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Abstract

Recently, circuit Quantum Electrodynamics (cQED) has enabled study of light mat-
ter interaction in superconducting circuits. In this work, we study transitions from
hybridized modes in a cQED architecture. We obtain hybridized modes from de-
generate levels of capacitively coupled transmon qubits. We collectively couple the
qubits to two microwave waveguides, so that each hybridized mode selectively de-
cays into one of the waveguides. We design this quantum circuit by using electro-
static and lumped-element simulations. To test the design, we perform microwave
spectroscopy measurements of a nanofabricated sample cooled down in a dilution
refrigerator. Our measurements confirm that the two hybridized modes respond as
effective two-level systems, each strongly coupled to a different waveguide. This
arrangement could be used to explore heat transfer between waveguides, mediated
by a quantum system, paving the way for experiments in quantum thermodynamics.

Keywords: Hybridised modes, Resonance fluroscence, Quantum thermodynamics,

Circuit QED.
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1

Introduction

Maxwell’s demon [3] and the single-particle thought experiment of Szilard [4] seem-
ingly violated the second law of thermodynamics. This lead to equivalency between
information and entropic degrees of freedom, in the form of Landauer’s principle
[5]. At the same time, the advancements in information processing have lead to a
search for new paradigms of computing, and quantum information processing [6] has
emerged to solve certain problems faster than classical computers. The advantage
in speed up of information processing makes us investigate heat transport processes,
as to if there is a quantum advantage. It is necessary to understand, if engines and
refrigerators made at the nanoscale show an advantage and if quantum coherences
have a role to play in them.

The ability to trap and control single particle like electron or an atom has
lead to the implementation of many thought experiments. Landauer’s principle has
been demonstrated in a colloidal double potential well [7]. Extraction of heat from
Szilard engine cycle using a single electron transistor has also been demonstrated [8].
There are proposals to investigate measurement-assisted cooling and nonequilibrium
fluctuations in quantum system acting as heat engines or refrigerators [9],[1].

In the last 15 years, great progress on the measurement and control of individual
quantum systems has been achieved in an architecture called circuit quantum elec-
trodynamics (cQED). In ¢cQED, superconducting circuits including resonators and
“artificial atoms” based on Josephson junctions are cooled down to very low tem-
peratures (<100mK) and addressed using microwave signals. This architecture was
recently exploited in Google’s landmark experiment claiming “quantum supremacy”
using a quantum processor consisting of 53 bits [10]. This architecture could lend
itself well to studies of quantum thermodynamics, too. However, only a limited
number of experiments have been so far performed in this direction [11, 12, 13], and
the search for a genuine quantum advantage in thermodynamics is still open.

In this MSc thesis work, we take the first steps towards realizing a cQED system
that is amenable to implement the quantum measurement cooling concept described
in Ref. [1]. The proposed protocol comprises two qubits and two heat baths held at
different temperatures. Each qubit can be coupled to a single heat bath, and the two
qubits can be entangled. A cooling cycle consisting of thermalization, entanglement,
and measurement of an individual qubit is used to extract work from a bath and
transfer it to the another bath at higher temperature, thereby achieving cooling.
The proposal also suggests that efficiency of heat extraction is maximized when the
two qubits are maximally entangled.

In our realization of the proposal, we design an analog quantum circuit in which
quantum measurement cooling can be achieved with continuous operations. The two



1. Introduction

qubits are resonant and strongly coupled to each other, so that they fully hybridize
and form a symmetric and antisymmetric mode. Using circuit symmetries, we en-
gineer the decay of the composite qubit system into two waveguides, so that each
mode predominantly decays into a selected waveguide. In addition, we couple each
qubit to a readout resonator, so that it can be measured with a variable strength by
driving the resonator with a coherent tone of given amplitude. A projective mea-
surement of one of the qubits randomizes its phase; in the hybridized based, this
leads to an equalization of the populations of the hybridized modes. This, in com-
bination with the engineered decay rates, can activate an energy transfer between
the two waveguides. In this thesis, we present the concept, design, implementa-
tion, and characterization of the device. In particular, we use power-dependent
spectroscopy measurements to verify that each of the hybridized modes is strongly
coupled to the intended waveguide, to which it primarily decays. The demonstration
of measurement-activated heat transfer is left for future studies.

This master thesis is organized into four chapters. In the second chapter, the
background needed to understand this work is discussed. The simulation related
to designing the quantum circuit is discussed in the third chapter. In the fourth
chapter, the results from the experiments are presented.



2

Background

This chapter includes description of theoretical background required to understand
the experiments and results of this thesis. In the first a brief introduction about
Circuit QED and its different elements are discussed, like a transmon qubit and
coplanar waveguide resonators. Coherent scattering between waveguides and qubits
follows the explanation about qubits and resonators. The description of the concept
of the experiment is explained in the last section of this chapter.

2.1 Circuit Quantum Electrodynamics

Circuit QED is the study of quantum optics using artificial atom made up of su-
perconducting qubits and transmission line resonators. The equivalency between
artificial atoms coupled to resonators, and atoms coupled to optical cavities, allows
one to use concepts of quantum optics to describe these systems. Simulation of
complex quantum systems using circuits has lead to increased interest in Circuit
QED. The implementation of error correction and various multiplexing techniques
in Circuit QED makes it a suitable choice for scalable quantum computing [14, 15].

2.1.1 Transmon Qubit

An artificial atom is made from systems having a well like potential also has discrete
energy levels. One such system involves a superconducting Josepshon junction.
The overlap of wavefunction of two superconducting electrodes across an insulator/
normal metal forms a Josephson junction. Superconducting qubits are made using
the non linear potential energy of a Josephson junction. Copper pair box was the
first charge qubit [20] made with superconducting tunnel junction in between a gate
electrode and a small metallic island. The Hamiltonian of a charge qubit is given
by

A

H =4Ec(h —ny) — Ejcos (2.1)

where Fo and E; are analogous to the kinetic and potential energy, with 7 number
operator for Cooper pairs on the island, ¢ phase difference across the junction,
ng = (C,V, + Q,)/2e, charge on the gate island in units of Cooper pairs; charging
energy

EC = 62/202, (22)

3



2. Background

Figure 2.1: Layout of Transmon Qubit showing the two qubit islands, the drive
and the read out waveguide (Grey: Ground plane, Blue: waveguide, Red: Resonator,
Green and yellow: qubit islands).

where Cy, = Cj; + Cy ; e is the elementary charge, and E; = ®yl./2 is the Joseph-
son energy (®q is the flux quantum and 1. is the critical current of the Josephson
Junction).

One of the dominant decoherence mechanism in a Cooper Pair Box qubit is
charge sensitivity noise. This is caused due disturbances in the charge on the gate
island. Energy of a m'" level E,, and energy separation F,,,,2 is dependent on the
charge on the island in both Copper pair box and transmon configuration. Variations
of charge cause first order corrections (of n,) to the energy levels that can be modeled
by €, the peak to peak value of energy dispersion of m** level. This can be to
some extent mitigated by operating the qubit in a ’sweet spot’ close to the charge
degeneracy point [21] as there is no variation of energy at this point (%ET’: = 0).
In the transmon configuration [16], charge sensitivity noise is resolved by adding a
large shunt capacitance in which the charge dispersion has a relation

21mF5 12 By m
= ("B g F e VIR 23

The total energy separation (for first two levels) has a dispersion relation

2 BT E E

¢ = Ec \/;e‘ SBafte (29 (ﬁ) -2 (ﬁ)) (2.4)

By choosing values for E;/E¢c one can exponentially reduce the charge sensitiv-

ity noise of the qubit. For decoherence times in the microsecond range the E;/E¢
can be in the order of hundred. While designing a qubit, targeted transition fre-
quency is fixed and by referring to the graph Fig. 2.2 for a preferred noise level the
charging energy is chosen and then the corresponding Josephson energy is calcu-
lated (2.5). By choosing a larger capacitive islands, lower charging energy and lesser
noise can be obtained. The resolution and reliability of the fabrication process also

4
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limits the exact Josephson energy as the size of the junction is related to its critical
current.

hwge = \/8E,Ec — E¢ (2.5)

— 4.5 GHz

100

10*

10

1

Noise due to charge sensitivity, £51(Hz)

200 25 20 275 300 25 50 375 400

Charging energy, Ec (MHz)

Figure 2.2: Charge insensitivity noise equivalent frequency as a variation of charg-
ing enerqy for different transition frequency of a transmon qubit

2.1.2 Coplanar Waveguide and Transmission line resonator

Coplanar waveguide (CPW) is a transmission line composed of 3 conductors, of
which 2 return lines (ground) separated with a gap from a central conductor on a
dielectric substrate. Such coplanar waveguides when shorted /grounded at their ends,
host a discrete set of modes, equivalent to a cavity in CQED. Boundary conditions
of the waveguide result in 2 different types of resonators, a A\/2 resonator, and a \/4
resonator. As the name suggest either a half wavelength or a quarter wavelength
of a resonant electromagnetic field respectively. CPW resonators act as a cavity for
microwave radiation.

Resonators can be coupled to the transmission line either capacitively or in-
ductively depending on the boundary conditions. Transmission lines act as drive
and output lines for the resonator. The Notch configuration of a \/4 resonator is
obtained by coupling it to a transmission line (Fig. 2.3(c)).
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Figure 2.3: (a) Top view of coplanar waveguide showing the metalization of lateral
ground plane and central conductor (cc)[17]. (b) Side view of coplanar waveguide
resonator [18].(c) Notch configuration showing a RLC oscillator coupled to a trans-

mission line. [23]
Xin
—
—

Z
— 7

Figure 2.4: A transmission line to which a qubit is coupled at its end. The coherent
incident signal is o, and the signal reflected from mirror is au.efl

2.1.3 Coherent scattering from a two level system

When a resonant electromagnetic field is incident on atom, the atom gets excited and
re-emits the absorbed photons. Light may be scattered coherently or incoherently
by the atom. Coherent scattered light has zero relative phase, while incoherently
scattered light have random phase. When such a scattering experiments is conducted
with atom it is difficult to have the atom emit into a single mode. But when an
artificial atom is coupled to a transmission line (2.4 ), its emission can be dominated
by decay into it. The steady state analysis of system of artificial atom with internal
losses coupled to a transmission line results in equation below for the reflection
coefficient of the transmission line:

2I(T + Iy, + 20A)
24T, + 12, +4A2% +20%

r= (2.6)
where I' is coupling between the qubit and the transmission line, I',,, is the
loss rate in the qubit, A = w-wg is the frequency detuning from the fundamental
transition, and €2p is the amplitude of the driving Rabi frequency.
If a coherent drive signal is incident on a waveguide coupled to a qubit either
the signal can be reflected from the mirror or interact with qubit. In the interaction
the resonant signal will be absorbed and reemitted from the qubit. In microwave

6
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Figure 2.5: The reflection coefficient from an artificial atom in magnitude, phase
and IQ) plane with decreasing drive power. A line cut of magnitude of reflection
coefficient at different drive power is also shown

domain such measurements are recorded using reflection coefficients S11 = vyt /@in.
S11 is a complex valued coefficient and can be studied using its magnitude, phase
and 1Q plane which is real value of S11 plotted against imaginary value of S11. S11
from reflection spectroscopy of waveguide coupled to qubit is shown in Fig. 2.5.
Unlike a linear resonator the non linear qubit response is dependent on the input
power Fig.2.5(d). At high power (€2, > 16I') the qubit is saturated and all the
incident signal is reflected but the mirror. At Rabi amplitude I"/ V2<0O<16 T there
is loerntzian dip in the magnitude close to resonance frequency and a small phase
change. When §2,=I"/2 at resonance point there is complete destructive interference
of the incident and re-emitted signal from the qubit which has a m phase change.
When the input is such that €2,<0.04I", the information is in the phase of the signal.
S11 undergoes a 7 phase change at resonance at these lower frequencies.

2.2 Concept of the experiment

Level diagram Fig.2.6 captures the idea of the experiment. Considering composite
system of two capacitively coupled qubits degenerate states hybridise forming sym-

7
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Figure 2.6: (a)Level diagram of the composite qubit system. The two qubits, reso-
nant and coupled with strength g., hybridize to form symmetric and antisymmetric
modes, |ge) £ |eg). The symmetric (antisymmetric) mode decays into the ground
state with rate U's (T'4) by emitting a photon into the “hot” bath, H (“cold” bath,
C).

metric and antisymmetric mode. Symmetric mode wavefunction, upon interchang-
ing the states of qubits 1 and 2 gives back the same wavefunction therefore called
symmetric mode. Upon interchanging the states of qubit 1 and 2, the antisymmetric
wavefunction picks up a negative sign hence antisymmetric. If the transitions from
these hybridised mode is coupled to waveguide which has continuum of propagating
modes, it can act as heat baths. The study of heat transfer by exchanging photons
between the waveguides mediated by the hybridised levels means that quantum co-
herence is affecting the heat flow of between the baths. One of the ways exchange of
photons would transfer heat is by measuring the qubits in single qubit basis. This
would also require that hybridised mode couple deferentially to two different waveg-
uide. That is ideally, symmetric mode couples only to a symmetric waveguide while
the antisymmetric mode couples to a antisymmetric waveguide. This is a challenge
in itself. In this work this is partially achieved by circuitQED in an analog quantum
system.

In the composite system, the symmetric mode couples strongly to a symmet-
ric waveguide and weakly to the antisymmetric waveguide. The antisymmetric
mode couples strongly to the antisymmetric waveguide and weakly to the sym-
metric waveguide. Measurement based dephasing of qubit would equalize the popu-
lation of symmetric and antisymmetric mode enabling photon exchange between the
symmetric and antisymmetric waveguide. This is equivalent to exchanging photons
between hot bath (symmetric waveguide) and cold bath (antisymmetric waveguide).
An optimized circuit design should have very low coupling between symmetric (an-
tisymmetric) mode and antisymmetric (symmetric) waveguide.

In the discussions following this text symmetric mode which is superposition
of degenerates states |ge) and |eg), ((|ge) + |eg))/v/2) would be represented by +.
Antisymmetric mode ((|ge) — |eg))/v/2) would be represented by -. The waveguides
would be noted by A(S) for Antisymmetric (Symmetric) waveguide.

8
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Figure 2.7: Sketch of the circuit implementing the engineered decay rates of panel
(a). Red: Symmetric waveguide, Blue: Antisymmetric wavegquide, Green: qubit
islands, Crosses: Josephson junctions. The relative phase of the excitations for the
two modes is indicated by plus/minus signs. Constructive/destructive interference
at the coupling points determines the enhancement/suppression of the coupling to
the waveguides.



2. Background

The quantum circuit which implements this system is shown in Fig.2.7. It shows
two transmon qubits represented by four green islands with Josephson junction.
The qubits are identical having the same transition energy, charging energy and
Josephson energy. The qubits are capacitively coupled leading to hybridisation
forming + and -. The S painted red in layout and A painted blue. The islands which
form the qubits have voltage vacuum fluctuations. Of the two different islands that
form a qubit these fluctuations are opposite in polarity. The waveguides by design
enhance the fluctuations of voltage fluctuations of the islands that they are coupled
to. That is S enhances the fluctuations of similar polarity between the islands 2
and 3. The A enhances the fluctuations of opposite polarities on the islands 2 and
4. The enhancement is due to the constructive interference of these fluctuations
at the meeting point of the two arms of the waveguide. The coupling between +
(-) and S (A) is I's (I'4). Cooling will be determined by an interplay between
the measurement based dephasing-rate, I'j;, and the coupling rates I's and I'y4.
Therefore, it is necessary to design and characterize the coupling rate between the
modes and the waveguide. Other unintended relaxation channels are due to spurious
coupling between waveguides and islands and to the intrinsic decay channels of the
qubits. These relaxation channels will determine the internal quality factor of the
modes, as determined in a reflection spectroscopy measurement. Finally, each qubit
in our setup is dispersively coupled to resonators for read out. The resonators are
coupled inductively to a common transmission line for multiplexed read out on the
same line. This design was made into a layout and fabricated for characterizing the
devices.

2.2.1 Second order transitions

Qubits when interacting with a weak drive in the single photon range act as linear
circuits but are indeed non linear. The non linearity in a superconducting circuit
is produced by the Josephson Junction. The anharmonicity in a coupled qubit
circuit results in hybridisation of |ee), |gf), and |fg) states and these states also
cause second order transitions. In a second order transitions the qubits de-excite
by simultaneously emitting 2 photons. The frequency of all the different transitions
can be determined by solving for eigenvalues of a Hamiltonian,

Qo \/§g 0
H={(V2 0 V2 (2.7)
0 \/Qg «Q

The eigenvalues of the above Hamiltonian is given by

Ei/h =« (2.8)

Ey/h = ;(a —/16g% + a2) (2.9)
By /h = ;(a—l— /1642 + a?) (2.10)

10
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The second order transitions measured in the experiment was numerically veri-
fied to be at this frequency. This transition was observed when in measurement one
of the waveguide S or A was left floating. Using the frequency of this transition one
can determine the anharmonicity of the designed qubits.

Wse = Wge + 1/2(a 4+ 1/169% + 2) (2.11)

11
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3

Methods

This chapter describes the methods involved in circuit simulation and experimen-
tal procedure of this work. The first two sections describes the simulations, which
estimate the parameters of the quantum circuit. The experimental setup and mea-
surements are described in the last section.

3.1 Estimation of Coupling strength

To estimate the coupling between the qubits and the waveguides a full quantization
of the circuit is required. In the following section a method using which the cou-
pling can be estimated is described. The Lagrangian formalism for circuits uses the
flux (charge) as the position (momentum) variable . The electrostatic energy in a
capacitive network is

1. .
£:§<I>T-C-<I> (3.1)
where, the C is the capacitance matrix between different nodes in the circuit. The
diagonal elements in the capacitance matrix C represent the mass of a particular
node while the off diagonal elements represent the coupling between the two nodes

in the network. The conjugate momentum of flux is the charge which is determined
by

oL .
17 98
Rewriting the (kinetic part of the) Lagrangian in the charge basis would result
in
L p -1
£:§q (C7)-q (32)

The diagonal elements of the capacitance matrix represents the total mass of the
element while the off diagonal elements are the perturbative corrections. The above
consideration will let us estimate the strength of coupling and masses just by ana-
lyzing the matrix.

C=C4q+GCs (3.3)

where C, contains only the diagonal elements while the off diagonals are present
in Cy

C = Cq(1 + C4'Cy) (3.4)

13



3. Methods

Since the Lagrangian depends on the inverse of Capacitance matrix inverting (3.4)

C'=(1+C5'cy) eyt (3.5)

In the limit C, is far greater than Cy the above equation can be approximated
by

C'=(1-C'CyCyt (3.6)

The inverse hence can be written as
C™' = Ca ' - (Ca7'CsCY) (3.7)

The correction term element is of the form C;;/(C;;C;j;). The charge operator
can be written as a function of impedance

1
qi = 7.

where Z; is the characteristic impedance of the " node with resonance frequency
w;=1/+/L;C;. Further substituting correction term of Equation.3.7 in Equation.3.2
we can find the coupling between two capacitive elements as

(a; + af) (3.8)

1
gij = iwiwj ZZZJC” (39)

3.2 Estimation of qubit parameters

The circuit schematic which was simulated in Maxwell is shown in Fig.3.1. As
the waveguides S and A are coplanar the extra islands need to be which are wire
bonded to the ground plane of the chip. Symmetric grounded island (SGI) is added
in between the arms of the S waveguide while the Antisymmetric grounded island
(AGI) is added between the arms of the A waveguide. Dummy couplers are added
to the circuit to make the circuit spatially symmetric around the origin which is in
between the two qubits.

The parameters of Josephson junction do not depend on the capacitance net-
work of the circuit, meaning the Josephson energy can be determined using the
properties of the junction alone. Also, the coupling strength between different ele-
ments is dependant on the capacitance network without the junction. This allows
us to calculate the charging energy of qubits and their couplings using electrostatic
simulation in ANSYS Maxwell. The procedure of arriving at the design of the cir-
cuit is to obtain the capacitance matrix and calculate the charging energy. Use
the capacitance values from the capacitance matrix in the circuit in AWR office
and obtain the coupling between the two qubits. Further discussion will be based
capacitance matrix given in Table.3.1.

14



3. Methods

Figure 3.1: Layout simulated in Mazwell showing the four metals (Agi, B,
Ags, Bga) of the qubit, the S and A waveguide shown in red and blue respectively,
resonators and SGI and AGI. Ground is denoted by grey and light blue denotes the
substrate.

© 64 Maxwell3DDesign1 (Electrostatic)
& 3D Components

" Field Overlays
- €3 Definitons

boxLength
boxWidth 2 mm 2mm
boxHeight 2 mm 2mm
qubitBoxLength islandLength+2*(transLineWid... 590um
2*(transLineWidth+resCoupW...

Figure 3.2: Snapshot of the ANSYS Mazwell software showing the design, variables
and the properties of the design
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AQl BQ1 AQQ BQ2 A S Ground
Ao 114 21.101 | 2.393 | 0.795 | 8.734 1.165 67.797
Bo: 21.101 | 110.73 | 25.745 | 2.379 | 2.100 9.760 48.887
Ago 2.393 | 25.745 | 110.24 | 20.879 | 8.624 9.551 42.210
Bgo 0.795 | 2.379 | 20.879 | 112.85 | 1.045 1.133 74.51

A 8.734 | 2.100 |8.624 | 1.045 |- 0.0681 | 173.568
S 1.165 | 9.760 | 9.551 | 1.133 | 0.0681 | - 123.543
Ground | 67.797 | 48.887 | 42.210 | 74.51 | 173.568 | 123.543 | -

Table 3.1: Capacitance matrix of the design obtained using electrostatic simulation
Note: the diagonal elements for the qubit islands represent the total capacitance of
the island with all other elements in the configuration

3.2.1 Estimation of Charging energy of the Qubit

The simulation of circuit in ANSYS Maxwell is done by creating a simulation vacuum
cube of volume V. The cube length goes from —[/2 to [/2, where is | coded as a
variable (Fig.3.2). This way upon changing the programmed variable value, the
dimensions can be changed while maintaining symmetry around origin. Then a
dielectric substrate with the properties of silicon is created within the box origin
(half of the box still being vacuum). A metal conductor is then added on top of the
silicon substrate denoting the ground plane of the circuit. The ground plane close to
origin is removed, and only the necessary metal islands are placed. The dimensions
of these islands are also coded similar to vacuum box making modifications to the
circuit easier. Then with voltage excitation to couplers, resonators and qubit islands
a capacitance matrix is obtained.

Determining charging energy from capacitance matrix is described in [17]. The
effective capacitance of an island of a qubit Cjg.,g is sum of its capacitance to
elements other than the second island of the qubit that is :

CAQl = CAQltotal - C (31())

with C being capacitance between the two islands and
OBQl - OBQltotal - C (311)

Charging energy of one qubit is given by

Ec=— 3.12
c=C (3.12)
where Cy; is defined as
Ca, Cg
Op = "¢ "2 1 (O 3.13
> CAQl + CBQl ( )

For the capacitance matrix 3.1, and the transition frequency of wg the calcu-
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I
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Figure 3.3: Circuit equivalent of layout showing qubits as LC oscillator which are
coupled to the waveguides. Islands couple to the ground through capacitance Cynd.
C. is the capacitance between the two qubits.

lation is as follows

Cag, = 114.0 — 21.101 = 92.899 {F
Cpg, = 110.73 — 21.101 = 89.629 {F
Cy = 66.718 fF
E. /27 = 289.5 MHz
with wg./2m = 6.5 GHz
E;/2m =19.87 GHz and E;/Ec = 68.5257

(3.14)

The two qubits are assumed to be having the same transition frequency but
the Josephson junction can not be reliably fabricated having the same resistance
which in turn affects the Josephson energy. This could cause the two qubits to
have slightly different transition frequencies, even if their charging energies were
exactly the same. For the fabrication process used in this thesis, a typical spread
in resistance for nominally identical junctions fabricated on the same chip is about
1%. Based on (2.5), we thus expect the two qubit frequencies to agree within about
30 MHz. Therefore, to ensure full hybridization, the coupling strength between the
two qubits should be designed to be much larger than that.
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Figure 3.4: Snapshot of simulation of circuit showing the two modes (Red:(-) and
Blue:(+)) and the capacitance values used for the simulation.

3.3 Lumped element model simulation

The quantum circuit is simulated in lumped element model to determine the reso-
nance frequency of the hybridised modes and also the coupling between the qubits.
The qubits are modeled using a LC oscillator with the Capacitance between the
islands (C') and the Josepshon junction inductance (L). The capacitance values for
the simulation is taken from the values obtained in the electrostatic simulation. It is
important to note that the capacitance is not the overall capacitance of qubit circuit
(Cyx) explained in the section above. The complete circuit is constructed as in the
Fig. 3.3. The capacitive coupling between the two qubits is present and equivalent
to the capacitance between the two islands.

The two waveguides are shown with the respective coupling capacitance and a
port is connected to its ends to measure the response of circuit. The presence of the
two modes would be seen in the phase response but not in magnitude. The response
at resonance would be a m phase shift (Fig.3.4). This circuit neglects the spurious
coupling between the island and the waveguide. The Phase response does not hence
show a small phase roll at the resonance frequency of the other mode. As seen by
the arrangement of islands this is not true for the actual circuit. For instance the
island 1 couples to the symmetric coupler and island 2 couples to the asymmetric
one. We determine the coupling between the qubits to be about 250 MHz.

3.4 Experiment

3.4.1 Sample

Sample is designed in precision drawing software AutoCAD and fabricated. Two
A/4 resonators were dispersively coupled to two qubits. In notch configuration both
resonators couple to a common read out waveguide. The length of 2 resonators was
6.011 mm and 6.211 mm with an estimated resonance frequency of 5.1 GHz and 4.9

18



3. Methods

Cool down number | Sample | Wiring diagram
1 A |
2 A 11
3 B 11

Table 3.2: Different cool down conducted in this work with the sample used for
measurement and its corresponding wiring diagram

GHz. The common waveguide was routed along the boundary as shown in Fig.3.5.

Initially one of the four samples was wire bonded to be measured. SGI was
smaller than the minimum dimension to make a reliable wire bond (Fig.??). There-
fore the state of symmetric grounded island in the first sample can be connected to
ground, or shorted to the waveguide itself or floating (Fig. 3.5 (b)). The state of
the island affects strongly the coupling between the symmetric waveguide and the
symmetric mode. A second sample was prepared in which the symmetric grounded
island was left floating. In both samples, the island between the arms of the anti-
symmetric waveguide was successfully grounded.

(a) Layout of the chip (b) Zoomed in image of is-  (c) Josephson junction in
lands between the islands

Figure 3.5: Images of the fabricated sample. The region showing only the islands
and the Josephson junction between the islands

The sample was wire bonded to a sample holder (Fig. 3.6). Sample holder is
a copper box with a mount to place the sample. The signal is carried in and out of
the sample by 8 coaxial cables of which the necessary ones are connected to the lines
in a cryostat. The lines from cryostat are connected to Vector Network Analyzer or
signal generator which generator and acquire microwave signals from the cryostat.

3.4.2 Measurement setup

Both the samples used for this work was measured in a dilution crystal named "Thor’
in 3 different cool downs. The sample was measured in the mixing chamber of the
cryostat at TmK. The mixing chamber is magnetically shielded from noise sources by
a mu metal and absorber. Input line of the dilution cryostat showing the attenuation
of each stage.

19



3. Methods

et

Ly

Figure 3.6: Top view of the 8-port sample holder used in this thesis.

Figure 3.7: Wire bonded sample. SGI is grounded to the waveguide (marked with
red square).
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vt ||| w17 i

0.8K I I @— Circulator
8 & HEMT
T I Amplifier
v _1 Isolator
Ok I _____________________________________ I I
0.01K [ﬂ E] o Microwave
= 8 switch
Wire bond to
bonding pads
A Bonding pads
Sample

Figure 3.8: Wiring diagram of the dilution cryostat showing the lines, sample,
attenuation and amplification stages. A RF switch is used to multiplex read out of
S and A waveguides.

*************************************************************** @ Circulator
0.01K E]
‘ Isolator

> \ v - Wire bond to
I I I I bonding pads

\[ A A Sample A Bonding pads

Figure 3.9: Wiring diagram showing only the mixing chamber of the dilution cryo-
stat in which a circulator is used for multiplexing read out of resonators and A
waevqguide
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A cryogenic circulator is used to reroute the reflected signal from the sample
to the output line. The sample is placed in the indicated position. Measuring this
sample presents a challenge, that is 3 elements needs to be measured with 2 lines.
The first solution was multiplexing read out of waveguides by connecting it to a RF
switch. The resonators have a dedicated line to be measured on. Therefore either
one of the waveguide is floating when the other is being measured. In the second
wiring diagram we got rid of this issue with the help of cryogenic circulator. One
input-output line directly measures one waveguide. The second line measures the
common waveguide coupled to resonators as well as the other waveguide. The signal
is routed by input line and send to the common waveguide measuring the resonators.
After the waveguide, the signal is sent to the circulator which is connected to the
other waveguide. The reflected signal from the waveguide is sent to the output line
through the circulator (Fig. 3.8). It is possible to route this way as the waveguides
are measured in reflection and the resonators and modes have different resonance
frequency. The different cool downs and wiring diagrams used in these cool downs
are noted in Tab. 3.2.

Initially a broadband spectroscopy was done to determine the various modes
and resonators in the sample and the first wiring diagram was used. After that
reflection measurements of hybridised modes from each waveguide was done using
the second wiring diagram. The results from these measurements are noted in the
next chapter.
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Results

This chapter describes the results of the measurements conducted during this work.
Spectroscopy of the hybridised modes are described in the first section. A discus-
sion about the conclusions from the spectroscopy measurements and comparison of
estimated and measured parameters follows the spectroscopy data.

4.1 Spectroscopy measurements

4.1.1 Hybridised modes

Initially, the response of the composite system is measured in reflection from a
waveguide (either symmetric or antisymmetric) over a broad range of frequencies at
a low input power. The resonators are designed for the range of 4.8 and 5 GHz which
is much less than the expected range of the modes( 6 GHz ) (Fig.4.1). We expect the
modes to be overcoupled to their target waveguides. The lorentzian dip of modes
are identified at 5.606 GHz and 6.12 GHz (approximately). With this as resonance
frequency,the reflection coefficient at different drive powers is taken. This is similar
to the line cut measurement explained in Chap. 2. Using this measurement the
input power range for probing the mode can be determined.

The broadband spectroscopy can give an estimate about the 3 dB bandwidth of
the mode and further spectroscopy measurements will be done around the resonance
frequency with four times the 3dB bandwidth estimated. This is important to get
an accurate value for the decay rates in a noisy environment [23]. The spectroscopy
of each mode from the target waveguide is taken with increasing power from baseline
measurement till the low power limit. As shown in Fig.2.5, once the drive power is in
the low power limit the mode gets saturated and the response does not change much.
After the spectroscopy data is obtained a curve fitting is done to the model. The
hybridised modes in the low power limit are two level systems and their behaviour
for first approximation should obey the reflection from an artificial atom. So the
data obtained from measurement needs to fitted to the model described by (2.6).
The assumptions to fit this model are as follows

o the system is driven by a single of the waveguide

o the internal losses also includes coupling to other waveguide

The data acquisition software creates a .hdf5 file containing the measurement
and the configuration used for it. The .hdf5 file can be accessed with tools like
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Resonators
Hybridised mode

M+
5.75 6.25

Frequency [GHZ]

Figure 4.1: The J different modes in the sample are shown as a function of fre-
quency

MATLAB or Mathematica or python language. Our data was analysed using python
in Jupyter environment.Curve fitting is an optimization problem. A data set z(z, y)
is to be fitted to a model F(A, B,C, D, x,y) such that (A, B,C, D) minimizes the
residue of F and z. The residue (for i'* data point) and overall cost function is
calculated as follows

res = F(A,B,C, D, x;,y;) — z(x4,y;)

N 4.1
cost = |res|? (4.1)
i=1

The parameters (A, B,C, D) minimizes the cost function. In Python optimization
and curve fitting routines are a part of the scipy.optimize library. The usage of
function curve_fit for standard curve fitting is well documented. But since the
function expects only floating point data and fitting magnitude alone is insufficient
for our analysis, we cannot use curve_fit. The optimization has a least mean fit
routine least square with which the data was fit.

The highest power (€2,»T'/1/2) response of the composite system acts the base-
line measurement and measurement at lower powers is normalized to this power.
Since the baseline measurement is also normalised, in IQ plane all points of this
measurement are one on the real axis. After normalization, the data of low power
trace in 1Q plane will be a circle. The off resonant point, f — +oo will also lie on
(1.0,0) in the IQ plane. If the mode is overcoupled, the trace at low power will have
its resonant point on the real axis but with a 7 phase change. The measurement
after normalization can produce a distorted circle on the IQ plane. This can be
modelled by an environment [23] which is characterized by an electrical delay 7 and
factor ae’®. There is delay because the measuring cable have finite length and having
finite speed light takes time to reach the VNA. In curve fitting these distortions can
be accounted for either by a phase the equation as in [23] or can be phase corrected
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w/2m [GHz] | T'/ 2 7 [MHz] | I, / 2 7 [MHz] | L [dB]

Antisymmetric mode (-) | 5.6063 1.1594 0.4657 109.495
Symmetric mode (+) 6.1227 6.9544 0.0135 117.223

Table 4.1: Decay rates and line attenuation(L) measured in the experiment

after normalizing with baseline measurement. The process correcting the phase is
discussed in Appendix A.

The 4 parameters in the Eqn.(2.6) needs to be determined by the fitting proce-
dure. At low power, the response is independent of the drive power so the lorentzian
can be fitted to the equation

(T + Ty + 26A)
2+, +172, +4A2

Sy=1 (4.2)

As result of fitting this equation we get the coupling rate I', non radiative decay
rate I',,, and the resonance frequency wg.. The attenuation of the line will be
determined by fitting reflection traces at different drive power. The advantage of
non linear system is that, it is possible to determine the attenuation of the line as its
response changes with power. Line attenuation is necessary to be known if thermal
photons needs to be sent in the line.

The global fit of traces at different drive power is obtained by calculating a
modified cost function which sums the residues over all the power traces. The
results from the fits are discussed below.

4.1.2 Antisymmetric mode

After the Antisymmetric mode is identified at 5.606 GHz, a low power spectroscopy
of the mode is taken at -52 dBm. The plot of this measurement in magnitude, phase,
and IQ plane is shown in Fig.4.2. This results in the parameters, I'/27 as 1.15 MHz,
[y /21 as 0.4016 MHz and wyeqe as 5.60628 GHz.

These values can be used as initial values to determine the attenuation of the
line by fitting the reflection spectroscopy data at different drive powers. As shown
in Fig. 4.3 the data is in good agreement with the model. Line attenuation obtained
from fits is -109.495 dB which is a good estimation as -40 dB attenuation was used
at the output of VNA and -69.5 dB is the attenuation from the drive line.

4.1.3 Symmetric mode

The Symmetric mode (+) is a higher energy mode found at 6.12 GHz for the first
sample. A low power spectroscopy is taken at -24 dBm. A least square fit of
this data to the model (4.2) would result in I'/27 as 6.952 MHz, I, /27 as 0.0135
MHz and resonance frequency as 6.1227 GHz. The coupling between the symmetric
mode and symmetric waveguide is about six times larger than the coupling between
antisymmetric mode and antisymmetric waveguide. Then spectroscopy at different
powers in the power range 5 dBm to -24 dBm is taken. These measurement are
normalised to baseline measurement and compensated for electrical delay. Then
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Figure 4.2: The reflection measurement of the Antisymmetric mode (-) from the
Antisymmetric waveguide (A) at -52 dBm drive power in magnitude, phase and I1Q)
plane.
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Figure 4.4: Spectroscopy measurement of symmetric mode from symmetric waveg-
uide at -24 dBm

data is fitted to the full model in Eqn.(2.6). The data and the fitted model are
shown in the Fig.4.5. There is good agreement between the data and the model.
The line cut at resonance for different power traces also follow the same trend as
shown in Fig.4.5. Decay rates and line attenuation parameters of the two modes are
noted in 4.1.

4.1.4 Broadband spectroscopy measurement

Broadband spectroscopy taken with both the Antisymmetric (A) and Symmetric (S)
waveguides connected to the same switch.Since one of the waveguides is left floating,
both modes (4 and -) are overcoupled to the measuring waveguide. A spectroscopy
taken from antisymmetric waveguide in such a setup is shown in Fig. 3.9 .

Fig. 4.6 shows a spectroscopy of span 700 MHz (5.5 GHz to 6.2 GHz). Three
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Figure 4.5: Spectroscopy of symmetric mode from the symmetric waveguide at
different drive power
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different modes are visible. Antisymmetric mode is measured by the lorentzian at
5.606 GHz, the Symmetric mode at 6.12 GHz. and a second order transition at 6.04
GHz. The second transition is used to calculate the anharmonicity of the qubits

using the equation
Wse = Wge + 1/2(a 4+ 1/169% + 2) (4.3)
with wge= 5.875 GHz, we get o as 377 MHz.
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Figure 4.6: Broadband spectroscopy from Antisymmetric waveguide (A) showing
Antisymmetric mode, Symmetric mode and a second order transition.

4.2 Discussion

A comparision between the obtained values of the sample and the estimated values
from design are shown in Tab. 4.2. Circuit parameters can be calculated from the
results described above. The transition frequency of the qubits can be calculated

by W As described in Chapter. 2 the coupling between qubits can be

calculated by sym —@antisym) - The gecond order transition can be used to calculate
the anharmonicity of the qubit (using Eqn. 2.11) and it is determined to be 377
MHz. The mismatch in the Josepshon junction could result in different transition
frequency for the qubits or lead to detuning of the qubits.

The spectroscopy measurements show that coherent scattering from the hy-
bridised mode follows the model of coherent scattering by a two level system. The
decay rate of symmetric mode (+) to symmetric waveguide (S) is higher than that
of antisymmetric mode (-) to anisymmetric waveguide (A). This is not a feature of
the design since the dimensions of coupler and capacitance between the islands and
the waveguides are the same. The symmetric grounded island is probably shorted
to the waveguide which resulted in about six times higher coupling of the symmet-
ric mode than antisymmetric mode to its target waveguide. This can also explain
the higher I'/T",,,. of the symmetric mode than the antisymmetric mode in the first
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Parameter Design Measured
Qubit frequency 6.5 GHz | 5.875 GHz
Coupling between qubits | 250 MHz | 275 MHz
Charging energy 300 MHz | 377 MHz
Wresl 49 GHz | 4.5 GHz
Wres? 5.1 GHz | 4.76 GHz

Table 4.2: Comparison of circuit parameters estimated for the design and obtained

from analysis of measurement data of the sample

sample. The dependence of decay rates can be calculated by black box quantizing

the circuit shown in Fig.3.3.
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Conclusion

In this work the decay rates of hybridised modes into coupled waveguides was stud-
ied. A sample with two capacitively coupled split transmon qubits was designed
and fabricated. The spectroscopy measurements revealed that the transitions from
hybridised mode behave the same way as a two level system transitions. It was
also found the decay rate of symmetric mode to its target waveguide is much larger
than decay rate of antisymmetric mode to its waveguide. Also the ratio of coherent
scattering to incoherent scattering, I'/T,, is larger for the symmetric mode.

Quantum measurement cooling experiments would require this feature and
therefore increasing coupling between the island and the waveguide couplers would
result in a better sample to conduct the experiment. Increasing the length of the
qubit islands would decrease the direct coupling between the waveguides decreasing
the non radiative decay. This would lead to a decrease in anharmonicity. By the
exponential dependence of noise dispersion of a transmon qubit the non radiative
decay channels of modes might further reduce. Waveguide couplers can be enclosed
by the islands which would lead to further shielding of the coupler and increase the
coupling between island and waveguide.

The theoretical understanding of affect of radiative and non radiative decay
rates should be investigated. If significant decay rates are obtained then the quantum
measurement cooling experiment should be conducted leading to understanding of
role of quantum coherences in heat transport.
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A

Second sample characterization

In order to understand the state of the SGI (mention before) we measured the
the second sample. The measurement would also verify the parameters like qubit
frequency, coupling rate and decay rates ofeach mode of our design. It is worthy
noting that the size of the island does not change and the wire bonding is still a
challenge. One can be sure of wire bonding only if the island is left floating. These
measurement can not conclude if the decay rates of modes to their target waveguide
is equal for symmetric and antisymmetric mode because this island is left floating.
This sample was measured using the wiring diagram shown in Fig. 3.9 using the
cryogenic circulator.

Antisymmetric mode

The spectroscopy of the (-) mode was measured with 21 different input power.
The baseline measurement was at 0 dBm. Data analysis was done similar to the first
sample in which the low power traces were fit to a model without power dependence.
The parameters resulting in a better fit was used as guess values to perform a global
fit in which the traces at different drive powers were fit. The decay rates obtained
from such a fitting are tabulated in Fig.A.1. Antisymmetric mode of the second
sample is found at 5.630 GHz. The coupling between - and A is found to be about
1.43 MHz with a non radiative decay of 0.1774 MHz which are comparable to decay
rates measured in the first sample.

Symmetric mode

The (4) mode spectroscopy measurement was taken with a baseline drive power
of 0 dBm and with 20 different drive powers below 0 dBm. After normalization
the measurement data is as shown in A.2. These graphs show that the baseline
measurement was at lower power (with €, < 16I") than the actual baseline power
which is indicated by some of the traces at high power having a magnitude greater
than 1 which is not possible according to the model presented in 2.5. Also due to
this in the IQ plane, the measurement crosses the point (-1.0,0.0). The spectroscopy
was not further analyzed. But measurement in which line cut at resonance was
measured was analyzed to find the parameters noted in the Table.A.1. According
to these parameters the + mode decay rate to S is dependent on the grounding of
SGI. Since in the first sample, SGI was shorted to the S waveguide the coupling was
highest and when SGI was left floating coupling is still higher than estimated by
design. Line attenuation for these measurement is different from the measurement
of - mode from A waveguide as room temperature attenuation was changed before
it.



A. Second sample characterization
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Figure A.1: Spectroscopy measurement and overlaid fitted model of (-) from A of
the second sample

w/2m [GHz] | T/ 2 # [MHz] | I, / 2 @ [MHz] | L [dB]

Antisymmetric mode (-) | 5.630 1.43 0.18 119.616
Symmetric mode (+) 6.136 2.26 0.12 98.452

Table A.1: The Decay rates and line attenuation measured using spectroscopy of
the two modes of second sample

A.1 Characterization of Resonators

As described in the design, measurement based dephasing is achieved by measuring
qubits in their eigen basis. In the design of this thesis dispersively coupled A/4
resonators measure the qubits in their eigen basis. The resonators are coupled to a
transmission for multiplexed read out in the notch configuration. The \/4 resonators
were read out in reflection. The reflection from a resonator is power independent, as
adding photons (of same frequency) increases the quantum state on the resonator.
The quality factors of resonator can be determined by fitting the reflection to a
complex lorentzian A.1. The resonance frequency and quality factors obtained from
circle fit are tabulated in Table.A.2.

notch __ o —12T (Ql/|QCDei¢
Spoteh — geioe=2m ] — T 20/, —T) (A.1)
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Figure A.2: Spectroscopy measurement of (+) mode from S of the second sample
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Figure A.3: Resonant measurement of the + mode from the S symmetric wavequide
of the second sample
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A. Second sample characterization

Properties Sample 1 Sample 2

Resonance frequency 4.725 GHz | 4.581 GHz | 4.726 GHz | 4.584 GHz
Internal quality factor | 38901.78 362026.62 | 783959.44 | 186262.86
Coupling quality factor | 19218.66 16070.30 41992.060 | 38299.57
Loaded quality factor 12880.11 15810.87 44387.79 31817.58

Table A.2: Resonance frequency and Quality factors of the resonators obtained
from performing circle fit on reflection measurements

P i -

// \
/ : / \\\\
0.010 ! g 0.008 | \
‘ Eo.ooe. K /
./

0.014 0.014
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0.012 | | 0.010
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2.0

argl1s21))

15
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4.720 4.722 4.724 4.726 4.728
Figure A.4: Reflection measurement and its fit on the resonator measured in the

first sample

The measurement from resonators is fit using Circle fit method described in
[23]. Measurement with their fits are shown in Fig.A.4. The coupling between the
qubit and resonator results in shift of its resonance frequency. If only qubit and a
resonator are coupled this shift can be determined by 2¢%/A. But of the composite
system the dispersive shift is different and theoretical calculations would determine
the exact dispersive shift.
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Figure A.5: Dispersive shifts of resonator coupled to qubits
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B

Electrical delay calculation

When microwave signal travels through a finite length cable it undergoes phase
change. These rotations of phase persists as the attenuation and amplification stages
only modify the amplitude of the signal. Spectroscopy data shown in Fig.B.1(a) is
expected to be circles at the low power but it is distorted. Also the response at
different powers does not follow the same pattern due to these distortions. In the
phase plane the

Electrical delay phase change can be noticed in data in the IQ plane and phase
response of the signal. The reflection measurement (spectroscopy) of the hybridised
mode to its target waveguide suffered such a phase change. The phase change
can be modified by product of signal with a complex phase factor. Firstly, it is
determined if the phase change is present in response for all frequencies by equal
amount (which is an offset to the phase response) then the average of the offset
(phase) is calculated for initial frequencies Fig.B.1(). If the phase change has a
gradual change Figure.B.1(b) then the phase is determined by the average of phase
(p) at the phase of initial frequency response and final frequency response. The
complex phase e™7¢ is multiplied to the actual response.
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Figure B.1: Reflection spectroscopy of the symmetric mode (+) from the symmetric
waveguide (S) before and after electrical delay phase correction. (a), (b) is respec-
tively the 1Q plane and the phase response of the raw signal while the (c), (d) is
respectively the 1Q) plane and the phase response of the phase delay corrected signal.
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Scripts used for data analysis

This section contains the python scripts used to ou

#Load the libraries

import numpy as np #math library

import matplotlib.pyplot as plt #plot library
import sys

sys.path.append ("C:\Program Files\Labber\Script")
import Labber #Labber library for data handling
from scipy import optimize #fit function

from matplotlib import cm

cmap = cm.get_cmap(’plasma’,16)

from matplotlib import colors as col
plt.rc(’xtick’, labelsize=20)

plt.rc(’ytick’, labelsize=20)

5 #import data file
; PATH=r’C:\Users\exp\2020_02_Ol\antisymmetric_diff_powers.hdf5’

#read measurement
file=Labber.LogFile (PATH)
print (’Imported data from: ’, PATH)

#read sweeps
step_channels = file.getStepChannels ()
print (’\nThere are’, len(step_channels),’step channels:’ )

for i in range(len(step_channels)):
#read the frequencies recorded in the spectroscopy
if step_channels[i][’name’]=="4ports VNA - Center frequency":
fOcf=step_channels[i][’values’]
if step_channels[i] [’name’]=="4ports VNA - Span":
fis=step_channels[i] [’values’]
#number of points in each trace
if step_channels[i][’name’]=="4ports VNA - # of points":
pointN=step_channels[i][’values’]

5 #different drive powers at which the trace is taken

if step_channels[i] [’name’]=="4ports VNA - Output power":
powers=step_channels[i] [’values’]

#calculating frequency range using center frequency and span
fO = fOcf-fls/2
f1 fOcf+fls/2

frequencies=np.linspace(f0, f1, int(pointN))

IX



C. Scripts used for data analysis

#multiple traces of frequency points for better data representation
newFreq=np.zeros ((len(powers),len(frequencies)))

; for i in range(len(powers)):

for j in range(len(frequencies)):
newFreq[i, jl=frequencies[j]

# function to obtain reflection traces
S11 = np.zeros((len(powers),len(frequencies)))+1j*np.zeros ((len(
powers) ,len(frequencies)))
for i in range(file.getNumberOfEntries()):
S11[i] = getAtrace(file,i,’4ports VNA - S21°)

S11_new=np.zeros ((len(powers),len(frequencies)))+1j*np.zeros ((len(
powers) ,len(frequencies)))

#Renormalize the reflection to a high power trace
for i in range(len(frequencies)):
for j in range(len(powers)):
S11 _new[j,i]1=S11[j1[il1/811[0][1i]

Sl11=np.conj(S11_new)
ph=np.linspace (0.0, 1.0, num=len(powers))

for i in range(len(powers)):
trace =S11[1i]
ph_sum=0.0
for j in range (10):
phl=np.angle(trace[j])
ph2=np.angle(trace[(len(frequencies)-(j+1))1)
ph_sum+=(phl+ph2) /2
ph[i] = ph_sum/10.0
S11 _new[i] = np.exp(-1j*ph[i])*S11[i]
S11=S11_new

FH ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok K ok ok ok ok ok ok ok ok ok ok ok sk sk sk ok ok K ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk sk ok ok ok ok ok ok ok
#defining function to fit the low power trace and its corresponding

cost function
F >k 5k 5k 3k 5k 3k 5k 3k 5k >k 5k >k 5k >k 5k >k 5k >k 5k >k >k >k 3k >k 3k %k 3k %k 5k %k 3k %k 3k %k 3%k %k 3k %k 3k >k >k >k >k > >k > >k > >k > >k 5 >k > >k > %k > %k 3% % % % > %k %

def lor(f,gamma,gammanr ,f0) :
return (1 - (2+*gamma*(gamma+gammanr+2*1j*2*np.pi*x(£-£0)))/(
gamma**2+2x gamma * gammanr +gammanr x*2+4* (2*xnp.pi*(£-£0) ) *x*2) )

5 def cost(x, f, data):

totalCost=0

for i in range(len(f)):
res=lor (£f[i],x[0],x[1],x[2])-datal[il]
totalCost+=(np.abs (res) ) **2

return totalCost

last_pow=S11[powers [len(powers) -1]]

x0 =np.array([7.0e6,2.8e6,5.606e9])

X
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138
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140
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C. Scripts used for data analysis

initialCost=cost (x0,frequencies,last_pow)

> print (’Initial cost = ’, initialCost)

res = optimize.least_squares (cost,x0,bounds=([3.0e6,0.1e6,5.6€e9
1,[8.0e6,4.0e6,5.61e9]) ,verbose=2,args = (frequencies,last_pow))

print (’final cost=’,cost(res.x,frequencies,last_pow))

print (res.x)

print (’gamma is:’,res.x[0]/(2*np.pix*xle6),’(MHz), gammanr is:’,res.x
[1]1/(2*np.pi*1e6),’ (MHz), mode frequency:’,res.x[2]/1e9)

5 %k %k %k sk ok sk ok ok ok ok ok ok sk ok sk ok sk ok ok ok ok ok ok ok ok sk ok sk ok sk ok ok ok ok ok ok %k ok k >k sk ok sk ok >k 5k >k %k %k k >k k >k k k k%

s #defining functions to fit traces at different powers
7 3 ok ok ok ok ok ok ok ok ok ok sk o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok 3k k koK ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k k k ok

def loril(f,power ,gamma,gammanr ,f0, A):
return (1 - (2+*gamma*(gamma+gammanr+2*1j*2*np.pi*x(£-£0)))/(
gamma**2+2*gamma*gammanr +gammanr **2+4* (2*xnp.pi* (£-£0) ) **x2+2x%(
power/A)))

> def cost(x, f,power, data):

totalCost=0
for i in range(len(f)):
for j in range(len(power)):
res=lorl1 (f[i] ,power[j],x[0],x[1],x[2], x[3])-datalj,il]
totalCost+=(np.abs (res)) **2
return totalCost

linPow=10**(newpowers/10-3) #converting in Watts
x0 =np.array ([7.20972390e+06, 2.84620594e+06, 5.60628245e+09, 9.25e
-201)

initialCost=cost(x0,frequencies, linPow,S11)

print (’Initial cost = ’, initialCost)

resl = optimize.least_squares(cost,x0,bounds=([3.0e6,0.1e6,5.6e9,1e
-22] ,[8.0e6,4.0e6,5.61e9, 10.0e-19]) ,verbose=2,args = (
frequencies, linPow,S11))

; print (’final cost=’,cost(res.x,frequencies, linPow,S11))
- print (resl.x)

print (’gamma is:’,resl.x[0]/(2*np.pi*le6),’(MHz), gammanr is:’,resl
.x[1]1/(2*np.pix*1e6),’ (MHz), mode frequency:’,resl.x[2]/1e9,’ (GHz
) line attenuation:’,resl.x[3])

F %k %k %k %k 5k 5k 5k 5k 5k 5k 5k 3k %k 5k 5k 5k %k >k %k %k %k %k >k > > >k 5k 5k 5k 3k 3k %k %k >k >k %k %k %k %k >* % > > > > > 5k %k %k %k %k %k %k %k %k %k % % %

2 #plotting functions

HH % % % % 5k %k % % % 5k 5k %k %k %k % 5k 5k k %k % % 5k %k k %k %k *k 5k * % % % 5k 5k * %k %k %k 5k k k % % 5k >k % % %k *k >k *k * % ¥ *k k * % %

fig = plt.figure(l,figsize=(20,20))

7 plt.subplot (221)

for i in range(len(powers)):
for j in range(len(frequencies)):
plt.scatter (newFreq[i, jl/1e9, 20*np.loglO(np.abs(S11[i,j]))
,c=cmap (17-1i))
plt.xlabel (’Frequency [GHz]’, size=20)
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C. Scripts used for data analysis

plt.ylabel(’Reflection Coefficient Magnitude [S11]|’, size=20)
plt.xlim(frequencies/1e9,frequencies/1e9)
plt.grid(True)
for i in range(len(powers)):
plt.plot (moreFrequencies/1e9, 20*np.loglO(np.abs(lorl(
moreFrequencies, linPow[i], resl1.x[0], resl.x[1], resil.x[2],
resl1.x[3]))),color=cmap(17-1))

s plt.subplot (222)

for i in range(len(powers)):

for j in range(len(frequencies)):
plt.scatter(S11[i,j]l.real, S11[i,j].imag, c=cmap(17-1i))

for i in range(len(powers)):
plt.plot(lor (moreFrequencies, linPow[i], res1l.x[0], resil.x[1],
resl.x[2], res1.x[3]).real,lor(moreFrequencies [802:1216], linPow
[i], res1.x[0], resl.x[1], resl.x[2], resl.x[3]).imag, color=
cmap (17-1))

plt.xlim(-1.2,1.2)

plt.ylim(-1.2,1.2)

57 plt.xlabel ("Real part (I)", size=20)

plt.ylabel ("Imaginary part (Q)", size=20)

plt.subplot (223)
for i in range(len(powers)):
for j in range(len(frequencies)):
plt.scatter (newFreq[i, jl/1e9,np.angle(S11[i,jl), c=cmap (17-
i))
plt.xlabel (’Frequency (GHz)’, size=20)
plt.ylabel (’Reflection Coefficient Phase $\phi$ (S11) ’, size=20)
plt.xlim(frequencies.min/1e9,frequencies.max/1e9)
plt.grid (True)
for i in range(len(powers)):
plt.plot (moreFrequencies/1e9, np.angle(lor(moreFrequencies,
linPow[i], res1.x[0], resl.x[0], resl1.x[0], resl1.x[0])),color=
cmap (17-1))

cbar=fig.colorbar (
cm.ScalarMappable (cmap=cmap, norm=norm),
spacing=’proportional’,
orientation=’horizontal’,

5 )

cbar.set_label (’Driving Power (dBm)’, size = 20)

plt.savefig(’antisymfin.png’)
Listing C.1: Python script used for fitting the data to the model of coherent
scattering from artificial atom
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