%, which is slightly lower than what the RWA
predicts in Figure 3.8. Furthermore, does the RWA predict a pair-coherence value
of |a] = 1.90 while the full Hamiltonian predicts a pair-coherence value of |a| = 2.00.
A similar decrease in fidelity and increase in the pair-coherence value can be seen for
the state with the parameters for the fastest found stabilization time, see Figure 3.15.
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Population vs Time - Fastest Time
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Figure 3.15: Population plot of the different modes when the state is initialized
using the parameters that gave the fastest stabilization time. The a; mode has the
same population as the as mode at all times. The as mode is therefore plotted over
the population of the a; mode, hiding the population of the mode in this graph.
The buffer mode population increases rapidly in the beginning, and maximizes with
an average population of 1.72 photons, at 2.15 ps after the stabilization process has
begun, before starting to decay. The population of the state generating modes follow
an exponential increase and reaches the steady state after an estimated 14 ps with
the average population of 3.72.

Here we also observe a drop in fidelity, while also observing an increase of the pair-
coherent value. For the full Hamiltonian we obtain |o| = 1.99, with a fidelity of
96.56%.

A reason for the discrepancy between the full Hamiltonian and the Hamiltonian
in the rotating picture, is that the rotating wave approximation cannot fully de-
scribe the system. For instance, in the full picture we have additional terms of
sin(e(t))pf T (ET + 13) and equivalent terms for the other modes, that cannot be
captured in the rotating picture. These terms, if near resonance, could contribute
to an effective drive on each of the mode and result in a state with a larger pair-
coherence value. This can also explain the faster estimated stabilization time for the
result presented in Figure 3.15 compared to when using the RWA, see Figure 3.9.
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Conclusion & Outlook

We have demonstrated that that it is possible to generate pair-cat states with |a| >
1.95 and a high fidelity of 97.72%. These states however, have a long stabilization
time. We have also shown that we can induce a joint two-photon decay, and that
it is challenging to maximize the joint two-photon decay rate while stabilizing a
pair-cat state at the same time. For holonomic gates, which require |a| = 0 during
the process is the confinement rate not maximized, and more studies is required
in order to establish if this causes any trouble for the gate. Furthermore, have we
shown that the pair-coherence value |a| can be modified by tuning the strength of

the resonant drive |(| , as |a| o« C/g Finally, the nature of the circuit only allows
for certain combinations of eigenfrequencies and zero-point fluctuations since the
impedance of the circuit is only allowed to have real roots.

The stabilization time can be sped up but at the cost of the fidelity. Furthermore,
we have shown that the X-gate can be implemented in the RWA, but for the full
Hamiltonian would we require a large coherent drive on the buffer mode which
might not be feasible. Both the problem of the slow stabilization time and the large
coherent drive on the buffer mode for the X-gate can be solved by increasing the
energy of the Josephson junctions. This however, comes at the cost of the fidelity.
Another possible way to increase the stabilization time might be to implement a
counter-adiabatic drive, which might be of interest to implement in future studies.

Additionally, might it be of interest to implement the holonomic Z-gate in future
studies. Enabling the encoding and manipulation of arbitrary quantum information
within the pair-cat logical basis.

Furthermore, in future studies might it also be relevant to simulate the effect of
noise since that is not present in these studies. Additionally, the confinement rate
assumes the RWA is valid, but near-resonant terms may contribute and explain the
deviated confinement rate from the measured confinement rate. In future studies,
might it therefore be of interest to extend the RWA to the second or third order and
compare the new theoretical value to the measured data.
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A

Calculations regarding the
Rotating Wave Hamiltonian

In this appendix, we derive both the Hamiltonian in the rotating frame as well as
adiabatically remove the buffer mode.

A.1 Deriving the Rotating Wave Hamiltonian

The key idea in the Rotating Wave Approximation (RWA) is that when measuring
over a large period time will the effect of the quickly oscillating terms on aver-
age be 0. While this approximation will be done on both the time-dependent and
time-independent terms is the effect on the time-independent term trivial and this
subsection will therefore focus on the time-dependent terms As a reminder is the
time-dependent terms are Ey sin (€ cos (wqt))sin (¢) where ¢ = 3, 2P (ﬁ+ ﬁ).
The RWA is done in two steps. First we transform the Hamﬂtoman into the inter-
action picture

dR

o) = RIARGW) — ik ()

(A.1)
with fi( t) =e7n t, and Ho = > hw,p'p and then we eliminate the quickly oscil-
lating terms through a time-averaging operation [41]. The time-averaging operation
is defined as

= lim ~ / dto(t (A.2)

T—)oo

For small values of the magnetic flux, i.e ¢ < 1, we approximate the time-dependent
Hamiltonian Hijme, as

Hiime = Fx sin (& cos (wgt)) sin ()
(88 &

A3
cos (wat) — 51 €0 (3wdt)> sin (@) . (4-3)

Utilizing ﬁT(t)fB(t) = 1 is it possible to expand the sine term and apply the operators
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A. Calculations regarding the Rotating Wave Hamiltonian

inside the function. In other words

) ((mtmfz(t)f (A4)
R

with Ri(t)a,R(t) = aye™=t and similar for b and ay. Furthermore, expanding
sin(z +y + 2) as

sin (x + y + z) =sin(z) cos(y) cos(z) + cos(x) sin(y) cos(z)

A5
+ cos(x) cos(y) sin(z) — sin(x) sin(y) sin(z) (8.5)
and rewriting sin(z) = 5 (¢ —e™™), and cos(z) = 5 (€' + e7*), can we use the
bosonic commutation relations {dm du = 0, tO obtain
. , (WZPF)2 (’L ZPF)"+m
el (e tentsaleent) _ AL AN ) e mentg g (A6)
—  plm! t ’

which we can use to treat each mode on their own. For instance working through
mode a;, we get

sin (@flPF (&le—iwalt + dieiwa1t>) ( ZPF Z Sal i(n—m)wa, CLT &7171 (A7)
where . .
s~ jntm—1 (SngPF> ( SOgIPF) | s

2 n!lm!
Note that by applying the drive wg = 2w,, —ws + 2w,, and only evaluating the terms
expanded in Equation A.3, we get that the only terms surviving the time averaging
operation are the terms where n —m = £2 or n — m = +6. However, since both
of these requirements would result in n + m being even, we then get that 55!, = 0.
Expanding the cosine function, we obtain
( ZPF)2

al

cos (20 (e i) =D S e mtalap (A

n,m

with

jotm (QDiPF>n+m I ( (pipF)”J“m

2 nlm! ’
Which have non-zero terms under the constraint n —m = £+2 or n —m = 6. These
terms are

co, = (A.10)

( ZPF‘

cos (™ (e wale=))| L = Z SR L N

+ h.c.
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A. Calculations regarding the Rotating Wave Hamiltonian

and
( ZPF‘

cos (gpflpF (d Tl agen ))‘n m=46 Z ”"+6ATH+GCL1 (A.12)

+ h.c.

Similar factors are also obtained for as.

By performing the same analysis for the buffer mode, we get that the only terms
that survive are when n—m = +1 and n—m = £3. This time, however, we get that
Ch ., = 0 and the only surviving terms are those from sin (gobzp F (zSe—W - lA)Te"‘“bt».
The surviving terms after the RWA is then

( ZPF

sin (gofPF (b it 4 ETeiwbt)) ’n T Z nnHlA)TnHZA)" +h.c. (A.13)
and
A o ( ZPF‘ N
sin (gpbzpF (b Tt 4 bTewbt» ’n . Z nn+3bT P he. (A14)

If we let the order, o, of the expansion be defined as 0 = x + y where p"p¥ are
the creation and annihilation operators for the mode being expanded, and truncate
after the fifth order, yields the rotating wave approximation, Hrwa, as

A A2AA2 ABA AA AQAA 3/\
Hrwa = Gal bl — ga,al arbal — gyal b1 a2 — G0l DAY ay

+ Xalagal alba2 as + Xalbal aleb az + Xbagal “bota ATg (A.15)
+ XbbaT bt b3a2 — Xalbbal aleQb — Xbba2a123T2b3a£ Qo '
— Xalb@al aleb a2 as + Xalbba2a1 ale b3a2 as + h.c.
where the coefficients in front of each of the operators takes the form
., s e 1L (egrr) Gy
G = 108~y
9oy =36 (s@fIPF)z g
9 = 54 (pfF) 4
oy =36 (s@fQPF)z gl
Xoos =12 (@51PF>2 (sanzPF)Q N
Xaib _ 18 (@51PF>2 (sol)ZPF)Q 5 (A.16)
Xbas — 13 (%ZPF>2 ((paZzPF)Q N
Xbb = (SObZPF>4 gl
Xawp =3 (wflpp)z (%ZPF)4 g
Xbbar =3 (sObZPF)4 (wffF) g
Yobay =6 (@aZlPF)2 (SO )2 (QOQZ;F) ~
Xaibbaz = (%ipF) (%ZPF) (90§2PF> v
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A. Calculations regarding the Rotating Wave Hamiltonian

with |27 ||* = (£277) + (f7F)" + (277’

Keeping only the leading term and applying a resonant drive on the buffer mode
~ 2 A 2 A
vields the Hamiltonian Hrwa = Gal bal + ¢b+ h.c..

A.2 Adiabatically Removing the Buffer mode

Our Hamiltonian in the rotating frame is
Hrwa =G (af al b+ b'a3a3) + ¢bt + ¢b (A.17)

but this Hamiltonian consists of a buffer mode which is not present in the modes
for the pair-coherent state. Ergo, we should try to eliminate the buffer mode.

A general density matrix time-evolves as

p=—i|H,p|+ X DlLilp (A.18)

where D is the dissipator and Ly is a collapse operator [49]. Assuming a large
dissipation rate of the buffer mode, x;, can we approximate the population in the
buffer mode as a two-level system as the population in the buffer mode is highly
unlikely to be larger than 1. We can then define |g), = |0), and |e), = |1), where |g),
and |e), are the ground and excited state for the buffer mode respectively. Following
the method by Reiter and Sgrensen [50] can we describe the time-evolution of the
state-generating modes with an effective Hamiltonian and effective collapse operator.
The effective Hamiltonian is

N 1~ ~ ~ N A N
Hor =5V (HNﬁq + () ) v+ A, (A.19)
where ,
Hn = He — %Z LLLy (A.20)
k

and the effective collapse operator is
LE = LyHRL VL (A.21)

Limiting ourselves to the two level system of the buffer mode, can we determine the
Hesq and V., operators to be

He = [ (1HEVA1),(1] = 0

Hy = 10),(0] 1V 410),(0] = 0

. . A.

Vi =|1>b<1\HRWA\1>b<0| (Gﬁg +¢*) 0)5(0] (A.22)
= 0)(O[ARVAL)(1] = (Gal al” +¢) |o)(1].

The original collapse operator is L = /kyb ~ /#p|0), (1|, where , is the dissipation
rate of the lossy buffer mode, and we get the non-Hermitian Hamiltonian Hym to
be

Hyg = ——2bTb ~ ——2]1),(1] (A.23)
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and since it is a singular matrix is the inverse straight-forward to calculate as

N 21
Al = 101l (A24)

Kb
Using Equations A.19 and A.21 is it also straight-forward to see
Heg = 0
{ er (A.25)
and we obtain c
az+ = | p A.26
aya; + G} P ( )

with the dissipator D [fl} p= flﬁfﬁ —% {fﬂfl, ,6}. By then expanding the dissipator,
can we through some clever algebra obtain

X . QGZ *AD A A2A2 ~ 4G2 AD A ~
p=—i| o (catad - cal'al) | + Sn[ahad] 5 (A.27)
with the effective/reduced Hamiltonian
~ 2G /., 2.2 DA
Hy=——1 (( al al — (a%aQ) . (A.28)
Kb
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B

Construction of Gates

The X-gate can be constructed by applying a charge-line drive to the buffer mode.

The Hamiltonian then becomes
H = hw,,alay + hwyb'b 4 hwa,abas + Ese(t)sin(@) + h¢ e™h + e~ “tb

+ h(ex(t)*l3+€x(t)BT) (B

with ex(t) being the strength of the charge line [42]. Note that by applying the
charge drive on the buffer mode yields an an effective displacement of the buffer mode
which we can calculate by rotating the Hamiltonian into the displacement picture
using the displacement operator D(8) = " @800 where B(t) is the displacement
of the buffer mode [51,52]. The transformed Hamiltonian can then be calculated as

A = D'RD - mfaﬂf (B.2)

which by using the following relations
D i (3= )
DTbD =b—pf (B.3)
Dtsin(¢)D = sin (gﬁ — ofPE (B + 6*))
where the dot (-) denotes the time derivative. We then get
7:(/ = hwalaidl + h(,db (BTB - 5*6 - BZ;T + |ﬁ|2) + hwazaE&Q
+ Exe(t)sin (¢ — 077 (8+ 57)) + hex(t) (' — 57)

L . . (B4)
* r o x7 Art) @ x Ox
+he(t) (b= ) —in (80— gbl) — = (8" — 5°8)
+h¢re™ (b— B) + h¢e ™ (b — 87)
which reduces to a slightly modified version of our Hamiltonian when ((t) = —iw,3+
iex(t). Let ex(t) = (xe X' then
CX —iwxt
t) = ———e "X B.5
Blt) = e (B.5)
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from which it is easy to see

2
%_C);X cos(wxt). (B.6)

pt) +57(t) =

Here we have assumed that (x is purely real. Dropping the additional terms, we get
the following Hamiltonian

A = I,y + heoph'd + wg,adis + Exe(t)sin (¢ — o277 (B(1) + (1))
+ hg*eiwbtg + hce—iwbt[;f
= hwa, a1y 4 hwpb'b + Tiwg, dlis

9w ZPF (B.7)
+ Exe(t) sin (@) cos (CX% cos(w;ﬂ))
Wy — Wx
Cx gOZPF o o
— Exe(t) sin ( COS(th)) cos (p) + h¢*e™th + h¢e o'p!
Wy —
which by performing a first order Taylor expansion we get to equal to
H' = hwa, alay 4 hwyb'b + R, dbas + Ese(t) sin(p)
QEECXSOZPF . A (B.8)

cos(wxt)e(t) cos() + h¢*e™r'b + h¢e ™' b1
Wp — Wx
Recall that €(t) = % (ei(zwal_wwa”)t + 6_i<2w“1_“b+2““2)t> and that we require the

leading order of the X-gate to be &I&; + h.c.. Then a natural choice of the drive
function for the coherent drive of the X-gate is ex(t) = (x cos ((ws, — wWp + Way) 1),
and we obtain

(t)gx(t) fCX < (3wa1_2wb+3“’a2)t_‘_ei(wal"“*’az)t_‘_h.c‘) ) (Bg)

By performing the RWA up to the first correction from the unwanted frequency
wq + wx where wy = w,, — wp + Wy, We get

A ALA 2
HX - gma];ag gx, ala]{ alag gX,baJ{bTba’g — Jx, GQCLJ{GJ; as
2 2
+ XX,bbale b2 a2 + XX,alazaI alag as + Xx, albal alebaz

AT R4 A T2 A TN At AT3 A0
+ XX,ba2a1bTba2 ag + XX,a1a1 41 a1a2 + XX,a2a2a’1a2 Qg

/\2/\

A2 A 7127241 12 A
— XX, b DT D%k — Xxanpl @107 b2 — xxppapai bl 02ah g (B.10)
PSP N PO ~ PECIN
- XX,a1ba2a1 alb bay G — X X,a1a:601 a1b ba2 - XX,bazagalb ba2
A3 A2AT2 A A2 A A3 A2 At A3 AT
— XX,a1a1a2@1 1G9 Q2 — XX, a1a2a2a1 d1dy A5 — X X,ara1a, 1 A709

At AtiA3 29 A
— XX asasas 10y U5 — Gsxal "1%4 —I— h.c.
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with

2

(B.11)

| QZPFQZPFZPF _||soZPF||
Yo = 2€;a1+wa2725b)EE§CXe ’
(e2rm)"
9X,a1 — 12 9z
2
gxp = (#7F) g
zPF\?
9X.,a; = (%122 ) 9z
zPF\4
XX,pb = %Q‘x
zPF\2(, zPF)2
XX.a1a = (‘pal ) (‘pa2 ) s
zPF\?( ,zPF\?
Xy = (] )2(<P ) .
zPF\2( zPF\2
X, = (¢ )2(%2 ).
Xx = (%ZIPF)49
,a1a1 12 x
XX,a0a0 = (LPGZZPF)‘Igz
,0202
ZP1F2 6
XX bbb = ( b36 ) Gz
zPF\2( ,zPF\*
o = (] )8(<P ) .
4 2
XX, bbag = <SprPF) (SDEZQPF) 9z
b 2 8
OPRPPR C i el K i
,a1baz
XX,a1a1b = (%?f)F)ig(prPF)zgx
,a1a1
Yx bagay = (‘PbZPF)jgpapr)zlgz
zPF\4( zPF\2
XX,a1a1a2 = (@al )2§‘P«12 ) gz
2 4
XX,a1a2a2 = (waZfF)ngaZQPF) Gz
,a1a2a2
zpF\©
XX, ara1a1 = (%1144 )ng
ZPF
XX azazas = (%11244) 9z
3 2 2
G = Vet

Note that the zero-point fluctuations are quite large, and the ideal gate is therefore
not enough to properly describe the interaction. Since the gate that stabilizes the
pair-cat state is in fifth order with regards to the zero-point fluctuations; we suggest
to implement the X-gate to at least seventh order with regards to the zero-point
fluctuations whenever simulations are performed.
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C

Results for the Induced Joint Two
Photon Decay

In this Appendix, we present the figures for the induced joint two photon decay, when

the state is initialized in Fock states |2,0),|2,2),|3,1),|3,2),|3,3), |4,4), |5, 2),

15,3),15,4),5,5),6,6),|7,2),|7,3),|7,4),|7,5), |7,6),|7,7), and |8,8) of the state-

generating modes.

Population Decay — Initial State |2,0>

Projection onto [2,0>

C

2 1.001 — £=0004 — £=0.024

9] £=0.008 £=0.028

© 0.751

= — £=0012 — £=0032

S 0.501 — £=0.016 £=10.036

= — £=0.020 £=0.040

8 0.251

2

O 0.00 1

a T T T T T T T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

t [us]

Figure C.1: Population decay of state initialized in |2,0). No decay occur for any

pump strength.
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Population Decay — Initial State |2,2>

Projection onto [2,2>

1.0

0.8

0.6

0.44

0.2

Population fraction

0.0

Projection onto |0,0>

1.04

/ -
0.81

0.6
0.44

0.2

Population fraction

0.0

0.0 2’5 5.0 75 10.0 12.5 15.0 17.5 20.0
t [us]

Figure C.2: Population decay of state initialized in |2,2). The decay is quicker for
larger pump strengths, and maxes out at & = 0.032.

Population Decay — Initial State |3,1>

Projection onto |3,1>

c

-8 1.001 — £=0.004 — £=0.024

= [ = -

E 0.754 & =0.008 &=0.028

= —— £=0.012 —— £=0.032

S 0.50 — £=0.016 £=10.036

S —— £=0.020 —— £=0.040

0 0.251

>

8-0 001

a T T T T T T T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

t [us]

Figure C.3: Population decay of state initialized in |3,1). No decay occur for any
pump strength.
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Population Decay — Initial State |3,2>

Projection onto |3,2>

1.04

0.8

0.6

0.44

0.2

Population fraction

0.0

Projection onto |1,0>

1.04

0.8

0.6

0.4

0.2

Population fraction

0.0 2’5 5.0 75 10.0 12.5 15.0 17.5 20.0
t [us]

Figure C.4: Population decay of state initialized in |3,2). The population decays
into state |1,0) and maxes out at £ = 0.032.

Population Decay — Initial State |3,3>

Projection onto |3,3>

1.0

0.81

0.6

0.4

0.2

Population fraction

0.01

Projection onto |1,1>

1.0

0.81

0.6

0.4

0.2 1

Population fraction

0.01

0.0 2’5 5.0 75 10.0 12.5 15.0 17.5 20.0
t [us]

Figure C.5: Population decay of state initialized in |3,3). For larger pump
strengths do we observe "kicks” as the population in |3, 3) start to repopulate.
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Population Decay — Initial State |4,4>

Projection onto |4,4>

— £=0.004 — £=0.024
—— £=0.008 —— £=0.028
— £=0012 — £=0.032
— £=0.016 £=10.036
—— £=0.020 —— £=0.040

=
o

Population fraction
o o o o
N > o o

o
<)

Projection onto |2,2>

1.09

0.8

0.6

0.44

0.2

Population fraction

0.01

Population fraction

0.0 2’5 50 75 10.0 12.5 15.0 17.5 20.0
t [ps]

Figure C.6: Population decay of state initialized in |4,4). The decay occurs in two
steps, from |4,4) to |2,2) and then |0,0). For larger pump strengths do we observe
"kicks” as the population in |2,2) start to repopulate the population in |4,4). No
meaningful kicks are observed from |0, 0) to |2, 2).
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Population Decay — Initial State |5,2>

Projection onto |5,2>

1.0

0.8

0.6

0.44

0.2

Population fraction

0.0

Projection onto |3,0>

1.04

0.8

0.6

0.44

0.2

Population fraction

0.0

0.0 2’5 5.0 75 10.0 12.5 15.0 17.5 20.0
t [us]

Figure C.7: Population decay of state initialized in |5,2). For larger pump
strengths do we observe "kicks” as the population in |5,2) start to repopulate.

Population Decay — Initial State |5,3>

Projection onto |5,3>

1.0

0.8 1

0.6 1

0.4

0.2

Population fraction

0.01

Projection onto |3,1>

1.0

0.8

0.6 1

0.44

0.2

Population fraction

0.0 1

0.0 2’5 5.0 75 10.0 12.5 15.0 17.5 20.0
t [us]

Figure C.8: Population decay of state initialized in |5,3). For larger pump

strengths do we observe “kicks” as the population in |5,3) start to repopulate.
These kicks are stronger than for the repopulation of |5, 2).
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Population Decay — Initial State |5,4>

Projection onto |5,4>

— £=0.004 — £=0.024
—— £=0.008 —— £=0.028
— £=0012 — £=0.032
— £=0.016 £=10.036
—— £=0.020 —— £=0.040

=
o

e o ©
> o

Population fraction
o
o

o
<)

Projection onto |3,2>

1.09

0.8

0.6

0.44

0.2

Population fraction

0.01

Projection onto |1,0>

1.04

0.81

0.6

Population fraction

0.0 2’5 50 75 10.0 12.5 15.0 17.5 20.0
t [ps]

Figure C.9: Population decay of state initialized in |5,4). The decay occurs in two
steps, from [5,4) to |3,2) and then from |3,2) to |1,0). For larger pump strengths
do we observe "kicks” as the population in |3,2) start to repopulate the population
in |5,4). No meaningful kicks are observed from |1,0) to |3,2).
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Population Decay — Initial State |5,5>

Projection onto |5,5>

— £=0.004 — £=0.024
—— £=0.008 £=10.028
— £=0012 — £=0.032
— £=0.016 £=10.036
—— £=0.020 —— £=0.040

=
o

e o ©
> o

Population fraction
o
o

o
<)

Projection onto |3,3>

1.0

0.8

0.6

0.44

0.2

Population fraction

0.0 1 —

Projection onto |1,1>

1.04

0.81

0.6

Population fraction

0.0 2’5 50 75 10.0 12.5 15.0 17.5 20.0
t [ps]

Figure C.10: Population decay of state initialized in |5,5). The decay occurs in
two steps, first from |5,5) to |3,3) and then from |3,3) to |1,1). For larger pump
strengths do we observe "kicks” as the population in |3,3) start to repopulate the

population in |5,5). For the largest pump strength do we also observe repopulation
of |3,3) from |1,1).
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Population Decay — Initial State |6,6>

Projection onto |6,6>

1.01 — £=0004 — £=0.024
— £=0008 -—— £=0.028
0.8 —— £=0.012 — £=0.032
— £=0.016 £=0.036
0.6 1 — £=0020 —— £=0.040

0.4

0.2

Population fraction

0.01

Projection onto |4,4>

1.0

0.8

0.6

0.44

0.2

Population fraction

0.0

1.04

0.8

0.6

0.4

0.2

Population fraction

0.01

Projection onto |0,0>

0.8

0.6

Population fraction
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Figure C.11: Population decay of state initialized in |6,6). The decay occurs in
three steps, first from |6, 6) to |4, 4), then from |4,4) to |2,2), and finally from |2, 2)
to |0,0). For larger pump strengths do we observe "kicks” as the non-vacuum states
repopulate. The repopulation for state |6, 6) is negligible in comparison to the kicks
of |4,4) and |2,2). The repopulation of |2,2) is a consequence of the repopulation
of [4,4).
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Figure C.12: Population decay of state initialized in |7,2). For larger pump
strengths do we observe "kicks” as the population in |7,2) start to repopulate.
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Figure C.13: Population decay of state initialized in |7,3). For larger pump
strengths do we observe "kicks” as the population in |7, 3) start to repopulate.
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Figure C.14: Population decay of state initialized in |7,4). The decay occurs in
two steps, first from |7,4) to |5,2) and then from |5,2) to |3,0). For larger pump
strengths do we observe “kicks” as the population in |5,2) start to repopulate the

population in |7,4). For the largest pump strength do we also observe repopulation
of |5,2) from |3,0).
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Figure C.15: Population decay of state initialized in |7,5). The decay occurs in
two steps, first from |7,5) to |5,3) and then from |5,3) to |3,1). For larger pump
strengths do we observe “kicks” as the population in |5,3) start to repopulate the

population in |7,5). For the larger pump strength do we also observe repopulation
of |5,3) from |3,1).
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Figure C.16: Population decay of state initialized in |7,6). The decay occurs
in three steps, first from |7,6) to |5,4), then from |5,4) to |3,2), and finally from
13,2) to |1,0). For larger pump strengths do we observe "kicks” as the non-vacuum
states repopulate. The repopulation for state |7,6) is negligible in comparison to
the repopulation of |5,4) and |3,2). The repopulation of |3,2) is a consequence of
the repopulation of |5,4) as no kicks can be observed in the projection of |1, 0).
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Figure C.17: Population decay of state initialized in |7,7). The decay occurs
in three steps, first from |7,7) to |5,5), then from |5,5) to |3,3), and finally from
13,3) to |1,1). For larger pump strengths do we observe "kicks” as the non-vacuum
states repopulate. The repopulation for state |7,7) is negligible in comparison to
the repopulation of |5,5) and |3,3). The repopulation of |3,3) is a consequence of
both the repopulation of |5,5) and repopulation kicks from |1, 1).
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Figure C.18: Population decay of state initialized in |8,8). The decay occurs in
four steps, first from |8, 8) to |6, 6), then from |6, 6) to |4,4), and from |4,4) to |2,2).
Finally the |2,2) state decays to the |0,0) state. For larger pump strengths do
we observe "kicks” as the non-vacuum states repopulate. The largest repopulation
occurs for |[4,4) as photons a part of the population of |2,2) becomes |4,4), which
in turn repopulate |2,2).
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