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Quantum bits, or qubits, must be coupled to their environmental bath in order for us to

measure and manipulate their delicate quantum states. This qubit-bath interaction intro-

duces irreversible decay in superconducting circuits where information is lost to dissipations.

While loss and decay are inevitable, loss need not be our enemy. The work described in this

thesis focuses on engineering losses and effective baths for quantum systems to, for instance,

gain in-situ control of the effective temperature/populations and relaxation rates of a multi-

level transmon qubit. We create fully engineered baths where the user can modulate the

couplings between qubits and their environment, determining how energy is gained and lost

by the qubit through a designed loss channel.

We achieve an engineered qubit-reservoir exchange by dispersively coupling a single trans-

mon qubit to a SNAIL mode. The SNAIL has two functions: first to be the source of three-

(and sometimes four-) wave mixing that allows us to drive parametric operations to create

and exchange photons among the qubit and SNAIL modes at a rate of our choosing, and

second to be a source of loss that converts these coherent processes to controlled heating and

cooling of the transmon.

This thesis will highlight two experimental use cases for such a multimode system. First,

a fully controllable quantum bath where we can push the qubit towards states with positive,

negative, and infinite temperature, and even make ‘unnatural’ relaxation states such as a

transmon that relaxes equally from |e⟩ to |g⟩ and |f⟩. These transmons may have applications

in problems like cavity arrays and quantum simulators because the computers that simulate

quantum behavior should themselves be quantum mechanical in nature.

Second, we use parametric transmon heating to realize a single-atom micro-maser as a

very narrow cryogenic light source. We generate a maser that is emits a narrow bandwidth

of high amplitude light with indirect, far-detuned microwave drives that excite our transmon
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artificial atom. This is an ideal platform for studying quantum optics in a microwave circuit

setting, for instance realizing a recent proposal to build a maser far narrower than the

Schawlow-Townes limit.
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1.0 Introduction

1.1 The Principles of Quantum Computing

Classical computers have come tremendously far and are now a vital part of our everyday

lives. Transistors are the building blocks for classical computers and work to control current

and voltage flow, gate signals, and amplify in an integrated circuit using binary states 0

and 1. The problems we ask classical computers to solve are relatively simple and can

be broken down into addition, subtraction, multiplication, and division of binary strings.

However if the problem became too great in size or complexity, the computer hardware

would have to follow. Yet even in some cases, the problem is still too great to be solved

with semiconductor transistors. This motivates the need for a computer that can go beyond

present computational limits - one that uses the laws of quantum mechanics to solve problems

probabalistically with exponential speedup [3].

The basis for a quantum computer is the quantum bit, or qubit, whose state is proba-

bilistic and may be entangled with other qubits and/or in a superposition of many states.

A qubit’s wave function which defines its states and behaviors as |Ψ⟩ = α |g⟩ + β |e⟩ shows

the probabilities of a measurement resulting in its ground state |α|2 and excited state |β|2.

When an observer performs a measurement, the qubit wave function collapses to one of the

definite eigen states |g⟩ or |e⟩ [4]. In all future measurements, where no further actions are

taken on the qubit, the qubit will remain in whatever state it collapsed to. This change to

the qubit state upon measurement is one of the fundamental laws of quantum mechanics.

A two qubit system has a joint wave function |Ψ⟩ = cgg |gg⟩ + cge |ge⟩ + ceg |eg⟩ + cee |ee⟩,

where we now see a computational basis with a total of four basis states and four probability

coefficients that can be used within an algorithm. The available size of the computational

basis, or the Hilbert space we may span, goes as 2N for N qubits. This exponential increase

in space means that with more qubits, more computations may be performed as the quantum

system evolves. These computations must be specially formulated to be worth performing

on quantum hardware, creating the need for quantum gates and smart algorithm design.
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Quantum gates are logical transformations of one or more pieces of information that

rotate the system’s state vector. Along some new axis, further rotations may be performed

to achieve a desired final state which elucidates the intended outcome. Multiple gates may

be sequenced together in a quantum algorithm, where input information of qubits is churned

through to produce output information [5]. Algorithms must be carefully designed to produce

speed up over classical systems, and usually rely on the superpositions and entanglements of

multi-qubit systems. One such example was proposed by Feynman who argued that complex

systems can be modeled with a quantum computer [6]. Specifically, the components of a

computer used to simulate and model an inherently quantum mechanical problem should

also scale and behave like that system.

Building a useful and robust quantum computer is no easy feat. The problem of noise

must be addressed. Because qubits are probabilistic, they cannot filter out noise in the

same way a classical bit would, because classical bits are collapsed to 0 or 1 by simply

considering which state its voltage is closer to despite any additional noise. Superposition

of qubit states means that one cannot simply take a nearest-state guess. Noise can be

dealt with in quantum systems by decreasing the coupling to noise sources such as control

electronics and the environment. Qubits have finite information lifetimes which limit the

number of faithful, high fidelity gates we may perform before losing quantum coherence

completely. Additionally, because of the measurement collapse postulate, we require many

logical qubits to carry a large amount of information. These qubits must be well understood,

interconnected, and readily controllable by users in a laboratory [7].

1.2 Quantum Baths

The quantum systems built for computation can take on many modalities, including su-

perconducting circuits and the circuit QED platform [8]. These circuits operate by driving

microwave signals to manipulate and measure the superconducting circuit at cryogenic tem-

peratures. Circuit QED allows for strong interactions between the qubits, cavities, and other

circuit elements that make up such a system where microwave frequency photons are the
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Figure 1: Bath engineering A generic mode q exchanges information with a reservoir,

losing information at rate Γi+1,i and gaining energy at rate Γi,i+1. The bath is directly

observed, so all q interactions are mediated through this bath coupling.

quanta of energy. This means that all other degrees of freedom, including phonons, should

not participate in our system. Rather, qubits are readily coupled and entangled with the

elements around them, including their environment.

A circuit’s bath is made up of the channels that couple to its modes, which typically

describes the ambient environment or mode structure that the circuit is embedded in and

interacts with. This means the reservoir with which our circuit interacts becomes, itself,

a mode in the circuit. These couplings can be weak or strong and are the source of noise

and loss that create finite coherence times in quantum memories. In superconducting quan-

tum circuits, our qubits are embedded in larger circuits that include one or more cavities,

transmission lines, tunable couplers, and even other qubits. The elements made of super-

conductors and Josephson junctions are themselves inherently lossless. However, examples

of some sources of loss are their couplings to their transmission lines, cables leading to the

sample, magnetic flux bias lines, defects in their composition, and excessive heating. Qubits’

wave functions collapse with these unmonitored channels, making information lost to the

observer. The total rate of information transfer into or out of a particular state is the sum

of each loss channel’s individual rate.

Figure 1 shows how a mode q thermalizes with its bath. It gains energy at rate Γi,i+1

for the rate of transfer between adjacent levels i and i + 1, and loses energy at rate Γi+1,i.

Thermalization occurs because of the bath coupling. The reservoir is lossy and measured,

causing a non-zero overlap of the mode q’s wave function and the reservoir’s wave function,
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leading to irreversible loss in q with dissipations to the bath.

Qubits cannot be completely decoupled from their environment. An isolated qubit would

live infinitely long, but be useless for any quantum computing application if we cannot access

its information. We would prefer all of the information of a system come back to a single

photon detector, but inevitably some is lost to bath channels we cannot monitor.

Heat is a source of loss in a circuit. If the effective mode temperature is not 0, a qubit

will not be found in its ground state, have decreased lifetimes, and we will see a degradation

in gate fidelities. This means information is lost or dissipated to the hot environment which

we cannot control or read. We can measure the probability of the qubit being in a state n

at some time as:

Pn =
e−En/kBT

Z
(1)

where Z is the partition function:

Z =
N∑

n=1

e−En/kBT . (2)

This means that for mode temperatures |T | > 0, qubits will thermalize to energy states

En > 0, which is not ideal for most experiments where we want excitations to be deliberate

and controlled. Harmonic oscillators at frequency ω should ideally be operated in the limit

ℏω ≫ kBT (3)

where T is low enough to freeze out all degrees of freedom except photon excitations. In this

ideal limit, qubits should cool naturally to their ground state. Notable examples that violate

this property are low frequency transmons and fluxonium qubits [9, 10]. For the majority of

experiments, however, we strive for a lossless and efficient circuit to avoid unwanted system-

bath couplings.
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1.3 Engineering Exotic Baths for Transmons

We cannot, realistically, completely uncouple our qubits from their bath. In fact, we can

use this loss as a controllable mode of the circuit, making it a resource to fully characterize

our quantum system. An engineered bath is one that obeys some manufactured set of

loss operations or Lindbladian. Bath engineering has become increasingly important as

computers have become more complex and robust to noise. We should be able to detect and

stabilize a qubit’s state, despite decoherence [11]. The short time scales needed to perform

gates means we should also be able to create states quickly and with high fidelity, despite

the bath’s initial conditions [12]. We may use designed qubit dissipations to determine how

our qubits decay, or rather at what rate they thermalize from |g⟩ to |e⟩, |e⟩ to |g⟩, and so on.

Additionally, we may determine the population occupancy per state in a multi-level qubit.

This is achieved with a handful of broad-band microwave drives which induce parametric

mixing processes and a deliberate dump mode. This dump mode is not monitored, but it

does not have to be because the qubit’s rates and populations inform us of the bath states.

If a system were physically heated just right, and we waited long enough, we could

achieve population configurations and temperatures within the standard relaxation model

of the transmon. This means the qubit would be populated starting from state |i⟩, and all

states |i+ 1⟩ , |i+ 2⟩ ... would be filled with probabilities determined by Eq. 1. The rates

of settling to this distribution would be entirely set by the uncontrolled temperature of the

bath. However, a fully engineered bath would allow us to create population distributions at

chosen rates, without hoping for the right ambient conditions to achieve the desired state.

We can achieve all of the scenarios shown in Fig. 2 by altering the effective temperature and

deciding exactly which levels get filled.

We can change how our qubits couple to this bath and exchange energy with it. In

the following chapters, we will explore how to engineer these couplings in a controllable

way, making our qubit gain and lose energy from its bath coupling at a rate and final

steady state of our choosing. The methods presented in this thesis do not work to decrease

total exchange rates (and thus increase mode lifetimes) but rather to increase the exchange

rates to build a final configuration faster than it would have settled to if left alone, or
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Figure 2: Exotic transmon relaxations The transmon anharmonic level structure allows

us to uniquely specify the eigen energies of the multi-level qubit. The relaxations of the

transmon do not need to follow the standard Boltzmann model. We may design any of the

configurations shown with varying parametric drives and engineered loss.

sometimes to a configuration that is completely outside the transmon’s standard relaxation

model. Crucially, we invert our transmon’s population, maintaining its population in |e⟩

with parametric drives.

1.4 Masers and the Standard Quantum Limit

Masers and lasers are ubiquitous in physics as bright and highly coherent light sources.

They are typically made of many, naturally occurring atoms or molecules pumped into
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a population inverted λ level structure and feed excitations to a cavity with stimulated

emission. In our cQED platform, however, we can build a single atom maser that does not

use stimulated emission at all.

Our maser will be built with a transmon qubit that is population inverted by a parametric

three-wave mixing process. With the same techniques learned in creating exotic transmon

states, we apply a broad parametric pump plus engineered loss to thermalize the transmon

to |e⟩. This excited transmon, or our artificial atom, directly exchanges energy with a high Q

cavity and continuously feeds it a resonant photon. Light will come out of the cavity through

this indirect driving scheme at Γmasing
c , a significantly narrower linewidth than the cavity’s

natural response. The Standard Quantum Limit for maser linewidth is set by quantum

mechanics. Uncertainty in the energy or phase in the maser causes a large divergence in its

random walk through phase space. We can only be so certain about the state of the atoms

or the cavity at any given time, leading to a lower limit on linewidth:

Γmasing
c (STL) =

Γc

4⟨n⟩
. (4)

for bare cavity linewidth Γc and mean photon number ⟨n⟩.

Cryogenic light sources are a valuable tool to have in quantum circuits because they allow

us to drive cold systems with cold light. Superconducting cQED experiments are mounted at

the base stage of a 3He/4He dilution refrigerator near the 1−10 GHz range. Experimentalists

send in signals and drives from room temperature through heavily attenuated and filtered

lines, which interact with the sample and come back out of the fridge for interpretation.

Despite the filtering measures taken, the light coming down the fridge is full of hot, noisy

photons.

The maser we create takes these noisy 300 K drives and cleans them up to produce

highly coherent light in the cavity. The cavity itself is not directly driven, but instead the

only drive is through the parametrically pumped SNAIL, which inverts the qubit population,

which then exchanges energy with the cavity. The SNAIL accepts a broad band of drive

frequencies and amplitudes. The light that comes out of the cavity through the masing

process (Sec. 3.2.3.1) can be narrowed to

Γmasing
c

2π
(minimum) = 57.67 Hz (5)
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down from Γc

2π
= 10− 25 kHz measured on the VNA when the masing process is turned off.

Not only can we measure the maser’s steady state response, but we can also measure it on

time scales much shorter than its parametrically increased coherence time. This allows us to

understand the maser’s evolutionary dynamics and track its output to be used as a cryogenic

light source.

1.5 Organization of Thesis

This dissertation will provide an in-depth look at two major projects with bath engi-

neered superconducting qubits. I will begin in Chap. 2 with an overview explanation of

circuit QED, and within that framework how superconducting quantum circuits can arise,

leading to the transmon [13] and SNAIL [14]. The transmon and SNAIL will be coupled via

parametric three-wave mixing, Sec. 2.2. With this foundation, Chap. 3 will describe the the-

ory driving our method of bath engineering for transmons in Sec. 3.1 and the mathematical

formalism that allows us to be able to write a chemical potential for photons. Next in Sec. 3.2

I walk through our motivation for single atom masing and the theory used to construct one.

Both theories rely on parametric drives and non-unitary dissipations. In Chap. 4 the re-

sults from our bath engineering project will be explained in full, where transmon relaxations

like those shown in Fig. 2 are created with variations to drive conditions. This is followed

by experimental results from the maser in Chap. 5, where I will show how drive and bias

conditions greatly alter the maser’s output. Both chapters on experiment data provide infor-

mation on the numerical and microwave simulations performed in preparation for laboratory

measurements, as well as the steady state frequency response diagnostic measurements taken

to characterize our circuits. Finally in Chap. 6 I will conclude with a discussion on both of

my major projects, bath engineering, and parametric three-wave mixing, as well as provide

suggestions for follow up studies using the flexible circuits we have built.
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2.0 circuitQED, Superconducting Circuits, and Parametric Mixing

2.1 circuit QED and Superconducting Qubits

Cavity quantum electrodynamics (CQED) is the study of atoms/particles interacting

with reflective cavities. The Nobel Prize in Physics was awarded in 2012 for the study of open

quantum systems using cavities to manipulate the states of light generated, entangled, and

swapped amongst modes, despite spontaneous emission [15]. This inspired the field of circuit

QED (cQED) [8]. In cQED, artificial atoms are coupled to superconducting quantum circuits.

This departure from naturally occurring atoms or molecules means that circuit modes are

created by the cumulative properties of its components and are far more readily engineered

in the laboratory. The mode structure, inter-element interactions, and loss properties of the

circuit are all designed, rather than innate properties of particular atomic species. Figure 3

shows how atom-cavity CQED is logically transformed to artificial atom-cavity in cQED.

Cavity

ۧ|0  

ۧ|1  

𝑔𝑎𝑐 

Atom

in

in

out

CavityArtificial Atom

𝑔𝑎𝑐 outa b

Figure 3: CQED to cQED (a) An atom couples to a reflective cavity so its emission is

captured by the cavity rather than lost to the outside world. (b) In circuit QED, the same

principle applies to artificial atoms. The circuit diagram shown reflects the components that

make up such a system.
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With the advent of cQED came a rich landscape of theory and experimental work that

has established superconducting circuits as a strong platform for quantum computing, with

many companies devoting their efforts and resources towards SC qubits [16, 17, 18] and as

a large portion of the United States’ $968 million dollar budget for quantum research in

2024 [19] going towards academic and national laboratories as well as industry ventures.

These circuits are typically made from capacitors, inductors, transmission lines, and

Josephson junctions (Sec.2.1.1) and arranged in countless ways to build unique experiments.

We avoid resistive elements because they dissipate heat. Superconducting qubit experiments

are operated at the base stage of 3He/4He dilution refrigerators, which typically reach ≈

20 mK, well below the superconducting critical temperatures of the materials circuits are

comprised of. In this thesis, all circuits described are made of aluminum with Tc = 1.2 K

and/or tantalum with Tc = 4.4 K.

𝑚

𝑘

a

𝐿𝐶 ෠𝑄 ෡Φ

b

ො𝑥

ො𝑝

Figure 4: Harmonic Oscillators (a) A mass suspended on a spring has a harmonic oscilla-

tory response with both a kinetic and potential energy term. Its Hamiltonian is quadratic in

both momentum p̂ and position x̂. (b) A quantized circuit made of a capacitor and inductor

has the same harmonic eigenmode structure and Hamiltonian quadratic in charge operator

Q̂ and phase operator Φ̂.

Cavities or resonators that form harmonic oscillators for storage and readout are one

of the simplest models in cQED with analogs in CQED and classical physics, see Fig. 4.

Capacitors (C) and inductors (L) together form a quantum harmonic oscillator with linearly

spaced energy levels. In a chosen frame, the oscillator degrees of freedom are the charge
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on the capacitor (Q̂) and current in the inductor (Î) which vary sinusoidally with time. Its

behavior is the same as that of a simple harmonic oscillator mass-spring system, where the

potential energy takes a parabolic form and eigen energies are linearly spaced at frequency

ωQHO. In this thesis these QHOs, or resonators or cavities, will be realized in both three

and quasi-two dimensions. In the basis where flux is the canonical coordinate variable and

charge the conjugate momentum [20], with flux across the inductor Φ̂ and charge difference

on the capacitor Q̂:

HLC =
1

2C
Q̂2 +

Φ̂2

2L
(6)

with the commutation relation [Φ̂, Q̂] = iℏ. In the frame of quantized single excitations, it

is often more intuitive to understand the circuit using raising â† and lowering â operators.

For a mode a this can be written as:

HLC = ℏωa(â
†â+

1

2
) (7)

where we can write Φ̂ and Q̂ in terms of quantized raising and lowering operators:

Φ̂ = ΦZPF (â
† + â) (8)

Q̂ = iQZPF (â
† − â) (9)

with zero-point fluctuation phase ΦZPF =
√

ℏ
2ωaC

, charge QZPF =
√

ℏωaC
2

, and frequency

ωa = 1√
LC

. The raising and lowering operators follow the commutation relation [â, â†] = 1.

We define the number operator N̂ = â†â with eigenvalues for Eq. 7 as ℏωan for state |n⟩.

This shows how the energy difference between any two adjacent levels is universally ℏωa,

shown in black in Fig. 6.

Evenly spaced energy levels are not very useful for information science. If energy is

pumped into or emitted by the circuit at frequency ωa = ω01 = ω12, ..., we do not know

what this excited or was produced by. We need unique microwave frequency signatures for

each quantum of energy. In superconducting circuits, we achieve this with the Josephson

junction.
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2.1.1 The Josephson Junction

Josephson tunnel junctions are weak links formed by Cooper pairs of electrons that quan-

tum mechanically tunnel through the barrier created by separating two superconducting is-

lands with a thin insulating barrier [21]. This type of junction, called an SIS (superconductor-

insulator-superconductor), is commonly made from (Al-AlOx-Al), see Fig. 5(b). Josephson’s

model predicted a DC current at zero voltage, proportional to a critical current value and

sinusoidally dependent on the phase across the interface. It also predicted an AC current

under DC driving at a frequency proportional to this voltage. The DC Josephson effect

establishes the current-phase relation, or first Josephson relation:

IJ(t) = Ic sinφ(t) (Josephson relation 1) (10)

for critical current Ic and time dependent phase across the junction φ(t) = 2π
Φ0
Φ(t). The

critical current is the maximum current of Cooper pairs that can tunnel through the junction

based on geometry and composition of the superconductor. It is defined as Ic =
2eℏn2

0

mCPL
A for

cross-sectional area A, Cooper pair density n0, tunnel length L, 2e for the Cooper pair charge,

and Cooper pair mass mCP [22]. The superconducting flux quantum is Φ0 = h
2e
. The AC

Josephson effect is found by taking the time derivative of the phase across the junction, in

the voltage-phase or second Josephson relation:

∂φ

∂t
=

2π

Φ0

V (Josephson relation 2) (11)

which shows that an applied voltage across the junction leads to an increase in phase dif-

ference. This highlights why JJs are often used as sensitive voltage readers. Inductance is

related to voltage and current through the instantaneous relation v = Ldi
dt
:

L(φ) =
Φ0

2πIc

1

cosφ
=

LJ

cosφ
(12)

where we define the Josephson inductance LJ = Φ0

2πIc
. The introduction of a cosφ in the

inductance makes this circuit element nonlinear. Additionally the energy can be written as:

EJ =
Φ0Ic
2π

(13)

which is the energy to store one flux quantum in the inductor.
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superconductor
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Figure 5: The Josephson junction (a) Josephson junctions are represented by Xs in

circuit diagrams and the surrounding box means the diagram includes both the nonlinear

inductance and Josephson capacitance. (b) They can be formed by sandwiching a thin

insulating layer between two superconductors to make a weak tunnel barrier. Two possible

ways to fabricate Josephson junctions in the laboratory are in a ‘Dolan bridge’ (c) or ‘bridge

free’ (d) geometry. Multiple junctions may be fabricated in both series and parallel. (c)

SEM of 3 successive Dolan junctions, formed by suspended bridges of aluminum, shown

in the middle three squares. Under this top layer of aluminum, there is a thin barrier of

aluminum oxide, and below that a second layer of aluminum. (d) SEM of a single bridge-free

junction formed at the crossing of the streets (left to right) and avenues (top to bottom).

Imaged by Param Patel.

2.1.2 The Transmon

These junctions can be inserted into LC circuits to introduce nonlinearity. Historically,

the charge qubit (in the form of a Cooper Pair Box) was the first system to demonstrate

qubit coherence with Rabi oscillations [23, 24], but it suffered from uncontrollable charge
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Figure 6: The transmon The transmon is formed by shunting a Josephson junction with

a large capacitor CS. This qubit has a weakly anharmonic mode structure and is insensitive

to fluctuations in charge. The transmon’s eigen energies are plotted in red as a stretched

parabola, while the energies of a linear quantum harmonic oscillator are plotted in black. The

harmonic oscillator has evenly spaced energy levels so we cannot distinguish one excitation

from another. The transmon, however, has energy levels that differ by anharmonicity αq

which removes energy degeneracy.

noise. The transmon [13] was developed as a charge qubit with exponentially suppressed

charge dispersion (making it insensitive to charge noise) due to a large shunting capacitance

and ratio of inductive to capacitive energies EJ

EC
= 50 for capacitive energy EC = e2

2Ctotal
, see

Fig. 6. Transmons are typically fabricated to operate at a few GHz, set by the geometry of the

shunt and Josephson junction. With this EJ

EC
ratio, the transmon maintains anharmonicities

≈ −200 MHz which is sufficient to lift the degeneracy of the QHO model to make an effective

two level qubit.

The transmon Hamiltonian can be approximated for charge number operator N̂ and

small φ̂, where the anharmonicity of the transmon is apparent:

Ĥtransmon = 4EcN̂
2 +

1

2
EJ φ̂

2 − EJ(cos φ̂+
1

2
φ̂2) (14)
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and further approximating by taking a Taylor expansion on the cos φ̂ term:

Ĥtransmon = 4EcN̂
2 +

1

2!
EJ φ̂

2 − 1

4!
EJ φ̂

4 + ... (15)

with typical truncation out to fourth order in φ̂. Now we define the raising q̂† and lowering

q̂ operators for the transmon, similarly to Eq. 8:

φ̂ = (
2EC

EJ

)
1
4 (q̂† + q̂) (16)

n̂ =
i

2
(
EJ

2EC

)
1
4 (q̂† − q̂) (17)

leading to the more familiar form of the transmon Hamiltonian:

Ĥtransmon =
√

8ECEJ q̂
†q̂ − EC

12
(q̂ + q̂†)4 → ℏωq q̂

†q̂ − EC

2
q̂†q̂†q̂q̂ (18)

where we define the Josephson plasma frequency ℏωp =
√
8ECEJ and the ‘Lamb shift’

EC [25] so the transmon frequency is effectively ωq = ωp −EC . The self-Kerr term EC

2
q̂†q̂†q̂q̂

is the anharmonicity of the transmon. For increased photon number q̂†q̂, the frequency of

the qubit is further shifted by −EC , removing the degeneracy of the energy levels in Eq. 7.

We now have an anharmonic oscillator, allowing us to use this as a two level quantum bit

where we generally use the transmon’s two lowest quantum number eigen states as |g⟩ and

|e⟩ with transition frequency ωge that differs from the next transition ωef = ωge − αq.

With one Josephson junction, the frequency of the transmon is fixed once fabricated. To

make a frequency tunable transmon, we replace the single junction with a superconducting

loop of two nominally identical junctions in parallel. This creates a DC SQUID (Supercon-

ducting Quantum Interference Device) [26], shown in Fig. 7(a). The pair of junctions creates

an effective single junction that has a tunable phase φext. This changes the critical current

Ic and the eigen spectrum of the qubit, allowing us to shift the entire energy potential well in

frequency while maintaining transmon anharmonicities. This is achieved in the laboratory

by threading magnetic flux through the loop of Josephson junctions.

The expression for Josephson energy in Eq. 13 is modified slightly to become:

EJ(Φ) =
Φ0Ic
2π

∣∣∣∣cos (2πΦΦ0

)

∣∣∣∣ (19)
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Figure 7: The DC SQUID (a) A frequency tunable transmon can be made by putting

two identical Josephson junctions in parallel in place of just one. (b) When magnetic flux is

threaded through the loop of junctions, the frequency response of the SQUID changes due

to changes in the total effective Josephson inductance LJ(φ). The frequency of the SQUID

follows the form in Eq. 21.

for maximum effective critical current Ic and phase through the Josephson junction loop Φ.

This contributes to the SQUID’s Josephson inductance as:

LJ(Φ) =
Φ0

2πIc

∣∣∣cos (2πΦΦ0
)
∣∣∣ (20)

leading to a frequency dependence of the form:

ωSQUID(Φ) =

√√√√2πIc

∣∣∣cos (2πΦΦ0
)
∣∣∣

Φ0C
(21)

with capacitance C. The frequency vs. flux modulation of the SQUID is shown in Fig. 7(b).

Often our experiments have preferred frequencies and operating points, making it tempt-

ing to always use a split junction transmon. There are some issues that can arise. First, it

is quite difficult to make Josephson junctions the exact dimensions intended. This is due to
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inconsistencies that arise in the fabrication process. If the two junctions are not identical,

we replace the single cos φ̂ term in Eq. 14 with:

ĤsplitJJ ∝ −EJ1 cos φ̂1 − EJ2 cos φ̂2 (22)

for the Josephson energies of each EJ1,2 and phase difference across each junction φ̂1,2. The

effective superconducting phase difference and Josephson energy of an asymmetric SQUID

introduces interesting effects that will be described later in this chapter, Sec. 2.1.4. For the

purpose of making an easily frequency tunable transmon, the scene is a bit more complicated.

The biggest issue that arises is the loss of qubit information to magnetic flux noise. This

causes a decrease in qubit phase coherence time T2. Fabrication results are often ‘close

enough’ and a DC SQUID transmon is only used for absolute necessity.

2.1.3 Coupling Qubits to Cavities

𝑞 𝑟
𝑔𝑞𝑟

Δ𝑞𝑟
𝐶𝑆 𝐶𝑟

𝐶𝐶

𝐶𝐽

𝐿𝐽
𝐿𝑟

Figure 8: Coupling qubits and cavities The generic mode coupling of a qubit and cavity.

The modes q and r exchange energy at rate gqr and frequency detuning ∆qr. If ∆qr → 0,

their interaction is governed by a strong coupling Hamiltonian like Eq. 23. If ∆qr ≫ gqr, the

system is in the dispersive regime with Eq. 26.

In circuit QED, qubits can be strongly coupled to neighboring resonator modes for stor-

age and readout of their state(s), in contrast to cavity QED, where atoms are weakly coupled

to their surrounding cavity. Storage and readout are almost mutually exclusive cavity opera-

tions. If the lifetime of the cavity mode is longer than the qubit’s it is used for storage of qubit
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information, often implemented with 3D cavities like in Ref. [27]. However readout needs to

occur much faster than qubit decay so these cavities should have short lifetimes [28]. Super-

conducting quantum circuits provide protection to qubits allowing us to use the cavity’s(-ies’)

light to retain and understand their behavior.

This strong coupling allows us to project qubit information in the cavity’s excitations

and protect qubits from decoherence. For a qubit mode q and resonant cavity mode r, we

can write their joint Hamiltonian in the Jaynes-Cummings basis [29] as

HJC,qr

ℏ
= ωrr

†r + ωqq
†q − EC

12
(q + q†)4 + gqr(q

†r + qr† + qr + q†r†). (23)

All hats (ex. q̂) indicating operators have been removed for visual decluttering. The first two

terms are the cavity and transmon’s respective oscillator energies, followed by the transmon’s

fourth order anharmonic term. In this expression we do not make the simplifying assumption

that (q + q†)4 → q†q†qq because, as will be described below, the diagonalization of Eq. 23

will produce self- and cross-Kerr terms involving cavity operators. The final term in Eq. 23

is the direct exchange interaction.

The qubit and cavity exchange excitations at vacuum Rabi coupling rate:

gqr =
1

2

√
ωqωr

CC√
(Cr + CC)(CS + CC)

(24)

which features the resonator’s capacitance Cr, transmon shunt capacitance CS, and coupling

between the two CC , depicted in Fig. 8. Terms ∝ qr + q†r† can be ignored in the rotating

wave approximation for coupling much less than either bare mode frequency gqr ≪ ωq, ωr.

In the rotating frame, we see a rediagonalization of the Hamiltonian that transforms it to

the new coupled basis, where under the strong Jaynes-Cummings interaction the excitations

of the circuit for operators q̃ and r̃ are now a dressed function of both bare modes.

When the modes’ detuning is much greater than their coupling (∆qr = |ω̃q − ω̃r| ≫ gqr),

we operate in what is called the ‘dispersive regime.’ In this limit, the resonator inherits

some nonlinearity, like weak self-Kerr terms ∝ r̃†r̃†r̃r̃ and cross-Kerr terms ∝ q̃†q̃r̃†r̃. The

Hamiltonian takes the form:

Hdispersive,qr

ℏ
= ω̃rr̃

†r̃ + ω̃q q̃
†q̃ − αq

2
(q̃†q̃†q̃q̃)− χqr(q̃

†q̃r̃†r̃)) (25)
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which can be suggestively rearranged as:

Hdispersive,qr

ℏ
= ω̃q q̃

†q̃ − αq

2
(q̃†q̃†q̃q̃) + (ω̃r − χqrq̃

†q̃)r̃†r̃. (26)

C
o
u
n
ts

ۧ|𝑔
ۧ|𝑒

ۧ|𝑓

ۧ|ℎ +

𝐼
0.0

800

𝑄
400

frequency

p
h
a
s
e

ۧ|𝑔

ۧ|𝑒

𝜒𝑞𝑟

a b

Figure 9: Dispersive measurement of transmons In a coupled system like in Fig. 8,

when ∆qr ≫ gqr, the qubit-cavity interaction term causes a shift in response frequency of

the cavity when the qubit is excited. (a) We can infer the state of the qubit indirectly by

measuring two distinct cavity states separated by χ. (b) For systems with high readout

fidelity, like those backed with parametric amplifiers, we can distinguish multiple states of

the transmon by further χ shifting. In this histogram of cavity measurements, we see distinct

blobs for |g⟩, |e⟩, and mostly |f⟩, while those for |h⟩ and beyond are harder to separate due

to decreased coupling to higher order modes and decreased qubit lifetimes.

In this form, the effect of such a coupling regime can be seen by photon number counting.

If the qubit mode has a photon (meaning the Fock basis eigen value of N = q̃†q̃ → 1), the

cavity mode will shift down in frequency by χqr. For typical experiments, this value is only

up to a few MHz, sufficient to infer the qubit’s state by measuring the cavity. If the cavity

responds at ω̃r, the qubit is likely in |g⟩, or if it responds at ω̃r − χqr, it is likely in |e⟩. This

is shown visually in Fig. 9. Likewise, if the cavity has n photons, it will shift at −nχqr [30].

This quantum non-demolition (QND) measurement allows us to repeatedly measure the

qubit without perturbing its state [31]. An excellent work up of the formulas produced in

this chapter can be found in Ref. [32].
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Φ𝑒𝑥𝑡  ⇒
…

Figure 10: The SNAIL The SNAIL [14] joins the family of superconducting quantum

creatures with n > 1 large junctions in parallel with one smaller at Josephson energy ratio

αs. External magnetic flux is threaded through this loop to change the distribution of energy

throughout the circuit and its frequency and self-nonlinearity.

2.1.4 The SNAIL

Multiple Josephson junctions can be assembled in more complicated geometries to pro-

duce circuit elements with different functionalities. One such way is as a SNAIL [14] (a

backronym [33]). The SNAIL is realized with n > 1 large identical Josephson junctions in

parallel with one smaller one, see Fig. 10. In 2- and 3D circuits, the SNAIL takes on the

form factor of a dipole with large capacitor pads on either side of the superconducting loop.

Magnetic flux Φext is threaded through the loop. Not only does adjusting Φext change the

frequency (much like a SQUID), but it also changes the nonlinear coefficients that arise due

to this asymmetric junction layout.

The SNAIL potential energy takes the form:

Us(φ) = αsEJ cosφ− nEJ cos (
φext − φ

n
) (27)

where the large Josephson junctions each have Josephson energy EJ , the smaller has αsEJ

with unit-less ratio αs. The junctions are fabricated such that EJ ≫ EC . The reduced

superconducting phase parameter φ = Φ
Φ0

is the phase across the small junction per flux
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quantum, while φext =
Φext

Φ0
is the reduced external flux through the loop. Expanding near a

minimum φmin, we minimize the energy and find expansion coefficients:

cm =
1

EJ

dmUs

dφm

∣∣∣∣
φ=φmin

(28)

for coefficients of order m. Defining φ̃ = φ− φmin, we find an effective potential:

Us,eff (φ̃)/EJ =
c2
2!
φ̃2 +

c3
3!
φ̃3 +

c4
4!
φ̃4 + ...+

cm
m!

φ̃m (29)

where all order coefficients are present without loss of generality. We can write the SNAIL’s

Hamiltonian as Hs = 4ECN
2 + Us,eff (φ̃) and in a similar circuit quantization as taken in

Sec. 2.1, we can write the SNAIL Hamiltonian in the raising and lowering operator basis:

Hs

ℏ
= ωss

†s+
∞∑

m=3

gm(s+ s†)m (30)

with frequency ωs =
1
ℏ
√
8c2EJEC and nonlinear parameters:

gm =
cm
ℏ m!

EJ(φZPF )
m (31)

where the zero-point fluctuation phase can be rewritten as φZPF =
√

ℏωs

2csEJ
. This result

highlights how the SNAIL has a native, leading third order nonlinearity and each successively

higher order term is decreased due to the 1/m! factorial coefficient.

The SNAIL can be tuned to operate at bias conditions where the even order terms g4,6,...

go to zero, corresponding to a point where Φext = Φnull
ext . This is desirable to mitigate issues

of the Kerr and AC Stark effects. These effects can potentially become problematic when

we use the SNAIL (or any nonlinear circuit element) as a multi-wave parametric mixer,

discussed in greater detail in Sec. 2.2.1.
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2.2 Parametric Mixing

The Jaynes-Cummings direct exchange Hamiltonian of Eq. 23 requires ∆ij → 0 for

couplings modes i and j. Energy is only swapped back and forth between them and the

interaction is always on. This is not always desirable, or even feasible, for particular ap-

plications in quantum computing. For example, we may want to couple modes that are

very far apart in frequency [34], turn the interaction on only when desired [35], or create an

interaction like i†j† rather than i†j [36]. This necessitates an alternative coupling scheme

like parametric mixing.

Parametric mixing can be realized with linear and nonlinear circuit elements, but this

thesis will focus on the use of nonlinear couplers to achieve the desired outcome. In supercon-

ducting quantum circuits, this is made possible with Josephson junction elements, especially

those like SNAILs and JRMs (Josephson Ring Modulators) which feature both even and odd

order nonlinearities, as opposed to purely-even order nonlinear elements like transmons and

SQUIDs. I will begin explaining parametric interactions with coupling a SNAIL to a generic

mode a. In this thesis, a will be a transmon qubit (whose Kerr nonlinearity adds further

complication to this procedure), but these parametric couplers can also be coupled to linear

modes like cavities. Often the coupler circuit element itself will be one of the modes affected

by the mixing process.

Consider a SNAIL mode with generic nonlinearity as in Eq. 30 coupled to harmonic

oscillator mode a. Their undriven Hamiltonian takes the form:

H0

ℏ
=

HL

ℏ
+

HNL

ℏ

= ωss
†s+ ωaa

†a+ gsa(s
†a+ sa†) + gsa(s

†a† + sa) +
∞∑

m=3

gm(s+ s†)m
(32)

for a SNAIL mode with all order nonlinearity. The expression for H0 is broken into the

linear components HL (those with two operators) and the nonlinear components HNL (those

with more than two operators). This Hamiltonian can be transformed to the proper frame

to highlight the desired interactions by first treating the nonlinear components of Eq. 32
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as perturbations. Diagonalizing HL to get H ′
L, using a standard Bogoliubov transformation

detailed in Refs. [37, 32], produces dressed mode frequencies:

ω̃s =
1

2
(ωs + ωa −

√
∆2

sa + 4g2sa) (33)

ω̃a =
1

2
(ωs + ωa +

√
∆2

sa + 4g2sa) (34)

for mode detuning ∆sa = ωs−ωa. This transformation also creates new effective raising and

lowering operators:

s̃ = cos (Λ)s− sin (Λ)a (35)

ã = cos (Λ)a+ sin (Λ)s (36)

for a displacement choice Λ = 1
2
arctan (2gsa

∆sa
). The tilde (ex. s̃) will be omitted for simplicity

(moving forward all operators and coefficients are transformed to the new diagonal basis).

This procedure is standard for any mode coupling (not just nonlinear ones). Circuit QED

modes in the laboratory are dressed modes and altered by their couplings to other modes

and channels. The nonlinear perturbation term also gets transformed with the same unitary

operation to H ′
NL.

We will now focus on the leading third order terms (m = 3). A microwave drive on mode

s at frequency ωd and time dependent strength ϵd(t) has the drive Hamiltonian:

Hdrive

ℏ
= (ϵd(t)e

−iωdt − ϵ∗d(t)e
iωdt)(s† − s). (37)

We add all three H ′
L +H ′

NL +Hdrive and apply a displacement transformation to reach an

interaction Hamiltonian of the form:

H ′
int

ℏ
= ωss

†s+ ωaa
†a+ g3(s+

gsa
∆sa

a+ ηde
−iωdt + h.c.)3 (38)

for driving term ηd = 2ωdϵd(t)

ω2
d−ω2

s
. This derivation is described in greater detail in Ref. [38].

Expanding this leads to all combinations of terms as some combination of three operators

in s(†) and q(†). Not all terms will survive the rotating wave approximation and some will be

used towards potential parametric interactions.
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The rotating wave approximation (RWA) is used to eliminate terms in the expansion of

Eq. 38 that do not conserve energy (like terms ∝ ss, a†a†) and those that oscillate at fre-

quencies very fast compared to the pumped system’s dynamics. using the rotation operator:

R = e−iH′
Lt (39)

with the linear Hamiltonian H ′
L components from Eq. 32. The total Hamiltonian in Eq. 38

is transformed under the operation:

H ′′
RWA = RH ′

intR
† + iℏṘR† (40)

which eliminates the linear terms (like ωss
†s, etc.) and moves the nonlinear components to:

H ′′
RWA

ℏ
= g3(se

−iωst +
gsa
∆sa

ae−iωat + ηde
−iωdt + h.c.)3 (41)

where now the choice of ωd will lead to term cancellation and highlight the parametrically

induced processes.

If ωd = ωs+ωa, the terms (s†eiωst)(a†eiωat)(ηde
−iωdt) and (se−iωst)(ae−iωat)(η∗de

iωdt) are the

only ones with phase cancellation to 0 and that conserve energy, rotating at the appropriate

frame frequency. This leads to a Hamiltonian:

HΣ = gΣs,a(s
†a†e−iϕdt + saeiϕdt) (42)

for ϕd = arg(η∗) pump phase and gΣs,a = 6g3
g
∆ sa

|ηd,Σ| the effective parametric interaction

strength. This Hamiltonian will be called the ‘Σ’ process, as photons are added in pairs, but

is often referred to as a gain or two mode squeezing Hamiltonian.

Likewise if ωd = ωs−ωa, the terms (s†eiωst)(ae−iωat)(ηde
−iωdt) and (se−iωst)(a†eiωat)(η∗de

iωdt)

are the only ones with phase cancellation to 0 and that conserve energy, rotating at the ap-

propriate frame frequency. This leads to a Hamiltonian:

Hδ = gδs,a(s
†ae−iϕdt + sa†eiϕdt) (43)

with gδs,a = 6g3
g
∆ sa

|ηd,δ|. This Hamiltonian will be called the ‘δ’ process, as photons removed

from one mode are exchanged into the other. This is referred to as a conversion or beam

splitting Hamiltonian. Equation 43 differs from the always-on interaction of Eq. 23 because

this parametric process does not require strong direct coupling and is only turned on when

the pump is supplied.
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2.2.1 Nonlinear and Even-Order Terms

Odd-order, nonlinear parametric driving schemes, like those described in Eqs. 42 and 43,

do not have the potential to cause frequency shifting. We will compare third to fourth order

nonlinear terms as the canonical example in this section, but the same argument also applies

to higher order odd vs. even nonlinearities.

Three wave parametric mixing creates effective two-body interactions under the appro-

priate driving conditions to satisfy the RWA. Terms that are purely comprised of one mode’s

operators, like s†ss, do not have the appropriate number of operators to conserve energy.

These types of interactions do not remain in the eigen basis. For example, s†ss |n⟩ =

(n − 1)
√
n |n− 1⟩ removes a photon from the system entirely rather than staying in |n⟩.

This means we do not need to worry about ‘all of one mode’ terms in a three-operator in-

teraction. Some three operator terms that mix modes using a number operator, like s†sa

can act for an undriven Hamiltonian at special frequencies. For example, if 2ωs = ωa, this

will produce some interesting ‘crossings.’ The mode a will appear to have an avoided level

crossing in spectroscopy due to this frequency collision, but mode s will not for low drives

because we can only swap pairs of photons. We try to avoid this scenario with carefully

mapped frequency choices.

However in four wave mixing, the same is not necessarily true. Consider Eq. 38 if instead

of assuming only m = 3, we had also included an m = 4 SNAIL term:

H4

ℏ
= g4(se

−iωst +
gsa
∆sa

ae−iωat + ηde
−iωdt + h.c.)4 (44)

This leads to combinations of three and four operators when the entire Hamiltonian gets

transformed. Unlike in the above argument, terms with four of the same operator could

conserve energy. For example s†s†ss |n⟩ = (n − 1)n |n⟩ for eigenvalue n. This form is seen

in the transmon’s anharmonicity in Eq. 18. With increased photon number, the mode shifts

in frequency by the coupling coefficient. When there are instead terms with a raising and

lowering operator for each mode involved, like the term q†qr†r in Eq. 25, the frequency of

the modes shift due to occupation in the other modes, highlighted by the dispersive shift

rearrangement to Eq. 26.
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Figure 11: Frequency shifting (a) Without any drives on the system, a SNAIL and qubit

each have static frequencies and finite mode widths. These are the frequencies used to drive

a parametric process like in Eq. 42. (b) The parametric drive at fs + fq,ge is now detuned

from f shift
s , which is the new frequency of the SNAIL mode as a function of drive strength.

The parametric drive would ‘miss’ because the photon created by the parametric pump is

outside of the bandwidth of the shifted mode.

This issue is summarized as the Kerr effect. Kerr terms are those involving four operators

in an interaction that is always on, or rather not involving the driven terms including an

exponential driven phase e±iωdt. Self-Kerr terms are those with four of the same operator

type, and cross-Kerr are those that mix the coupled modes’ operators. This can cause trouble

if frequency shifts are not properly accounted for, meaning the shift causes an unwanted

interaction with another process or the frequency of a drive or pump is detuned. Cross-Kerr

is useful when properly calibrated and intentional, like in a dispersive qubit readout protocol

(Fig. 9). However issues like frequency overlapping can occur, causing spurious interactions

or making a parametric drive detuned outside the modes’ finite bandwidth (Fig. 11). For

these reasons, we try to avoid undriven Kerr terms by biasing our SNAIL to conditions where

Eq. 44 = 0 (and generally Eq. 31 goes to zero for all even m) with adjusting the Josephson

energy by externally applied flux Φnull
ext [39].

Kerr terms also refer to those that move when the system is pumped, for example pro-
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ducing fshift in Fig. 11. The AC Stark effect causes trouble with strong drives. In terms

of Eq. 44 involving the driven operation η
(∗)
d e∓iωdt, there will be those that cancel phase

and produce number conserving operations (ex: ∝ |ηd|2s†s). These terms cause frequency

shifting with increased photon number and drive strength, as well as cause measurement in-

duced dephasing and artificial mode broadening [40]. In the processes described in Chap. 3,

we require increasingly powerful drives to increase the rates of our parametric interactions.

Therefore we would prefer to avoid any drive-induced AC Stark shifting because we do not

necessarily track these shifts with increased power.

2.3 Outlook and Next Steps

In this chapter, I have provided an overview of the building blocks for my PhD research.

The cQED platform allows us to configure circuits in countless ways. We can make com-

binations of qubits, cavities, and parametric couplers to create the interactions needed to

engineer just about any Hamiltonian we desire. Superconducting systems built with one or

more Josephson junctions have nonlinear responses that allow for the creation of two level

systems to be used as qubits and parametrically driven interactions that allow us to dynam-

ically create couplings. We drive and measure these systems with microwave pulses sent in

and out from room temperature, which interact with cryogenic, superconducting systems.

While superconducting qubits are an established platform within the burgeoning field

of quantum computing, some issues must still be addressed [41]. In the NISQ (Noisy In-

termediate Scale Quantum) device era [42], we must improve (a) qubit ‘quality’, (b) mode

connectivity, (c) gate fidelity, and (d) scalability. Qubits lifetimes must be improved to allow

for higher computational circuit depth, and their information must be encoded with other

qubits to create long-lived logical qubits out of many physical qubits. The gates or oper-

ations we perform with these physical and/or logical qubits need to be performed without

loss of information to noise, or at least with errors corrected using efficient quantum error

correction schemes [43]. Additionally, quantum computers using SC qubits should be able

to do all of these tasks, but with more qubits to increase 2N information for N qubits. An
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added challenge is the scaling of physical hardware, both to drive/connect/measure circuits

but to also protect them from the hot, noisy room temperature world we perform these tasks

from.

In this thesis, I will show how I use these circuit elements and engineered Hamiltonians to

create two main projects: a fully engineered qubit-bath coupling and a single ‘atom’ maser.

Both experiments benefit greatly from the ability to create microwave-frequency modes that

have the desired level of nonlinearity to achieve parametric three-wave mixing to alter the

state of my transmon. Additionally, both require external flux to tune my systems to their

operation sweet spots. In the first project, whose data is shown in Chap. 4, the SNAIL is

biased to a point of high g3 and g4 ≈ 0 for driving purely third order Eqs. 42 and 43. In the

second, with data in Chap. 5, we tune the bias conditions for two separate circuit modes:

first the SNAIL is biased to high g3 and surprisingly sometimes moderate g4, and second a

SQUID to force my qubit and cavity on resonance with one another.
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3.0 Bath Engineering and Single Atom Masing: Theory

3.1 Bath Engineering with Parametric Mixing: Theory

Losses in any physical system are inevitable. They are especially deleterious in quantum

systems, where any coupling to another observer causes a loss of precious quantum informa-

tion. Quantum mechanical circuit elements, like qubits, are all coupled to their environment,

but cannot go completely unprotected as their wave function would collapse with 100% cer-

tainty. The wave function, and thus life cycle, of a qubit is dependent on the properties

of its couplings to its environment, and even enhanced by cavity couplings in cQED [44].

We measure this in parameters like T1 for energy decay, T2, Ramsey for equatorial dephas-

ing sensitive to low-frequency noise, and T2, Echo which measures dephasing by removing

frequency-dependent noise [45, 46, 47].

There is much work being done to increase qubit coherence times (Refs. [48, 49, 50, 51, 52]

to name a small few) to increase computing performance and our ability to actually do

computational tasks with the qubits at hand [53]. Loss mechanisms due to different channels

add inversely, rates add linearly:

1

Ti,i+1

= Γi,i+1 + Γi+1,i (45)

where the mode q has energy decay times between adjacent levels i and i+1, visually depicted

in Fig. 1. Both the up-going Γi,i+1 and down-going Γi+1,i rates in Eq. 45 can be modified to

change T1. Quantum fluctuations and finite bath temperatures can cause the qubit to gain

energy, without any driving pulse. For a ‘cold’ system, this rate should be much smaller

than the down-going rate (ex: Γeg ≫ Γge). Increasing Q-factors, or decreasing these rates

like what’s shown above, is one such way to increase T1.

However, the presence of this loss need not be fatal. While we cannot necessarily elimi-

nate bath loss, the interaction between a qubit and its bath is a controllable parameter. This

thesis focuses on how we use parametric mixing to engineer this loss and increase interaction

rates, experimentally setting how the qubit exchanges energy with its finite temperature
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bath. The caveat: my work does not improve Q-factors or increase transition times, but

rather increases the rate of qubit thermalization to some intended steady state. I decrease

the time for transitions and control what state the qubit ends up in. Additionally, I will only

discuss energy losses, not phase decoherence.

In cQED specifically, there are many examples of bath engineering experiments, a non-

exhaustive list includes Refs. [54, 55, 56, 57, 58, 59, 60, 61]. These works add specific

excitations to their systems, alter mode couplings, or create a new basis. The work described

below seeks to engineer a bath and make whatever qubit steady state(s) desired, at whatever

rate is desired, quasi-independently of natural decay properties.

The project was initiated by a theory paper by Hafezi et al. [1]. A photonic chemical

potential can arise in a system where the qubit-bath interactions are controlled with para-

metric couplings. In this paper, they propose employing a three-wave parametric mixer [36]

to modulate couplings between a qubit and a low temperature, low frequency bath. Fig-

ure 12 shows a generic mode schematic adapted from the paper. The chemical potential is

set by the frequency of the parametric coupler, which determines which parametric process

is activated and how it behaves.

The use of three-wave mixing is often preferred over four-wave, see Sec. 2.2.1. Kerr and

AC Stark effects cause frequency shifting in modes with fourth order nonlinearity. Even-

order mixing schemes are difficult to efficiently pump and manage because modes will shift

in frequency with higher mode occupation and under strong drives. For our system, we wish

to strongly pump our mixer mode in order to vary the chemical potential µ in any way we

please. The mixer mode is low Q and designed to be cold (having low or nearly-zero photon

occupation on average), making n also low. However, Kerr shifting will be non-negligible,

making it more difficult to track down a pumping frequency that causes the parametric

process we desire and potentially inducing other unwanted cross-interactions.

Third order nonlinearity is much easier to parametrically pump because the parametric

coupler is not susceptible to Kerr- or AC Stark shifting. The third order nonlinear Hamil-

tonian coefficient is also typically larger than the fourth, so we can supply weaker pumps to

still see an effect. Josephson junction based parametric converters like the JRM and SNAIL

have nonlinearity terms of all orders from third and above. Therefore to avoid self-Kerr
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Figure 12: Bath engineering, adapted from Hafezi et al. [1] A low frequency, low

temperature parametric bath is coupled to the higher frequency system. They exchange

information through a parametric coupling, and the system loss is κloss. Modulating the

parametric coupling gparametric alters how the system interacts with the bath, and thus how

it gains and loses information.

terms we operate them at external flux bias conditions where the third order Hamiltonian

coefficients are maximized and fourth order minimized [62]. At these biases, fifth and higher

odd order nonlinearities will also be present, but much smaller in magnitude.

After my colleagues Xi Cao and Gangqiang Liu’s initial work on this project using a

low frequency JPC, we decided to pursue this experiment with a SNAIL using three-wave

mixing. Details on the SNAIL can be found in Chap. 2.1.4, so an abbreviated explanation

will be given in this chapter. A SNAIL that is weakly hybridized with a transmon will

produce Hamiltonian terms that look like:

Hsq ∝ (s+
gsq
∆sq

q + h.c.)3. (46)

All hats on operators have been removed for neatness. We want to utilize terms that feature

one s operator and one q to conserve energy. The SNAIL mode will be pumped, and its

dynamic operator s and q are what we are ultimately seeking to modify. With the addition

of a drive and displacement operation, this Hamiltonian is transformed to:

Hd
sq ∝ g3(se

−iωst +
gsq
∆sq

qe−iωqt + ηde
−iωdt + h.c.)3. (47)
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Expanding this, only the terms that are energy conserving and pumped at the correct fre-

quency will be activated under the rotating wave approximation. When s on the SNAIL

mode is pumped at fd = fs+fq, we see an effective gain Hamiltonian meaning that one pho-

ton each is added to the SNAIL and qubit modes. When instead s is pumped at fd = fs−fq,

we get a conversion process where energy from the qubit mode is exchanged with the SNAIL.

Another important feature of note is that multiple parametric pumps may be applied simul-

taneously [62]. Each process that is driven is activated and ultimately the final state of the

system will be affected by the combination of all pumps. In our experiment, we will measure

this as the competition of rates Γ↑ vs. Γ↓ modulated by ggain, total vs. gconversion, total.

With these concepts in mind, we can start to put the pieces together to build a fully

configurable transmon bath. We can realize such a system with a transmon coupled to a low

Q-factor SNAIL. I will use the pump operation on the SNAIL to make the qubit state what

I want, and the dynamic s operator to control the rate at which the qubit reaches that state.

3.1.1 Transmon Heating

I find it easiest to visualize the SNAIL-qubit coupling with a ladder diagram to un-

derstand the effect of drives and engineered dissipations, see Fig. 13. Let us first examine

the system using the gain operation. We assume the joint ground state, although I will do

nothing to necessarily force it there. Pumping on s at fd = fs + fq,ge drives the gain-type

Hamiltonian in a process we call ‘Σ’ (for the addition of qubit photons):

HΣ = gΣs,ge(s
†q†e−iϕdt + sqeiϕdt). (48)

This moves the joint |s, q⟩ state from |0, g⟩ to |1, e⟩, the first ladder rung above the ground

state where a photon each occupies the SNAIL and qubit. The parametric process is driven

at coupling rate gΣs,ge ∝ g3
gsq
∆sq

ϵd for room temperature driving strength ϵd.

From |1, e⟩, the SNAIL decays at rate κs leading to |0, e⟩. The leading loss κs is designed

to be the fastest process in the entire experiment. This ensures the qubit ‘sees’ a cold SNAIL

bath (Fig. 14) and that the entire process repeats. In turn, this makes a population inverted

qubit that sits in |e⟩. This is completely unlike a qubit driven by a π-pulse (Fig. 32(a)),
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Figure 13: Transmon heating ladder diagram A step-wise visual depiction of the en-

ergy gains and losses in our experiment. The parametric pump Σs,ge is modulated at gΣs,ge ,

exciting s and q. The fastest rate κs causes fast decay to |0, e⟩, the target state for this

experiment. The qubit is effectively brought to the excited state at Γp
ge. Transmon anhar-

monicity prevents higher order qubit transitions as they are selectively detuned from the

parametric gain process.

which is the standard way to excite a qubit! Single, typically Gaussian, π pulses bring the

qubit from one Bloch sphere pole to another, so from |i⟩ to |i+ 1⟩, and |i+ 1⟩ to |i⟩. The

pulse applied here, however, is a finite width flat-top that should only excite from |i⟩ to

|i+ 1⟩. Finally, the qubit is dispersively coupled to a cavity c mode so its state is inferred

through a shift in cavity response.

Crucially, the transmon is anharmonic. This prevents drives between intended adjacent

qubit levels from also inducing other qubit excitations. Under the Σs,ge drive, the pump

fd = fs + fq,ge is only tuned for the |g⟩ → |e⟩ transition, and is detuned by αq from the

|e⟩ → |f⟩ transition and so on, depicted with red X’s in Fig. 13. This, along with the

SNAIL’s engineered short lifetime, mean that energy in the system remains in the lowest

manifold of states, and not coupled to or lost in decay channels we are not seeking.
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Figure 14: Transmon bath energy exchange The system-bath coupling is slightly mod-

ified in our experiment compared to Figs. 1 and 12. The qubit q is coupled to the SNAIL

s, which exchanges energy with its bath. Therefore the qubit-bath interaction is controlled

by the qubit-SNAIL interaction, which we parametrically pump at rates gΣ and gδ. This

experimental knob means we can set the qubit’s effective mode temperature and chemical

potential.

The generic parametric heating process Σs, i, i+1 occurs at an effective rate Γp
i, i+1. This

rate goes quadratically with pump strength, inverse to SNAIL decay rate κs because κs ≫

gΣ [63]:

Γp
i,i+1 =

4g2Σs,i,i+1

κs

. (49)

In this process, gΣ is the ‘regeneration’ rate, or the rate at which photons are added back

into the system. This is controlled by changing how strong and at what frequency we

parametrically pump at, and the strength of hybridization between the SNAIL and qubit.

In designing the system in simulation, we can vary the direct dipole-dipole coupling to change

gsq. Once fabricated and cooled down, however, we lose that degree of freedom. We can

change where we bias the SNAIL in frequency and nonlinearity, to change g3 and potentially

introduce higher g4, and tune the parametric driving frequency and strength.

3.1.2 Transmon Cooling

The opposite parametric process that can be driven is photon swapping or mode con-

version. In a process we call δ, the qubit can be brought to the ground state faster than it
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Figure 15: Transmon cooling ladder diagram A step-wise visual depiction of the energy

gains and losses in our experiment. The qubit is prepared in |e⟩ and the parametric pump

δs,ge is modulated at gδs,ge , exchanging the excitation from the qubit to the SNAIL. κs causes

fast decay to |0, g⟩, the target state for this experiment. The qubit is effectively brought to

the ground state at Γp
eg.

would if simply left to energy decay. This is useful in a scenario where the qubit population

needs to be reset, and different than a typical T1 decay because the rate of Γp
eg will be exper-

imentally controlled, rather than allowed to naturally interact with an untouched bath. So

in cases where the down-going rate needs increasing, we must increase the coupling to the

qubit’s dissipative bath to carry that energy away (Fig. 14). The SNAIL works for just that

purpose.

Shown in Fig. 15, this time starting with the transmon with some excited, finite temper-

ature population we pump s at fd = fs − fq,ge and induce the photon exchange Hamiltonian

that causes the photon in q to exchange with s:

Hδ = gδs,ge(s
†qe−iϕdt + sq†eiϕdt) (50)

The SNAIL then quickly decays at κs to carry the energy away from the joint SNAIL-

qubit system. Similarly to Σ, the δ drive is controlled by the frequency and strength of the

parametric pump gδs,ge . To pull the qubit from |e⟩ → |g⟩, we pump at fd = fs − fq,ge to

bring the qubit to |g⟩ at rate Γp
eg. This rate follows the same form as Eq. 49 with instead

gδs, i, i+1
.
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Note that this process is different than other reset protocols because it does not require

an extra resonator [64], multiple state-conditional pulses [65], or very specific parametric

pump frequencies [66]. The SNAIL mode is broad and reconfigurable in situ with external

flux biasing and parametric drives, and therefore accepts any pump frequency supplied.

3.1.3 Full Parametric Control and the Chemical Potential

Both Σ and δ described above are completely general and can be tuned for any qubit

transition between adjacent levels. The first cycle of the ‘parametric ratchet’ goes as [prepare

qubit, apply pump, SNAIL decays, qubit in target state], and each subsequent cycle as [qubit

decay out of target state, apply pump, SNAIL decays, qubit in target state, repeat as needed].

Every repetition is heralded by a SNAIL photon, which is emitted at a frequency within the

broad band of the mode. With these single parametric pumps, we gain control over a single

decay process. For example if Σs,ge is applied, we only control the rate Γp
ge, while the other

rates (like Γeg, Γef , Γfe etc.) are not directly in our control.

In order to control multiple rates and the steady state solution we must apply multiple

parametric pumps. If we, the experimentalist, can set the rates of transmon thermalization,

ad hoc, then we can alter the bath dynamics. A general system Hamiltonian takes the form:

Hp
total =

∑
i

gΣs,i,i+1
(s† |i+ 1⟩ ⟨i|+ s |i⟩ ⟨i+ 1|) +

∑
i

gδs,i,i+1
(s† |i⟩ ⟨i+ 1|+ s |i+ 1⟩ ⟨i|).

(51)

Written in this suggestive form, the utility of such a coupling scheme becomes apparent. Any

two adjacent levels of the transmon, i and i + 1 can be parametrically coupled by driving

its respective process, Σs,i,i+1 or δs,i,i+1, and any combination of those parametric processes

may be simultaneously driven. Each parametric process is activated independent of any

others, but the effective total rates for each transition (like Γp
ge, Γ

p
eg etc.) are affected by any

imparted drives, so different drives may be individually tuned to produce the desired total

transition rates and steady state populations.

In the case of occupying up to a certain level, we can think of this as realizing a chemical

potential for photons. In thermodynamics, the chemical potential µ is an additional term
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to the mode energy that signals the addition or removal of particle number. In an electron

system, energy is filled up to the Fermi level set by µ [67]. This model works well for

finite-number particles. But photons are not that easy! In Planck’s work on blackbody

radiation [68], there is not a µ-type term because photons are absorbed and emitted by the

walls of their container. We cannot count unique photons in a box. Other works outside

of superconducting qubits [69, 70, 71] have realized a chemical potential for photons with

electrons and holes in semiconductor junctions and optical cavities that form Bose-Einstein

condensates. In our experiment with superconducting quantum elements, however, we take

advantage of the Σ and δ processes demonstrated to selectively occupy qubit states, seen in

Fig. 16.

3.1.4 Chemical Potential Theory

We will now take a short aside to study the Lindbladian Master Equation formalism for

understanding a photonic chemical potential. This work is adapted from our paper Ref. [72]

and the following analytical derivations spearheaded by my colleague Xi Cao.

We simplify the qubit and SNAIL both as two level systems. For the transmon this

is not too far of a stretch given its anharmonicity, and for the SNAIL it holds because it

thermalizes much faster than the parametric processes (κs ≫ gΣ, gδ), keeping the mode

cold. The Hamiltonian features both Σ and δ parametric processes described, driven at

ωΣ = ωs + ωq and ωδ = ωs − ωq. In the rotating frame it is approximated as:

HR
sq/ℏ = gΣσ

+
s σ

+
q + gδσ

+
s σ

−
q + h.c. (52)

The dynamics of the master equation are illustrated by the Lindbladian:

ρ̇ =
1

iℏ
[HR

sq, ρ] + κsD(σ−
s )ρ+ κqD(σ−

q )ρ (53)

where dissipator D(a)ρ = aρa† − 1
2
{a†a, ρ}, and κi is the decay rate of the ith channel. We

model only SNAIL decay because κs ≫ κq, leading us to write:

ρ̇ =
1

iℏ
[HR

sq, ρ] +
κs

2
(N̄(ωs) + 1)(2σ−ρσ+ − ρσ+σ− + σ+σ−ρ)

+
κs

2
N̄(ωs)(2σ

+ρσ− − ρσ−σ+ + σ−σ+ρ). (54)
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Figure 16: Fermi energy with varying T and µ The equation P (E) = 1/e(E−µ)/kBT + 1

describes the population per energy state for particles following Fermi-Dirac statistics. This

expression features the chemical potential µ which determines the energy up until which

will be occupied by particles. The probability per energy unit is plotted. (a) When the

temperature T is varied, the sharpness of occupation is changed. The nearly-step function

curve occurs for small temperatures, while the large sweeping curve is for large temperatures.

(b) Instead if the temperature is constant and µ varied, the highest energy of occupation

shifts. For increased µ, the energy increases. Our experiment seeks to modify both variables.

We wish to change the states that get photon occupation (µ) and how occupied each state

is (T ).

For N̄(ωs) = 1/(eℏωs/kTBath − 1), the average photon number for the thermal state at tem-

perature TBath. In this model, only the SNAIL is coupled to the bath. To solve the master

equation, break ρ̇ into each matrix element and find the equilibrium solutions to each mode

by tracing out the other mode with ρs = Trq(ρ), leading to a simplified density matrix for

the SNAIL mode:

ρs =

 1+N̄(ωs)

1+2N̄(ωs)
0

0 N̄(ωs)

1+2N̄(ωs)

 . (55)
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The SNAIL is in a thermal state at the bath’s temperature provided:

g2δg
2
Σ

(g2δ + g2Σ)κ
2
s

≪ 1, (56)
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Figure 17: Transmon heating and cooling rate representation This cartoon model

shows the effects of rate engineering on qubit populations. (a) When the rate from |g⟩ to |e⟩,

Γge exceeds that from |e⟩ to |g⟩, Γeg, we see a steady state population inverted qubit that is

much more likely to be in the excited than ground states. (b) The opposite case, where Γge

is now less than Γeg, and the qubit is more likely to be in the ground state.

The only bath this qubit is coupled to is that of the SNAIL. We similarly trace out the

SNAIL mode: ρq = Trs(ρ). For qubit heating only, when gδ = 0:

ρq =

 N̄(ωs)

1+2N̄(ωs)
0

0 1+N̄(ωs)

1+2N̄(ωs)

 , (57)

we see a population inverted qubit, visually shown by Fig. 17(a). Likewise for qubit cooling

only, when gΣ = 0:

ρq =

 1+N̄(ωs)

1+2N̄(ωs)
0

0 N̄(ωs)

1+2N̄(ωs)

 . (58)
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Figure 18: Simultaneous transmon heating and cooling With multiple parametric

processes activated, we can selectively tune qubit thermalization rates and steady state pop-

ulation probabilities. (a) Controlling between |g⟩ and |e⟩. An example of one configuration

possible with tuning two parametric drives: balancing Γge and Γeg to create a qubit equally

in |g⟩ as in |e⟩. (b) Still with two parametric drives, we can balance Γeg and Γef to create

a qubit equally in |g⟩ as in |f⟩. This is outside the chemical potential model described in

Sec. 3.1.4.

Here we see the qubit thermalize to the same state as the SNAIL, Eq. 55, seen in Fig. 17(b).

This is different than simply adjusting the environment temperature because the qubit’s

state depends on the parametrically controlled SNAIL statistics N̄(ωs).

Turning on both parametric interactions (gΣ, gδ ̸= 0), we achieve our desired scenario of

obtaining a chemical potential term assuming Eq. 56, depicted in Fig. 18(a). The populations

for |g⟩ = Pg and |e⟩ = Pe are found as:

Pg =
1

1 + e−β(ℏωs−µ)
(59)

Pe =
e−β(ℏωs−µ)

1 + e−β(ℏωs−µ)
, (60)
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where

µ =
1

β
ln

(
g2Σe

βℏωs + g2δ
g2Σe

−βℏωs + g2δ

)
. (61)

This is our expression for the chemical potential! Note how the qubit’s population in |g⟩ and

|e⟩ are modulated with µ, which is directly changed with parametric rates gΣ AND gδ. The

grand canonical density matrix can be found with Eqs. 59 and 60:

ρq(∞) = Z(β, µ)−1e−β(ωs
2
σz
q−

µ
2
σz
q ) (62)

with Z(β, µ) = Tr[e−β(ωs
2
σz
q−

µ
2
σz
q )], and µ given in Eq. 61. The chemical potential and equi-

librium state of the qubit is tuned by the ratio of gΣ vs. gδ.

3.1.5 Bath Engineering Population and Rate Calculations

The above prescription shows the steady state solutions for SNAIL-qubit coupling. Next

we will examine the dynamics of the system. A semi-classical phenomenological model will

be used. The rate for changing from |g⟩ → |e⟩ = Γge, |e⟩ → |g⟩ = Γeg. This means we may

write the probability time dependencies as:

Ṗg = −ΓgePg + ΓegPe (63)

with the condition the probabilities sum to 1: Pg + Pe = 1. This can be solved as:

Pg = c0e
−(Γge+Γeg)t +

Γeg

Γge + Γeg

(64)

with initial condition c0. Transmon heating and cooling will follow this exponential model.

The physical temperature should be low enough to allow the dynamics of the driven system

to dominate over natural heating.

As will be shown later in Chap. 4, when the transmon has a non-trivial |f⟩ population,

we must use a semi-classical model that involves the qubit’s third energy level:

Ṗg = −ΓgePg + ΓegPe (65)

Ṗe = ΓgePg − (Γef + Γeg)Pe + ΓfePf (66)

with Pg + Pe + Pf = 1.
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3.1.6 Bath Engineering Theory: Conclusions and Outlook

The temperature and chemical potential (in the traditional, thermodynamical sense)

means that states up to some energy will be occupied (Fig. 16(a)) and nothing above

(Fig. 16(b)), so it sets the level of maximum state occupation allowed. The above equa-

tions in Secs. 3.1.4 and 3.1.5 allow us to analytically express the populations of our qubit

if we know how energy is moving amongst the qubit states. Therefore if we can drive any

parametric process, we can make arbitrary combinations of transmon states if the separation

between states in phase space is sufficiently large and can tune parametric drives within a

window of uncertainty around that qubit transition frequency. However, we do not need to

stick within this traditional µ model, with one such example shown in Fig. 18(b). We will

later show in Chap. 4 that we can fill the qubit in an uneven split of occupations, and even

show how we can skip occupying levels with occupation on either side.

I have shown above theoretically how any combination of transmon states can be gener-

ated in situ at chosen rates. The bath is fully controlled because the gain and loss of energy

to/from the bath is experimentally tuned. We determine how the transmon dissipates energy

to its environmental bath by tuning how the parametric coupler transfers energy throughout

the circuit.

3.2 Single-Atom Masing: Theory

The bath engineering experiment of Sec. 3.1 taught us valuable lessons in controlling the

rate and steady state of qubit transitions under parametric driving and engineered loss. I

now will employ these ideas in building a single-atom maser. The transmon qubit is, after

all, an artificial atom and the beauty of cQED is that we can rearrange and configure circuits

in countless ways, making for a flexible platform to build a cryogenic light source.
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3.2.1 What is a Maser?

In the beginning of the 20th century, physicists began to try explaining peculiar ob-

served phenomena that did not match any physical models. These included blackbody radi-

ation [68], the photoelectric effect [73], and the Bohr model of atoms [74]. Einstein’s thoughts

on discrete quanta of energy led to the idea of a photon [75], as well as the different types

of excitations and emissions of photons from atoms. This includes spontaneous emission if

the energy is emitted without being probed and stimulated emission if a specific frequency

photon probe causes the atoms to release a photon themselves. This can be cascaded if the

atoms are continually hit with the correct energy light, causing the emission process to con-

tinually repeat. In this case, there is strong coherence amongst the homogeneous population

of photons emitted by the same source/atoms.

output 

microwaves

cavity

focusser

molecular 

source

Figure 19: The ammonia maser The first demonstration of a maser in the laboratory was

by Charles Townes et. al, earning him a joint Nobel Prize in 1964. The molecular source

emits molecules into the focusser, where excited molecules enter the cavity and those in the

ground state diffuse out. The masing threshold is met when a sufficient number of excited

molecules enter the cavity to excite its electromagnetic modes. The diagram is adapted from

Townes’ Nobel lecture, 1964. On the right, Townes stands with his maser prototype.

The maser was demonstrated in 1954 with ammonia molecules as a coherent source of
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electromagnetic radiation in the RF range by Schawlow and Townes [76], see Fig. 19. The

maser (Microwave Amplification by Stimulated Emission of Radiation), and its successor the

laser (Light —) are made of (generally very many) atoms that have a population of emitted

photons that are amplified and emitted into an enclosing cavity. Typically, the atoms are

excited by a resonant drive and emit photons. Those photons bounce off the mirrored walls

of the cavity, and scatters with the source. This causes the atoms to emit more photons.

Now those photons can scatter with the atoms and cause the emission of even more photons.

This process repeats and light is collected out of a small opening in the cavity. The light is

very coherent because it all was emitted by the same source. This is stimulated emission.

The atoms or masing medium needs to be excited for the process to occur. There is a

threshold which must be overcome: masing occurs when the masing medium is in its lowest

energy level where stimulated emission dominates over spontaneous emission. This means

that the pumped processes are stronger and/or faster than the unpumped ones. Generally,

a maser needs [77]:

1. A collection (usually a large number, but can be just one) of atoms, often elements or

molecules that have fixed transition energies/frequencies.

2. A high Q-factor cavity to store light, often made of mirrors like a Fabry-Perot cavity [78].

The cavity has radiative loss.

3. Linear couplings between the atoms and cavity, and cavity and output.

4. The atoms are pumped in a λ-structure, where the excitation is driven from |0⟩ ↔ |2⟩,

and spontaneously decays from |2⟩ → |1⟩, where then the |1⟩ → |0⟩ light is collected by

the cavity.

5. Stimulated emission: the atoms are excited and emit photons. Those photon interacts

with other atoms which causes the emission of more photons. This cycle cascades as

more photons resonantly interact with the masing medium.

6. The output light is both amplified and narrowed compared to the bare cavity power

output Pc and linewidth Γc.
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Figure 20: A single-, two-level atom maser A toy model for a maser fed by a single atom

with only two levels. The atom is incoherently pumped from |0⟩ to |1⟩ at pumping rate λ01

and couples to the cavity at rate gac. The atom emits light with linear gain coefficient A,

and the cavity emits light at Γmasing
c . Masing is achieved when A ≥ Γc, which is when the

atom’s emission exceeds the cavity’s loss.

3.2.2 Master Equation Theory for Single Atom Masing

We can derive maser dynamics using the master equation. The following section is

adapted from Chenxu Liu’s thesis [79] and Scully and Zubiary’s Quantum Optics [77], who

provide a thorough work up of laser physics. The simplified version written here is to

motivate the problem for experimentally building a micromaser using Josephson junctions.

For simplicity, we will assume our single atom only makes transitions between |0⟩ and

|1⟩, not in a λ-level structure. This will not have an effect on the final answer. We begin

with an atom pumped from |0⟩ → |1⟩ at incoherent rate λ01, starting at time t0. The atom

couples to the cavity at rate gac and the cavity decays or loses photons at rate Γc. The cavity

has finite coherence because it is made of partially transmitting mirrors that have a non-zero

overlap wave function with the outside world.
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The atom-cavity coupling Hamiltonian is a simple Jaynes-Cummings model:

Hac = gac(σ
+
a c+ σ−

a c
†) (67)

where σ±
a are the atom’s operators and c(†) the cavity’s. The equations of motion are de-

scribed by the master equation for cavity field density operator ρ. Assume for simplicity

that the atom’s degrees of freedom have been traced out, and we are only looking for the

cavity field’s interactions with the mean atom state:

ρ̇ =
1

iℏ
[Hac, ρ] + λ01D[σ+

a ]ρ+ ΓcD[c]ρ. (68)

If the cavity decay rate is small compared to the atom-cavity coupling (Γc ≪ gac), then

we may adiabatically eliminate neighboring transitions and let ρ̇ = 0. For cavity occupation

transitions between photon number n and n′ we may write:

ρ̇n,n′ =
N ′

n,n′A
1 +Nn,n′B/A

ρn,n′ +

√
nn′A

1 +Nn−1,n′−1B/A
ρn−1,n′−1

+
Γc

2
(n+ n′)ρn,n′ + Γc

√
(n+ 1)(n′ + 1)ρn+1,n′+1 (69)

for linear cavity gain coefficient A = 4g2ac
λ01

, self-saturation coefficient B = 32g4ac
λ3
01

, and numerical

factors Nn,n′ = 1
2
(n+ n′ + 2) + (n−n′)2B

16A and N ′
n,n′ = 1

2
(n+ n′ + 2) + (n−n′)2B

8A . We can think

of A as the density of photons propagating from the atom and B the point when the atom

is saturated due to its bath coupling.

References [79] and [77] go into greater detail, and some of the conclusions drawn are

as follows. First, the model assumes no loss of laser levels. Second, there is no pump to

re-populate the atom. More complicated models treat this qubit re-population pump as a

process where the atom is prepared and injected into the interacting cavity. Atom loss is

viewed as the process in which atoms leave the cavity after having interacted with it for

some time. This is referred to as a micromaser and is closest to what our system will behave

like in the laboratory with photon excitations and emissions.

In the Fock basis, matrix diagonals are not mixed. This means the diagonals (when

n = n′) give the photon distribution of the laser field. The off diagonals (|n− n′| = 1) yield

the laser linewidth. In the detailed balance limit, what is lost must be re-pumped back in.
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Figure 21: A theoretical maser circuit diagram adapted from Chenxu Liu et al. [2]

The circuit that inspired this experimental project. The (artificial) atom is made of a trans-

mon qubit coupled to a three-wave mixer. The cavity is an LC oscillator. The coupling

between the atom and cavity is modelled in three ways: (top) conventional linear capaci-

tive or inductive couplings, (middle) purely theoretical Susskind-Glogower operators [80], or

(bottom) Approximately Bare Operator Coupling Circuits. For masers with either conven-

tional loss or ABOCCs, the output is coupled through a transmission line.

For the diagonal elements and letting Pn = ρn,n, we find the recurrence relation between the

number of photons in the cavity:

Pn =
n∏

n′=1

A/Γc

1 + n′B/A
P0 (70)

for all Pn summing to 1. For a linearly coupled Josephson junction based maser, as proposed

in Ref. [2], this two-level atom model works well. This is fine for changing the nonlinear

ABOCCs (coupler choice on the bottom row of Fig. 21) to more standard linear capacitive

couplings (coupler choice on the top row of Fig. 21). We find the linewidth:

Γmasing
c ∼ A+ Γc

8⟨n⟩
(71)
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which shows that the phase noise comes from both the gain A and loss Γc processes. To

meet or exceed the masing threshold, we require A ≥ Γc, leading us to what is referred to

as the Schawlow-Townes limit on laser linewidth [81]:

Γmasing
c (STL) =

Γc

4⟨n⟩
. (72)

This arises from having standard linear couplings between the atom and cavity, and cavity

and output channel. With uncertainty in phase noise, and thus photon number, comes a limit

on how well we can define the output of the maser. The second half of my PhD has focused

on creating such a coherent light source at cryogenic temperatures using superconducting

circuit elements.

3.2.3 Building a Micromaser in cQED

There have been many papers on building masers out of Josephson junction based cir-

cuits. Reference [82] built a single-atom laser using a charge qubit. Reference [83] built

a laser using the ac Josephson effect to great success. In their experiment, they have an

‘enhancement of emission’ where the atom reabsorbs and emits more photons. Additionally,

they successfully injection lock their laser to get low linewidths (as opposed to the free run-

ning laser I will demonstrate). Reference [84] finds a detailed theory model to explain the ac

laser. Additional papers on building a maser/laser with Josephson junctions can be found

in Refs. [85, 86, 87], and a nice theory explanation of how to surpass the Standard Quantum

Limit in Ref. [80].

The maser is not yet a completely solved problem, though. As shown in Eq. 72, the

linewidth of a maser determines its monochromaticity and is limited by quantum mechanics.

The standard quantum limit or Schawlow-Townes limit on laser linewidth is due to fluctu-

ations in phase in the cavity and lasing medium or atom states. Noise is what ruins maser

linewidth- the only way to move past this limit is to remove sources of noise.

In recent proposals, Refs. [88, 2], the noise can be removed from the system with the

addition of nonlinear couplers. Instead of linear couplings between elements, the couplings

are nonlinear and thus can sort of mitigate the noise, see Fig. 21. Reference [88] uses one
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Figure 22: Maser mode couplings Our circuit interpretation of the conventional maser in

Fig. 21. The single artificial atom transmon q mode is coupled to both a SNAIL s and cavity

c. The SNAIL serves as the source of population inversion in the qubit through parametric

heating and its dissipative bath. The qubit directly exchanges energy with the cavity c.

coupler to achieve a 1
⟨n⟩ decrease, and Ref. [2] uses two to get 1

⟨n⟩2 reduction. This is done by

controlling fluctuations in the atom and/or cavity state to a point where the matrix elements

that connect adjacent excitations are independent of photon number, achieved by tuning the

mode impedance with the nonlinear couplers. The photon number can grow without adding

more uncertainty.

We have great flexibility in cQED, see Chap. 2, to configure the mode structure needed

to perform a particular task or bring a desired Hamiltonian to life. We can realize a maser

Hamiltonian in our laboratory using superconducting quantum circuit elements and para-

metric mixing, with or without the introduction of nonlinear couplers.

3.2.3.1 Linear Single-Atom Masing Process

In the following section, I will describe how I will build a maser using the standard

elements of cQED with linear inter-elemental couplings. While the long-term goal in Ref. [2]

to surpass the Schawlow-Townes limit requires nonlinear couplings (realized in ABOCCs-

Approximately Bare Operator Coupling Circuits: made of RF SQUIDS and π junctions),

we must first build a ‘conventional’ maser with linear couplings. This proved to be quite

the challenge and showed off some interesting physics which highlights the properties of the

SNAIL and transmons.
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Starting with Fig. 22, we explain each circuit element’s purpose in building a maser. First

is the LC oscillator cavity, c. This cavity is linearly coupled to the other circuit elements via

capacitive, dipole-dipole couplings. Inductive coupling is also linear and would have been an

equally viable choice. The cavity is high-Q because it needs to build in photon occupation

with the masing process, and will be fed these photons by the atom. The cavity’s frequency

response is given by ωc =
√

1
LC

. The inductance L and capacitance C are effectively re-

normalized due to the cavity coupling to other circuit elements. The cavity’s decay rate Γc,

when it is NOT masing, is caused by total losses in the system, again dependent on the

coupling between modes and the outside world.

Our atom q is artificial, the transmon qubit. It is coupled to a SNAIL mode s that acts

as a parametric mixing element. The qubit mode is also a re-normalized mode due to strong

coupling to the SNAIL and lesser so by weak coupling to the cavity. In order to exchange

energy with the cavity, we place them on resonance, fq = fc. This is an always-on interaction.

The qubit is subjected to its interacting bath, namely the SNAIL’s engineered loss. This

process of controlling the qubit’s bath coupling calls on the exact methods described in the

previous bath engineering project of Sec. 3.1. The following ladder diagram in Fig. 23 and

Tab. 1 processes are listed step-wise, but the entire process is happening continuously and

without any pause between each individual step. All kets are |s, q, c⟩.

Masing occurs when the light emitted by the cavity is both narrowed and brightened,

all while not being directly driven. The transmon must be continually populated in order to

keep feeding the cavity. This rate of cavity feeding from the transmon, gqc, should be faster

than the light decaying out of the cavity Γc. Because our atom is a qubit, it should only

be able to support a single excitation photon (|e⟩). When the transmon exchanges energy

with the cavity, that energy must be replenished. This means the qubit must be population

inverted, re-populated at a rate faster than it depletes. This means Γp
ge must be greater than

gqc.

Chapter 2 details cQED formalism and parametric mixing. Our maser experiment utilizes

the SNAIL as a three-wave parametric mixer which yields an effective two-body interaction

with weak hybridization and room temperature drives. Its coupling Hamiltonian with the

50



Masing 

Cavity
gΣ 

𝑔𝑞𝑐

𝛼 

𝜅𝑠

𝛼 

ۧ|𝑠, 𝑞, 𝑐  

ۧ|0, 𝑔, 𝑛

ۧ|1, 𝑒, 𝑛

ۧ|2, 𝑓, 𝑛

ۧ|0, 𝑒, 𝑛

ۧ|1, 𝑓, 𝑛

Γ𝑐
𝑚𝑎𝑠𝑖𝑛𝑔

ۧ|0, 𝑔, 𝑛 + 1 ۧ|0, 𝑔, 𝑁

repeat

Γ𝑔𝑒
𝑝

Figure 23: Masing ladder diagramA step-wise visual depiction of our masing process. The

parametric pump Σ is modulated at gΣ, exciting s and q. The fastest rate κs causes fast decay

to |0, e, n⟩, the target state for this experiment. Transmon anharmonicity prevents higher

order qubit transitions as they are selectively detuned from the parametric gain process.

The qubit is effectively brought to the excited state at Γp
ge. This excited photon in the qubit

is exchanged with the cavity, increasing its population. This process repeats bringing the

cavity population to |N⟩. Light is emitted by the cavity at rate Γmasing
c .

qubit follows the form:

Hsq = gΣ(s
†q†e−iϕd + sqeiϕd) (73)

for parametric pumping rate gΣ = 6g3(
gsq
∆sq

)|ηd,Σ| actuated by the drive ηd,Σ = 2ωdϵd(t)

ω2
d−ω2

s
for

variable drive strength ϵd(t). For cryogenic experiments, this is a function of the voltage

driven from room temperature with microwave controls. The parametric up, or inversion,

rate of the qubit is also controlled in situ by the SNAIL-qubit hybridization gsq
∆sq

and any

detunings in pump frequency.

On average, the qubit needs to be population inverted. On top of the drive applied to the

SNAIL, there must also be a loss of SNAIL energy in order to keep the parametric process
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Table 1: Step-wise masing with parametric process and engineered loss

Initial state Process Target state Rate

|0, g, n⟩ Σs,ge |1, e, n⟩ gΣs,ge

|1, e, n⟩ SNAIL loss |0, e, n⟩ κs

|0, e, n⟩ qubit-cavity exchange |0, g, n+ 1⟩ gqc

|0, g, n+ 1⟩ Repeat above |0, g, N⟩ Γp
ge + gqc

going forward within the two-level qubit manifold. The SNAIL loss must be engineered such

that κs is the highest rate of any process- the SNAIL loses its photon and decays to its

ground state at rate κs, so that the SNAIL can again be pumped to regenerate the qubit

photon, see Fig. 24. I want to emphasize this point: bath engineering is achieved with both

parametric drives AND control of losses in our system. To engineer this bath, we must

maintain the following rate structure:

κs ≫ Γp
ge > gqc ≫ Γc (74)

The qubit and cavity should be on resonance, where ∆qc = 0. However, this does not

need to necessarily be the case. For small qubit-cavity detunings, the effective coupling

rate may be decreased, meaning that the rest of the rate hierarchy in Eq. 74 can be shifted

along with it. If gqc,effective = gqc
∆qc

is decreased, then Γp
ge and κs may also be decreased, or

rather those processes pertaining to the qubit’s re-population have an even greater efficacy

compared to the atom-cavity coupling process.

Overall the Hamiltonian of our system takes the form:

Hmasing, total = gΣ(s
†q†e−iϕd + sqeiϕd) + gqc(q

†c+ qc†)− αq

2
q†q†qq (75)

including the parametric three-wave mixing term at pumped rate gΣ, qubit-cavity direct

exchange at gqc, and qubit anharmonicity αq.

The cavity’s light is collected through its transmission line in reflection, which is ca-

pactively coupled to the cavity output. In our microwave cryogenic setup, this is through
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Figure 24: Photon number simulation QuTiP simulation for a two-level qubit, two-level

Kerr-free SNAIL, and cavity. The steady state solutions for each mode are calculated using

the master equation solver in QuTiP. Due to the parametric pump at fd = fs+ fq, the qubit

is population inverted (⟨nq⟩ = 1), the SNAIL is cold (⟨ns⟩ = 0) due to fast decay (κs), and

the cavity population grows (⟨nc⟩ → 30). It is cut off at 30 because that is the limit placed

on the simulation matrix size. This simulation shows that a Hamiltonian of the form Eq. 75

achieves our desired masing process.

coaxial lines up to room temperature. The light emitted by the cavity should only be due to

the masing process- not light due to any other (in)direct excitation to the cavity mode. This

should be narrower than the ‘bare’ cavity mode, like how the cavity responds when directly

weakly probed, and only due to the sustained exchange of photons into the cavity by our

population inverted artificial atom transmon.

The process of building light in the cavity is not stimulated emission- we only coherently

swap energy into the cavity on resonance. This is due to strong hybridization. The excitation

of the atom does not cascade more excitations to keep the process building. The atom should

only be able to tolerate a single photon, and it is the parametric pump that keeps populating

it, not the other photons in the system that hit it and cause more excitations.
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4.0 Bath Engineering with Parametric Mixing: Experiment

The data presented in this chapter is adapted and expanded from our preprint [72], and

some figures are reproduced in this thesis. The goal of this experiment was to ‘program’ a

superconducting qubit’s equilibrium population via parametrically controlling its thermal-

ization rates. This would allow us to change how the qubit shares information with its bath

and what thermal population it settles to in the steady state, in contrast to only using the

qubit’s undriven rates and steady state based on its ‘natural’ environment and couplings.

To perform this task with a superconducting transmon qubit, we have formulated a simple

set of controls which in turn place a modest set of requirements on the experimental ap-

paratus which are not too dissimilar from other experiments performed in our laboratory

and throughout the community. Namely, we need a three-wave, very low-Q parametric cou-

pler that we can drive and characterize, and a standard transmon dispersively coupled to a

readout cavity and the parametric coupler.

4.1 Bath Engineering Simulations

Microwave simulations for this experiment were performed with Ansys HFSS, modelled

in Fig. 25. As described in Sec. 3.1, this experiment called for maintaining the hierarchy

of rates κs ≫ Γp
i,i±1 and avoidance of frequency collisions. The initial goal, simulated, and

measured numerical values of relevant circuit parameters are listed in Table 2.

In this table, there are some discrepancies between simulated and measured values that

must be addressed. First, κs was measured to be less than half of the simulated value.

This can be due to imperfect chip placement or trimmed pin length. If the chip is slightly

misaligned in its holder, it does not sit in the position in the copper tube that it was designed

for, and this can lead to a great difference in mode coupling to its external drive/readout

pin. Regardless, this measured value of κs worked well for our application.

Next, the qubit was initially given a T1 = ∞, or rather it was not assigned a decay. For
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Figure 25: Microwave simulation design The experiment as designed in Ansys HFSS.

The cavity mode is largely set by the central post. The copper tube adjoining the aluminum

cavity holds the SNAIL and part of the qubit. Simulations show that this does not cause

degradation of qubit Q-factor.

numerical simulations like in QuTiP, we often do not assign qubits any decay operator to

simplify the problem. This is, unfortunately, never the reality but serves its purpose for early

simulations. Next, we did not explicitly measure the SNAIL’s nonlinearity or qubit-cavity

cross-Kerr χqc, but did perform a ‘Duffing sweep’ to qualitatively find the correct bias current

to operate at. Lastly, this sample was initially designed for the high-Q masing project, so

κc values differ from initial planning to cold samples.

The SNAIL needs to be lossy to drive the ratcheting process, so it quickly decays to

continually bring the qubit to its desired state. This engineered loss is the product of a fairly

low internal Q-factor (Qint, HFSS ≈ 20 x 103), but dominated by a low external Q-factor

(Qext, HFSS = 214). The SNAIL’s coupling pin, labelled ‘SNAIL in/out’ in Fig. 25, used for

both drive and readout is strongly coupled to the SNAIL mode by extending far into the

copper tube, which leads to this high loss rate.
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Table 2: Goal, simulated, and measured values for bath engineered qubits The

target values were determined by our intended Hamiltonian design and QuTiP evaluations

of Hamiltonian dynamics. The simulated values were found either directly in HFSS using

Eigenmode and Driven Modal solvers, or HFSS data was exported and calculated with the

Black-Box Quantization method [89]. Measured values are typical across multiple measure-

ments.

Parameter Target value Simulated value Measured value

fs(operating) 8.0 GHz 8.0137 GHz 8.01 GHz

fq 4.5 GHz 4.822 GHz 4.520 GHz

fc 7.0 GHz 7.001 GHz 6.966 GHz

κs

2π
(operating) 30 MHz 37.796 MHz 12.981 GHz

T1,q ∞ 8.065 s 15.452 µs

κc

2π
1.0 MHz 0.19 MHz 0.761 MHz

g3
2π
(operating) −20 MHz −12.8 MHz −

g4
2π
(operating) 0.0 0.0 ≈ 0

αq

2π
−180 MHz −179.98 MHz −197.39 MHz

χqc

2π
−1.0 MHz −0.517 MHz −

Additionally, the SNAIL is designed to have a Josephson inductive energy ratio of αs =

0.25 between the single, small Josephson junction and each of the three large junctions on the

opposite arm. Note αs is a dimensionless ratio of inductive energy, not to be confused with

αq the transmon’s self-Kerr in units of angular frequency. The small junction was designed

to have a critical current of 0.2866 µA.

The qubit lifetime was calculated in HFSS by assuming the qubit was made of ‘Perfect

Conductor’ and finding the ideal weakly-coupled pin length near the qubit mode. At the time

of this project’s simulation and initial data-taking phase (mid 2019 to early 2020), assumed

best lifetimes were achieved by having a dedicated weak qubit pin and strong cavity pin at

the top of the coaxial cavity in the place where the cavity fields are exponentially damped.
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In my simulations, I decreased the length of the qubit’s pin (‘qubit in/weak port’ Fig. 25)

to increase the mode’s Q-factor. However, since this project, there has been much research

on the lifetime of qubits in the presence of other modes. In the Hatlab this work has been

carried out by my colleague Param Patel, who has shown that the placement of the cavity

port is also very important. This idea, which we call WISPE (Waves in Space Purcell Effect)

is described in greater detail in Ref. [52].

This sample was initially intended to be a maser (more details in Chap. 5), and so

the cavity was supposed to be very high-Q in order to hold onto its photons. However,

it became apparent that this sample, and generally the idea of parametrically driving a

qubit/controlling its population with a third-order SNAIL, was exactly what we needed

to build a fully controlled bath for a qubit. The cavity was initially designed to have a

Qext, HFSS > 1 x 107, but was easily decreased to 36 x 103 in simulation by simply making

the cavity’s pin longer, thus increasing the coupling to the post cavity’s lowest frequency

mode. Photos of the machined device are seen in Fig. 26.

Increasing pin length was not difficult to implement in the lab, despite the metal housing

having already been machined. At the time, all coupling pins were made by removing the

outer metal jacket and dielectric of a coaxial copper cable, leaving only the center copper

pin. This method affords great flexibility in pin length because it can be trimmed to the

desired length. Also because the cavity mode was a coaxial, 3D cavity, the frequency and

linewidth can be measured at room temperature with a constant (room temperature ↔

cryogenic temperature) conversion factor! This made trimming the cavity pin to the desired

length an easy snip. However, the downside of using trimmed copper cable is that the pin

is very flexible and often skews from perfectly-straight. This adds uncertainty in pin-mode

coupling because the simulation was made with a straight pin and even small bends in the

pin can greatly change the impedance of the mode. Despite our best efforts, there can be

even greater issues under cryogenic conditions. Due to thermal contraction, the pin may flex

or bend away from the room temperature conditions we had set making results difficult to

reproduce. See Fig. 55(a) for a standard RF pin used in this experiment.
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Figure 26: Photos of device The cavity housing was machined out of 6061 superconducting

aluminum. The adjoining copper block is made of OFHC with a tube opening perpendicular

to the cavity. The microwave ports are designed to be 50 Ω with stripped copper cable, so

the pin length is variable. An indium seal gasket surrounds the top of the cavity to fill any

gaps at the cavity-lid interface. The sapphire chip is held in place with a molybdenum screw.

Titanium dowel pins are used to align the Al-Cu joint. The slit for the chip (which spans

the Al and Cu, and must go through the central λ/4 cavity post) is laser cut to be precise

and made in a singular cut to be perfectly aligned.
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4.2 Frequency Domain Measurements

The sample chip (Fig. 26) was fabricated with all aluminum, single step nanofabrication

and cooled on the base stage of a dilution refrigerator (Fig. 27). We first measure the SNAIL’s

parameters in reflection to choose the bias conditions needed to have high g3 and low g4.

This is done with single-tone spectroscopy of the SNAIL mode with a varying external flux

bias. Port 1 of the VNA is connected to the SNAIL’s input line, and Port 2 to the output

line after a low-noise room temperature amplifier (MITEQ). The VNA is used to send a

range of frequencies into the sample and detect changes to the reflected signal it receives

back. In the correct frequency range, this will excite the SNAIL mode. Throughout this

thesis, as is the case in experimental work, when I refer to the properties of each mode, it

is not the ‘bare’ mode. The couplings between modes leads to a re-diagonalization of the

Hamiltonian and each mode is re-normalized with respect to other circuit modes. In this

section, for example, I refer to the SNAIL’s dressed parameters. This is quite different than

the behavior of a bare SNAIL, alone in a circuit.

A flux sweep is performed by setting the VNA frequency span to a window that shows the

SNAIL mode as it varies in frequency. This variation is caused by changing the external flux

Φext threaded through the loop of superconducting Josephson junctions, and thus changing

the balance of inductive energy moving around the loop. We send a small current through

the cylindrical magnet positioned over the SNAIL, which creates a perpendicular magnetic

field to change the local flux. Figure 28 shows the SNAIL going through multiple flux quanta

Φ0 variation.

A few useful parameters can be extracted from Fig. 28. We fit each individual VNA

trace (in this colorplot a vertical line cut at one applied current) to find the frequency of

the SNAIL mode, which should be ∝ |cosΦext|. Each trace also tells us how the decay rate

of the SNAIL κs varies with Φext. An individual trace extracted from Fig. 28 is defined in

Fig. 29

Crucially, the nonlinearity coefficients of the SNAIL mode can be extracted by fitting to

an ideal SNAIL model knowing the fs(Φext) relationship and constant parameters like the

capacitance, linear inductance, and Josephson junction properties. The 4th order coefficient
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Figure 27: Cryogenic diagram A diagram of the full cryogenic input and output setup

for our bath engineered qubit. The SNAIL is directly probed and the parametric drives are

sent down the left-most input line. When the SNAIL is directly measured (for diagnostics),

it is read in reflection. The qubit is driven through its ‘weak port’. The cavity is driven and

readout in reflection, with the signal out of the cavity passing through a TWPA before going

through a cryogenic isolator at the base stage and a HEMT amplifier at the 4K stage.
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Figure 28: SNAIL mode flux sweep Single tone spectroscopy for the SNAIL mode.

Weakly probing it in reflection on the VNA, we sweep the external flux driven through

the loop of Josephson junctions. This is achieved by sweeping the current sent through

a cylindrical magnet placed above the SNAIL’s loop. Changing Φs changes the frequency

and nonlinearity of the SNAIL. For this experiment, we operated near Φs/Φ0 = −π/3 and

fs = 8.009 GHz.

can be experimentally verified with a power-dependence sweep. Josephson junction based

amplifier(-esque) modes act like duffing oscillators [90] under high drives.

To perform a ‘Duffing sweep,’ we again measure the SNAIL’s frequency response in

reflection on the VNA, as well as send in a second continuous tone down the same input line.

This tone should be detuned from fs(Φext) (typically 5−10× κs

2π
(Φext)) so as not to resonantly

excite it. We sweep the input power of the detuned drive to induce a frequency shift with

respect to power. If the mode decreases in frequency with increased power, the 4th order

coefficient, or self-Kerr, of the mode is negative (from a Hamiltonian term ∝ ndKsss
†s for nd
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Figure 29: SNAIL mode at g4 ≈ 0 The reflected signal of the SNAIL mode as measured on

a VNA. (a) Magnitude in dBm. (b) Phase in radians. (c) The fit parameters extracted from

(a) and (b). The external bias condition was set to a point of nearly Kerr-free operation and

the frequency, Qint, and Qext can be fit in reflection.

photons). Likewise if the mode increases in frequency with increased power, the self-Kerr is

positive. For this experiment, we wish to operate at a point of 4th order null so we operate

at a current bias with minimal frequency bending under this drive. In Fig. 30 the SNAIL’s

nearly-Kerr-free bias condition was at 8.01 GHz.

At the appropriate SNAIL bias, the cavity mode can be measured with single-tone spec-

troscopy in a similar way. Typical cavity measurements for this experiment are: fc =

6.966 GHz and κc

2π
= 0.768 MHz.

Finally the qubit mode must be found in frequency space. A relatively simple first step

is ‘continuous wave spectroscopy:’ measure the cavity’s reflection response on the VNA and

sweep a second continuous tone on the qubit drive line. If this drive frequency matches the

|i⟩ ↔ |i+ 1⟩ transition, it will excite that qubit mode, as shown in Fig. 31. Increasing the

strength of this tone can also excite other transitions of the qubit, and so CW spectroscopy

is a useful method to learn the qubit’s frequencies and anharmonicity αq. Typical qubit
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Figure 30: SNAIL mode at operating bias At the operating external flux bias (a), we

sweep the power of a positively detuned second input tone while weakly probing the SNAIL.

(b). Duffing oscillator-like behavior indicates the degree of 4th order nonlinearity in the

mode. This particular bias has a small negative self-Kerr.

measurements for this experiment are: fq,ge = 4.519 GHz, fq, gf/2 = 4.42 GHz, fq,ef =

4.321 GHz, and so αq

2π
= −198.6 MHz.

CW spectroscopy can be avoided all together if you wish to move directly into time re-

solved, pulsed measurements. The above frequency-domain qubit measurements are useful

if trying to get a rough idea of the system’s frequency landscape, the qubit frequency is

unknown, and your room temperature electronics are not limited to a small band of frequen-

cies.
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Figure 31: Qubit spectroscopy (a) High qubit drive power (b) Low qubit drive power (c)

Frequency parameters of qubit. While weakly probing the cavity on the VNA at its resonant

frequency, we sweep the frequency of a second tone down the qubit’s transmission line. If

that frequency matches one of a qubit transition, it will excite the qubit and appear as a dip

in amplitude. When the qubit drive tone is strong (a), multiple modes are excited. When

weak (b), only the lowest order |g⟩ ↔ |e⟩ process will be excited.

4.3 Time Domain Measurements

With a full mapping of frequency space, we may now move on to time-resolved, pulsed

measurements. For all drives in the bath engineering project, an arbitrary waveform gen-

erator (Tektronix 5014C) with sampling rate 1.0 GSa/s was used to generate the I and Q

signals fed into an IQ-mixer (Marki IQ0618). The LO was fed by an RF signal generator

(SignalCore SC5511A). The mixer’s RF signal was sent to the appropriate input port at the

room temperature stage of the dilution refrigerator. Signals coming out of the fridge, from

either the readout cavity or SNAIL, were mixed down to 50 MHz using an IR-mixer (Marki

IR4509) whose LO also comes from the same signal generator as the input mixer’s. This

signal is recorded using a fast ADC card (AlazarTech).
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The cavity input was driven using a 50 MHz upper sideband. This was chosen because

the digitizer records siganls at 50 MHz, so only a single SignalCore generator was needed

to supply both input IQ- and output IR-mixers. This allows us to perform interferometric

readout, where the signals coming out of the fridge/sample are compared to those that were

routed directly from the generator to the readout mixer. For the cavity at 6.966 GHz, the

generator is set to 6.946 GHz.

Using the pulse sequences in Fig. 32, average qubit values measured were: fq,ge =

4.52 GHz and αq

2π
= −198.6 MHz, with average coherence times T1 = 15.452 µs, T2, R =

8.172 µs, and T2, E = 8.693 µs. The data shown in Fig. 33(a-e) are the typical measure-

ments taken to characterize the qubit, with findings summarized in (f). We note frequency

detuning errors in Fig. 33(e). This is not fatal, as even an imperfect π pulse can sufficiently

excite the qubit to accurately measure its dynamics. Additionally, not all experiments re-

quire a direct qubit drive. Heating between |g⟩ and |e⟩, for example, starts with preparing

the qubit in the ground state, or doing nothing and waiting sufficiently long between pulses

to ensure the qubit has decayed to the ground state, I. But for experiments that call for

qubit preparation, like T1, 2, cooling |e⟩ → |g⟩, etc., the qubit was driven using an 80 MHz

upper sideband mixed to fq,ge with the IQ mixer.

To increase readout fidelity and perform single-shot readout with low averaging and low

input power, we backed the readout cavity with a Travelling Wave Parametric Amplifier

(TWPA) [92] provided to us by MIT Lincoln Laboratory. This broadband amplifier is

continuously pumped with an RF tone chosen to give 20 dB gain at the cavity’s frequency.

The TWPA allowed us to perform multi-state readout because each state in the IQ-plane

became better separated. Each qubit state’s Gaussian blob was pushed out from the origin,

so we could perform state discrimination to decide the qubit’s state after the parametric

pump. For example on the left of Fig. 34, when the TWPA is off (or rather the pump is

not supplied), the qubit’s amplitude and phase information of each state is unclear because

of strong overlapping in the Gaussian histogram. However with the TWPA on /pumped on

the right, we can much easier infer qubit states with well-defined blobs for each excitation,

see Fig. 34(b). This is crucial for our experiment because we must be able to find the up-

and down-going rates of the qubit between adjacent levels, and therefore must have a clear
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Figure 32: Basic qubit pulse sequences The microwave pulse sequences typical for char-

acterizing qubit performance. (a) π-pulse tune up. Apply a Gaussian pulse on the qubit

channel at the appropriate qubit frequency and measure the cavity. With each repetition,

vary the amplitude of the Gaussian pulse, to find what amplitude appropriately excites the

qubit to cause the cavity response to be most unique from its starting point. (b) Pulsed

spectroscopy. Apply a variable frequency flat top pulse to the qubit channel. Whatever

is the correct qubit frequency, will excite the qubit and shift the cavity’s response by χqc.

(c) T1. With the chosen fq and Aπ, apply a Gaussian to the qubit channel and measure.

With each repetition, increase the wait time between Gaussian and measurement. The qubit

state measured per time should decrease to |g⟩ with a characteristic time constant T1. (d)

T2, Ramsey. Apply two π/2 pulses, spaced by variable time tvary. This prepares the qubit on

the equator, allows phase evolution, and then projects the qubit onto the measurement axis.

If the drive frequency is detuned from true qubit frequency or there is low frequency noise,

the signal will oscillate and produce ‘Ramsey fringes’. (e) T2, Echo. Same pulse sequence as

T2, R except add an additional π half way between the tvary period. This ‘echoes’ low fre-

quency noise by flipping the qubit to the opposite equatorial axis. This removes sensitivity

to detunings and indicates other sources of dephasing.
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Figure 33: Typical qubit measurements (a) π-pulse tune up. This determines the

voltage necessary to drive the qubit from pole to pole of the Bloch sphere. (b) T1 mea-

surement. The energy decay time constant. (c) T2, R measurement. Phase decoherence

susceptible to low frequency noise. (d) T2, E measurement. Phase decoherence with low

frequency noise echoed out. (e) All-XY measurement. A sequence of 21, 2-pulse mea-

surements to determine the quality of qubit drive parameters. The error syndrome shown

here indicates frequency detuning. See Ref. [91] for greater detail on this method. (f) Mea-

sured qubit parameters.
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mapping of the qubit’s behavior between each state vs. time, including |f⟩ and beyond.

Before each parametric pulse and measurement we defined our qubit state discrimination

to pick out, before the experiment ran, a known IQ-plane basis. This was done by applying

a series of drives to the qubit that would result in a well-predicted population distribution

so we could assign later results to those same sections of the IQ-plane. Our discrimination

sequence was πge

2
,
πef

2
, then M measure the cavity state. After this, we waited 3 µs to

empty the cavity, prepared the qubit in the necessary state, applied the parametric pump

for variable time, and again measured the cavity. This time the resulting measurement had

context- if the measurement after the parametric process landed in a particular section of

the plane that had been assigned to a particular state, we were more confident that the qubit

was truly in that state.

A final note before describing the engineered bath: frequency crowding. Finite frequency

modes must be carefully separated so as to avoid collisions with other modes, and any drive

imparted on the system should not excite some unwanted or unintended mode. There are

many order terms in our Hamiltonian which can be parametrically driven. Terms with n

number of operators can act via m pump photons and produce anywhere from n−1 to n−m

lower order parametrically driven tones. For example in Ref. [93], an n = 4 wave qubit term

usesm = 3 to produce 1 photon. All of the modes involved must be either too weakly coupled

or too far off resonance to not interfere with the modes we do wish to parametrically mix.

This applies to multiples of mode frequencies as well. For example if the cavity mode were

frequency fc, the SNAIL pump fd should not be Xfc, fc/X, etc. for integer X. Unwanted

processes can also arise from tone combination. If our SNAIL was truly only third order

nonlinear, this would not be an issue. However, this is only an approximation and so we

must take care in choosing our frequencies.

4.3.1 Natural Decay of Transmon Qubits

A qubit’s bath is engineered, or controlled, if the populations of different states and the

rate of movement between states is certainly controlled. This calls not only for good state

separation (see above discussion), but also for the ability to quantify the rate of transition
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Figure 34: Measuring the qubit with a backing amplifier The qubit was prepared

with two π-pulse: πge and πef and measured. (a) Histogram measurements of the cavity’s

state under the qubit drive sequence with the TWPA off. With this number of averages

and measurement time, it is impossible to discriminate the qubit’s states. (b) The same

measurement repeated, but with the TWPA on. Now it is much easier to understand what

IQ-plane values correspond to what qubit excitation. This measurement also highlights a

feature of this experiment that will cause trouble later: the qubit appears to rotate in the

IQ-plane after some time.

between states, going both up and down the transmon’s anharmonic ladder. We can compare

our parametrically-driven rates to the ‘natural’ rates of the transmon. If a transmon, or any

oscillator with addressable levels, is prepared in a known state, we can measure the deco-

herent evolution as it transitions to an adjacent state. In this undriven case, the downward

evolution is due to energy decay, and upward due to thermal heating.

The data shown in Fig. 35 was taken with the transmon and cavity from this project,

but this method can be generalized to any qubit-cavity as there was nothing special about
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Figure 35: Natural decay of the transmon In each panel, the qubit is prepared to the

state indicated, and then measured vs. time. Rates are fit with an exponential model

following Eqs. 76. (a) Prepare |g⟩ (b) Prepare |e⟩ (c) Prepare |f⟩

this set up. The qubit was prepared in |g⟩, |e⟩, or |f+⟩ and measured vs. time, there were no

extra pulses applied. The state evolution can be mapped to a three-level exponential model:

Ṗg = −ΓgePg + ΓegPe

Ṗe = ΓgePg − (Γef + Γeg)Pe + ΓfePf (76)

Ṗf = ΓefPe − ΓfePf

For the undriven cases shown in Fig. 35, we extract the following rates:
Γnatural
ge

2π
=

1.37 kHz,
Γnatural
eg

2π
= 8.02 kHz,

Γnatural
ef

2π
= 2.28 kHz, and

Γnatural
fe

2π
= 11.26 kHz. These rates

are a consequence of the qubit-bath coupling and are not controlled in any way, other than

the steps taken to increase qubit lifetimes and decrease physical temperature. A hot qubit

will have increased natural up rates, as it thermalizes to its bath faster. While the qubit

thermalization rates shown here are largely out of our control, this does not have to be

the only case. In the following sections, I will show how we can enhance these rates using

parametric drives, and later another experimental application of this concept.

70



4.3.2 Transmon Heating

When a transmon is physically heated, the populations in |e+⟩ increase, in accordance

with

Pn =
e−En/kBT

Z
(77)

for a particular state n where Z is the partition function :

Z =
N∑

n=1

e−En/kBT . (78)

However when changes to the physical temperature Tphys are the cause of population

changes, this process is not easy to control. In the following section, I will demonstrate how

to reliably create an increased excited state(s) population transmon with parametric drives.

Our transmon is heated by driving a parametric gain-type process through the coupled

three-wave mixer SNAIL. I will start with describing the simplest case: heating from |g⟩ to

|e⟩. We do not apply any drive directly to the qubit. Instead we prepare |g⟩ by idling (I) and

apply the Σs,ge pulse to the SNAIL. This parametric process generates a qubit photon, leading

to an effective parametric up rate of Γp
ge. This is different than a π -pulse-type excitation

because a π also brings the qubit back down to |g⟩ from |e⟩. Whereas our parametric drive

only excites the qubit up with each ‘reset’ of the parametric Σs,ge protocol. Therefore κs is

the ultimate limit on Γp
ge.

With a ground state qubit, we drive the Σs,ge process by pumping on the SNAIL mode

at fd = fs + fq,ge to bring the qubit from |g⟩ to |e⟩, with parametric driving rate gΣs,ge .

We apply this pump for a variable length, see Fig. 36(a), and then measure the cavity to

dispersively readout the qubit. The efficacy of the inversion pump can be changed with a

handful of in situ parameters: fd (which can be varied by fs + fq,ge + γd), and gΣs,ge , which

is a function of ηd(t), fs, and g3.

For a fixed fd, fs, and g3, we can change the drive strength (achieved by changing the

voltage sent down the SNAIL’s input line at room temperature) to alter the rate at which

the qubit thermalizes its population to the first excited state, as well as the population
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Figure 36: Pulse sequence for single parametric processes (a) For transmon heating,

we perform the discriminatory qubit pulses and measure to define the IQ positions of each

qubit state, briefly idle, and then apply Σs,ge for varying time. We then measure the qubit

state vs. time to measure the efficacy of the parametric pump. (b) For transmon cooling,

we perform the same initial sequence, but instead this time prepare the qubit in |e⟩ before

applying δs,ge for varying times.

distribution caused by the drive. In Fig. 37, the drive strength is increased from left to

right and we note a drastic increase in the rate of |g⟩ to |e⟩ in comparison to the natural rate
Γnatural
ge

2π
= 1.37 kHz. This one-dimensional sweep is performed at a single pump frequency, but

that is not the only fd that could have been chosen. In Fig. 38, we vary both the amplitude

and frequency of the parametric drive. This shows an entire mapping of drive conditions

to up-rates. Typically higher powers correspond to higher inversion rates, but can lead to

drive saturation. This can be caused by driving the SNAIL too hard [94] and/or physically

heating the components of the drive line [95] which limits output performance.

The classical component saturation in Fig. 39 shows a dramatic slowing of output am-

plitude per input amplitude, where increasing the AWG’s DAC input reference voltage no

longer buys an increase in peak output. This can be caused by supplying too great a power

to the mixers or input amplifier. Additionally, the SNAIL itself does seem to saturate, too.

Figure 40(a) shows the rates Γp
ge (black) and Γp

eg (red) for increased input voltage. In the
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Figure 37: Transmon heating The transmon was initially prepared in |g⟩ and the Σs,ge

strength is swept by varying DAC reference voltages (a) 0.5 V (b) 0.75 V and (c) 2.75 V. In

each plot, the time of the pump is swept over the horizontal axis. The solid lines represent

fits using Eq. 76 to fit the rates to and from each qubit state.

heating process where we wish to change Γp
ge, we do not see any major decrease in the rate

with increased input voltage up to the input saturation point of 2.75 V. The solid black line

is a quadratic fit ∝ V 2 for the heating rate.

4.3.3 Transmon Cooling

A transmon in a cold bath will also follow Eq. 77 with T → 0, causing the population

to approach |g⟩. Similarly to the case with physical heating, when a transmon is physically

cooled, it is difficult to control the rates or final population distribution- the qubit evolves

at a rate determined by the bath temperature and qubit-bath coupling strength, and ends

at the final distributions based on Eq. 77.

For parametrically controlled transmon cooling between |e⟩ and |g⟩, the qubit is initially

prepared in the first excited state with a πx,y-pulse, and then δs,ge is applied to the SNAIL.

This drives a conversion or beam-splitting process that converts a qubit mode photon to a
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Figure 38: Sweep Σs,ge frequency and amplitude. At a fixed fs and g3, we sweep both

the frequency detuning from 12.526 GHz (horizontal axis) and amplitude (vertical axis) and

plot the rate in kHz for (a) |g⟩ → |e⟩ and (b) |e⟩ → |g⟩. The white star indicates the

combination of pump conditions that cause the maximum inversion rate. This colorplot

indicates there is not one singular set of driving conditions necessary to successfully operate

the transmon heating protocol.

SNAIL mode photon, which then quickly decays leaving both the qubit and SNAIL empty.

This process can be measured at an effective parametric down rate of Γp
eg. All other rates

between adjacent levels are uncontrolled by this singular parametric process, but are still

marginally affected in the presence of the strong drive. In Fig. 41, the strength of the drive

is increased from left to right. All populations are tracked vs. time and fit to an exponential

model, Eq. 76.

Like the heating experiment, here we change the parametric cooling rate by changing

the drive strength, absorbed into gδs,ge at a particular SNAIL bias and drive frequency fd.

The down-going rate induced by the parametric process can be compared to the natural
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Figure 39: Saturation of room temperature AWG input For increased input voltage

from our room temperature electronics, the output of the drive begins to saturate and does

not necessarily deliver an increased voltage to our sample. (a) The Σ line saturates near

2.75 V and (b) the δ line 1.75 V.
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Figure 40: Γp
ge and Γp

eg vs. input voltage. Data is indicated with stars and dashed

lines, and solid lines a fit to V 2. (a) For transmon heating Σs,ge, the rate of qubit inversion

Γp
ge increases quadratically with input voltage, while Γp

eg remains largely unchanged.(b) For

transmon cooling δs,ge, instead Γp
eg increases with Γp

ge constant.
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Figure 41: Transmon cooling The transmon was initially prepared in |e⟩ and the δs,ge

strength is swept by varying DAC reference voltages (a) 0.5 V (b) 1.5 V and (c) 2.5 V. In

each plot, the time of the pump is swept over the horizontal axis. The solid lines represent

fits using Eq. 76 to fit the rates to and from each qubit state

rate
Γnatural
eg

2π
= 8.02 kHz. Here we see a more modest increase in rates compared to transmon

heating. This could be improved by a finer sweep of the multi-dimensional parameter space.

Due to the AC-Stark shift, Kerr shift, and physical heating caused by hot injection lines

(caused by sending strong drives down them), the drive frequency that may optimally bring

the qubit to |g⟩ is not uniform for all drive strengths. To track this, we can perform a 2D

sweep of drive parameters fd and ηd and measure the qubit cooling rate. Figure 42 shows

that typically with higher drive strength, the rate increases. The process also works over a

range of pump frequencies. Within this sweep, we can find a combination of pump frequency

and strength to achieve a desired Γp
eg and population distribution by tuning gδs,ge . In this

experiment with a single parametric conversion drive, the qubit population is pushed towards

|g⟩. This also pushes all other upwards excitations down as well, including the |f⟩ state.

Applying a single parametric drive is straightforward enough- it only requires a single

pump RF generator and one input signal (Fig. 36). The one target state can be obtained

with a window of pump frequencies and strengths (Figs. 38, 42). However, with only one
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Figure 42: Sweep δs,ge frequency and amplitude At a fixed fs and g3, we sweep both the

frequency detuning from 3.484 GHz (horizontal axis) and amplitude (vertical axis) and plot

the rate in kHz for (a) |g⟩ → |e⟩ and (b) |e⟩ → |g⟩. The white star indicates the combination

of pump conditions that cause the maximum qubit reset rate. This colorplot indicates there

is not one singular set of driving conditions necessary to successfully operate the transmon

cooling protocol.

drive, we can only control one process, in one direction. We do not have a control knob for

any other rate, or what the other non-targeted state populations are. For example if the

only drive is δs,ge, the only steady state population that can be targeted is |g⟩ and the only

qubit rate Γp
eg.

To fulfill the initial goal of the project, we need the ability to control both up and down

rates of the transmon, so as to create a fully controlled bath for qubit photons. We wish to

control how states are filled up to a certain level (or create an effective chemical potential),

and thus should achieve rate control with parametric drives and not random thermalizations.

In the following section, I will describe how this is achieved with multiple parametric pumps.
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4.3.4 Multiple Parametric Drives

The SNAIL can tolerate multiple pumps that each activate a different parametric process,

up to the limit that the drives imparted cause too great a shift to the SNAIL’s Josephson

junction’s inductive energies. In this experiment, we drove 2 simultaneous drives that kept

the SNAIL in a safe, operable regime. However in other experiments, more than 2 can be

successfully driven for interesting parametric processes [96].

With multiple drives, we can make a system that has a finite chemical potential for

photons if we control the filling up to a certain energy level, meaning we control the up-

and down-going rates up to that chosen level. See Sec. 3.1.4 for greater detail. Within the

|g⟩ ↔ |e⟩ manifold, 2 pumps (one for up, another for down) let us control Γp
ge and Γp

eg and

the population distribution of the qubit within that.

a Σ𝑠, 𝑔𝑒 + 𝛿𝑠, 𝑔𝑒  pulse sequence

𝑞
𝜋

2𝑔𝑒

𝜋

2𝑒𝑓

𝑡𝑑

Σ𝑠,𝑔𝑒 

𝑠
𝜖𝑑, Σ(𝑡)  

𝛿𝑠,𝑔𝑒  

𝑠
𝑡𝑑

𝜖𝑑, 𝛿(𝑡)  

{𝕀, 𝜋}

b Σ𝑠, 𝑖, 𝑖 + 1 + 𝛿𝑠, 𝑗, 𝑗 + 1 pulse sequence

𝑞
𝜋

2𝑔𝑒

𝜋

2𝑒𝑓

𝑡𝑑

Σ𝑠, 𝑖, 𝑖 + 1

𝑠
𝜖𝑑, Σ(𝑡)  

𝛿𝑠, 𝑗, 𝑗 + 1

𝑠
𝑡𝑑

𝜖𝑑, 𝛿(𝑡)  

𝑐
𝑀 𝑀

𝑐
𝑀 𝑀

Figure 43: Pulse sequence for multiple parametric processes (a) For creating an

admixture of |g⟩ , |e⟩, both Σs,ge and δs,ge are applied to the SNAIL line for varying time. The

cavity is readout at the end of the pulse sequence. (b) This pulse scheme can be generalized

for any combination of parametric processes. After the initial qubit state discrimination

pulses, the qubit can be prepared in any state, and then multiple parametric pumps can be

applied to the SNAIL to heat (between levels |i⟩ , |i+ 1⟩) or cool (between levels |j + 1⟩ , |j⟩).

Simultaneously pumping the Σs,ge and δs,ge processes (Fig. 43(a)) allows us to shift the
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Figure 44: Balanced Γp
ge and Γp

eg The transmon is prepared in |g⟩ and both parametric

processes are modulated at their respective frequencies and pumping rates. We tune both

drives to create a qubit that relaxes to a thermally mixed 50% |g⟩ , 50% |e⟩ state. The same

final steady state can be achieved at a rate of choice, here shown at (a) balanced 54 kHz and

(b) nearly balanced 24− 22 kHz.

rates of qubit transition between the ground and first excited states by changing the pumping

rates gΣs,ge and gδs,ge for each process. Figure 44 shows how we can create an effective infinite

temperature by balancing the rates between |g⟩ and |e⟩. This is achieved by pumping both

parametric processes simultaneously, adjusting each strength gΣs,ge , gδs,ge accordingly. By

modulating the up and down rates parametrically, the qubit’s evolution is set by the newly

engineered rates so we can also hit targeted steady state population probabilities. For some

chosen combination of transition rates and population distributions, Fig. 45 can serve as a

guide for pump frequencies.

Any qubit state can be accessed by adjusting the parametric process driven through the

SNAIL. Each three-wave process calls for fd = fs±fqi,i+1
, a unique drive frequency to actuate

each unique gain or conversion. We have already seen the effect of multiple parametric drives

which allow us to control the qubit’s motion up and down. Extending this idea outside of

the qubit’s (|g⟩ , |e⟩) manifold, we can readily drive parametric processes that involve |f+⟩ if

the correct frequency is pumped.

We can parametrically push the qubit towards |f⟩ by simultaneously applying Σs,ge and
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Figure 45: Simultaneous heating and cooling Similarly to single parametric processes,

applying multiple allows for tuning of pump parameters. The Σs,ge frequency detuning from

12.5275 GHz is swept on the horizontal axis, and δs,ge frequency detuning from 3.490 GHz on

the vertical axis. Color represents the rate in kHz for the indicated transition and the white

star the combination of pump frequencies that maximizes that transition rate. (a) Rate to

transition from |g⟩ → |e⟩. (b) Rate to transition from |e⟩ → |g⟩.

Σs,ef , see Fig. 46. This method allows us to maintain an |f⟩ state population and fight

the two decay processes that would naturally occur (|f⟩ → |e⟩ and |e⟩ → |g⟩) by adding

to the natural rates, rather than replacing them. When we apply these two energy-gaining

parametric pumps, we are increasing the up-going rates to be greater than the naturally-

occurring, uncontrolled down-going ones. Figure 46(c) is the most successful of the three

experiments at maintaining the second excited state because Σs,ge works to keep the qubit

in |e⟩ and reduce T1 effects, and Σs,ef pushes the qubit toward |f⟩.
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Figure 46: Maintaining |f⟩ population with parametric drives The qubit is prepared

in |e⟩ and one or more parametric process can be applied to push the qubit towards |f⟩. (a)

Apply only Σs,ef . (b) Apply Σs,ge + Σs,ef (c) Apply Σs,ge + Σs,ef . (b) and (c) have different

pump amplitudes driven to change the relative population probabilities.

4.4 Bath Engineering Conclusions and Outlook

So far we have discussed situations with a definable chemical potential (Eq. 61), meaning

that the transmon has population distributions commensurate with an atomic system. The

chemical potential sets the level of population occupations, and levels up until that point

are filled, like particles in a Fermi sea. The sign of the temperature also determines the

level filling- the ground state can be empty and higher energy levels filled if the temperature

negatively approaches zero, like shown in Fig. 46. It is worth noting the previously shown

configurations could be nearly achieved by waiting long enough, or physically heating or

cooling the qubit although this there is no guarantee of random success. The power of this

parametric coupling scheme, though, shows us how we can avoid these uncontrolled processes

and instead make rates and states that we want, when we want them. Additionally, our

system also allows us to move outside of the chemical potential model into configurations

that are not normally accessible with natural decays. This includes processes that could not
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be duplicated by simply waiting long enough, as its decays are completely outside of the

natural decay model.
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Figure 47: Balanced Γp
eg and Γp

ef We demonstrate a qubit equally likely to relax to |g⟩ as

it is to |f+⟩, a thermalization outside of the chemical potential model we can define. In each

panel, the qubit is prepared in the listed state (a) |g⟩, (b) |e⟩,and (c) |f+⟩ then both δs,ge and

Σs,ef are applied to push qubit relaxations away from |e⟩. State balance is achieved nearly

equally well for all three qubit preparations, supporting our claim of total control over the

qubit’s steady state dynamics.

Here we demonstrate one such example: a qubit that relaxes equally to |g⟩ and |f⟩, while

skipping |e⟩, see Fig. 47. This is achieved by matching the rates of qubit relaxation away

from |e⟩ by simultaneously pumping the δs,ge and Σs,ef processes. This converts photons in

|e⟩ to |g⟩ at rate gδs,ge in Hδs,ge and energy is gained from |e⟩ to |f⟩ at rate gΣs,ef
with HΣs,ef

.

This relaxation process is unlike any others we have previously shown because the middle

level is emptied, breaking the assumed rules of a system with non-zero chemical potential.

There is not usually a ‘skipped’ level. However with the properly tuned parametric drives,

this was achieved without terrible trouble, showing that this system has useful applications

outside of the chemical potential model. If any state, or collection of states, can be main-

tained in the qubit through continual parametric pumping, this opens up possible use cases

of such a scheme.
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The topics explored in this project extend beyond the data shown in this thesis. The

goal of this project was to modulate couplings between qubits and their bath, but we also

gained knowledge that has permeated throughout our research group as well as our peers.

The SNAIL has become our parametric coupler of choice, and this project highlighted its

flexibility even beyond bath engineering. In our lab alone, SNAILS are coupled to qubits

in a modular quantum computer, to cavities in a modular quantum router with all-to-all

coupling [96], as well as the core of quantum limited amplifiers [97].

The work explored in this project opened many doors for new research. Not only did we

create an effective photonic chemical potential, but we were also able to stabilize stranger

relaxation states of the transmon. Bath engineered qubits are vital to quantum simulations.

If we are to simulate large, complicated quantum systems [6, 98], we must first be able to

control and understand the system we have in the laboratory [55]. The work shown here is

a demonstration of full control over qubit states and relaxation rates to create, ad hoc, any

scenario a quantum simulator could need.

As part of my PhD, I explored many avenues with this platform. We use the knowledge

gained to build a micro-maser [2] described in Chap. 5, as well as two interesting spin-

off projects initially developed using this architecture. First I will discuss sub-harmonic

transmon gates and conclude with transverse transmon measurement. Both experiments

have since become fully independent research projects.

4.4.1 Sub-Harmonic Driving

Until now in this project, the SNAIL was the only circuit element driven with parametric

drives, meaning the SNAIL is pumped with an off resonant tone that is some combination of

the mode frequencies we wish to mix, in our case the SNAIL and qubit. When the qubit has

been prepared in some state beyond |g⟩, like in transmon cooling (Sec. 4.3.3), it has been

driven with resonant tones to excite the mode directly. However, we do not necessarily need

a nonlinear mixing element to parametrically mix modes, an example demonstrated with

cavities in Ref. [99].

In this project, when the SNAIL is used for parametric mixing, one of the s operators
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effectively becomes a stiff, classical variable when pumped far-off resonance. The remaining

operators dynamically evolve under influence of this pump (this is how we get an effective

two-body interaction out of a three-wave term). This exact same style of thinking can be

applied to a fourth order qubit mode directly.

The transmon’s leading fourth order nonlinear term

Htransmon,NL =
αq

12
(q + q†)4 (79)

is typically approximated to only include the anharmonic term αq

2
q†q†qq. However, if we

look beyond the rotating wave approximation (which is more accurate anyway), we retain

all other combinations of q and q† operators. These Hamiltonian terms can be activated by

driving, in a similar way to how we have previously treated parametric coupling operations.

One such term is:

Htransmon,SH =
αq

3
(q†q†q†q + qqqq†) (80)

which can be activated by pumping at fd =
fq,ge
3

.

Qubits experience decay through their coupled channels, and the qubit’s drive line must

be configured to pass its resonant frequency. This gives the qubit a direct channel to decay

through so we try to couple the pin as weakly as possible. But if we can drive the qubit off

resonance, we can send drives down that line that shield the qubit from resonant decay and

decrease the drive strength needed.

This sub-harmonic driving scheme has these advantages. First, it affords us a speed up in

Rabi rate gSH = αq

3
η3, compared to the resonant drive’s η. Faster gates means higher fidelity

in the face of low coherence times. Second, the qubit is driven at a different frequency to

its loss, so input lines can be configured with less attenuation and decrease the heat load on

our dilution refrigerator, as well as frequency filtered to reduce qubit loss through the input

line.

Our sample shown here was the perfect candidate to test this driving scheme on. The first

step was to see if integer fractions of driving frequencies could induce the qubit excitations

we usually see resonantly (|e⟩ ↔ |g⟩, |f⟩ ↔ |e⟩, and |f⟩ ↔ |e⟩ ↔ |g⟩). We tested this with
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Figure 48: Sub-harmonic qubit spectroscopy and Rabi gates (a) The qubit’s fge, fgf/2

and fef transitions were found at one third value compared to resonant driving. Note that

the difference between fge/3 and fef/3, normally indicating αq, scales by 1/3 as well. (b) At

fq,ge/3, the qubit oscillates between the ground and excited state as indicated by the colored

‘chevron’ pattern.

frequency-domain CW spectroscopy, at fCW/3. Figure 48(a) shows that indeed the qubit has

its expected spectroscopy response, but this time when the generator was set to frequencies

near one third the resonant frequency.

Next we moved to the time domain to measure the rate of Rabi oscillations between |g⟩

and |e⟩. In Figure 48(b), we sweep both the sub-harmonic drive frequency and time. This

‘chevron’-type pattern indicates that the qubit is flopping between |g⟩ and |e⟩ at gate speed

determined by the spacing between horizontal lines.

This result is exciting because our qubit was driven by a far-off resonant tone but yet

responded at a rate faster than traditional resonant spectroscopy. After this result, we moved

onto the experiment discussed in the next section. My colleague Mingkang Xia carried out

this sub-harmonic experiment on a sample initially intended to be a modular qubit coupler,

so with a different form factor and intended use but still (even more) successful at these sub-
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harmonic gates. Our paper Ref. [93] goes into greater detail on the results of this experiment.

One final note: there is nothing special or unique about either the transmon qubit design

measured here or in [93]. This driving scheme would work well on just about any transmon

designed for any application.

4.4.2 Rate Balancing and Qubit Measurement

The same sample was used to understand how the light emitted by the SNAIL can

measure the qubit. Throughout this experiment, we have made thermal states with one

or more parametric process. Those processes create photons in the SNAIL that are spread

throughout its broad bandwidth (≈ 12 MHz), making them distinguishable from one another.

When we control the rates in both directions to and from adjacent levels in the qubit’s

manifold, we can create SNAIL photons that are indistinguishable if we balance the rates.

For example, we balance Γp
ge and Γp

eg in Fig. 44, making the SNAIL output for both individual

processes the same. This leads to a special feature that we had previously not measured.

If the rates are truly balanced, and the photons produced are indistinguishable, then

for states entirely along the equator with Bloch vector
√

1
2
|g⟩ +

√
1
2
eiϕd |e⟩, we should see

a manifold of states that are ‘dark’ to the parametrically induced decay. This means that

what we will see when measuring coherence in the X − Y plane is just the raw decoherence

time of the system for ‘dark’ states and much faster, parametrically enhanced dephasing for

all others. Note that the maintained balanced rates will never give a Z component decay.

We can scan through combinations of heating and cooling pumps, like in Fig. 45, to

find the conditions necessary to make qubit decays dark to dephasing due to |g⟩ → |e⟩ and

|e⟩ → |g⟩ mixing. The pumps carry a phase, which set the angle ϕd as the equatorial phase

difference. This requires the maintenance of phase stability amongst the drives. We must be

able to lock this phase for the duration of the experiment. Initial testing showed interesting

results. For each detuning of the parametric drives, we swept the phase. We expect to see

the same amplitudes separated by integers of π. In Fig. 49, we do not see this periodicity.

This indicates phase drifting.

If the phase difference is drifting with time, then the definition of an absolute π rotation
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Figure 49: Qubit measurement dark states In each of the three panels, we detune both

parametric drives and sweep the relative phase between the Σs,ge pulse and δs,ge. There

should be a point where the vector distance
√

x2 + y2 is maximized. (a) Apply pulses for

2 µs, (b) Apply pulses for 3 µs, (c) Apply pulses for 4 µs. All three scenarios should yield

similar results: matched detunings with relative phase. However results were unstable. There

appeared no combination of drives that could always produce the same results.

is not the same for each bin in the colorplot, and it does not seem to drift back into place,

hence measuring for longer in panels (b) and (c) of Fig. 49. This means we cannot reliably

find the pump conditions needed to make coherent dark states. This result led us to put

this project aside because it required greater phase stability than we could maintain with

the room temperature electronics at hand. The phase drifts present were slow enough to

sometimes show an interesting measurement and sometimes show odd results such as three

apparent dark states, but not fast enough to always fail.

My colleagues Chao Zhou and Girish Kumbhar carried out this project on yet another

sample intended for modular quantum computing with similar SNAIL-qubit couplings. This

time they fixed the phase drifting issue in their room temperature electronics, achieved

by moving away from the mixer-based AWG interferometer we had been previously using.

Instead they generated pulses and read out with a mixer-less platform, the QICK RFSoC.

This firmware developed by quantum researchers generates all pulses on the same board so
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they are locked to the same clock and therefore to one another. See [100] for greater detail

on the QICK.

Additionally, they have performed novel transmon readout using this method. The

SNAIL produces light with two protected coherent eigenstates are displaced from the origin

in the direction determined by the qubit state, with the amplitude of displacement controlled

by the parametric driving strength. The light produced by the SNAIL, which we have

previously ‘thrown away’ or not measured, can be used to encode the qubit’s information.

Professor Roger Mong highlighted this feature to us, showing that we could use the SNAIL for

QND longitudinal readout of the transmon. The results of qubit longitudinal measurements

are found in Refs. [38, 101].
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5.0 Single-Atom Micro-Masing: Experiment

The theoretical ABOCCs in Ref. [2] by our collaborators Chenxu Liu and Professor

David Pekker were designed to fit into existing circuit architectures in our laboratory. With

the knowledge gained from the bath engineered qubits project, Chaps. 3.1 and 4, we were

primed to take on the challenge of building a circuit like the one shown in Fig. 21. Before an

ABOCC could be built and measured, however, we needed to first answer the question: can

we build a linearly coupled maser that meets the Schawlow-Townes limit on laser linewidth?

This research project is still underway, but the majority has been completed and will be

described in depth in this chapter. I will conclude with an outlook for the project having

gained perspective on the problems at hand.

5.1 Maser Simulation

The linear micro-maser, shown as the top option in Fig. 21, fulfills the list of needs in

List 3.2.1 with realizable values for mode parameters, seen in Fig. 22. To verify the circuits

basic behavior, I started with numerical simulations of a Hamiltonian governed by these

mode couplings using QuTiP.

Calculations were based on taking the rotating wave approximation, assuming the SNAIL

is operating at a purely third order, zero fourth order, bias condition. Additionally, the qubit

and SNAIL were both approximated as two level systems, and ∆qc = 0, the qubit exactly on

resonance with the cavity. The goal of this was to get a sense of what coupling strengths and

decay rates would lead to an output that resembles our masing ladder in Fig. 23, where the

qubit is (on average) in |e⟩, the SNAIL is cold and thus in |0⟩, and the photon occupation

in the cavity increases to some upper limit. The values listed in the ‘Target value’ column

of Table 2 reflect some of the ideal parameters found in QuTiP with the Hamiltonian:

HQuTiP = gΣ(σ
+
s σ

+
q + σ−

s σ
−
q ) + gqc(σ

+
q c+ σ−

q c
†) (81)

89



for parametric coupling rate gΣ and qubit-cavity direct exchange rate gqc. The steady state

results are shown in Fig. 24.

Such a simulation is a good starting point, but unfortunately misses the interesting

dynamics of the masing process. My results show the steady state solutions to the master

equation, in a truncated Hilbert space. The Hilbert space of each operator, or size of each’s

contribution to the overall rediagonalized solution matrix, greatly impacts the speed of each

simulation. In an effort to save computing resources, the cavity mode operator was reduced to

30 in size. This artificially sets the maximum photon occupation in the cavity. Additionally,

removing qubit loss (not assigning it a loss operator
√
κqq) is not painting the full picture- the

process of adding photons to the cavity via the transmon is a function of its lifetime. This

determines how effective the parametric drive can be at inverting the qubit’s population.

Nonetheless, this preliminary proof-of-concept test was my starting point before microwave

simulations, to understand the coupling strengths and loss parameters needed to drive the

photon ratchet process.

An LC oscillator will act as the cavity, and a transmon coupled to a SNAIL as our atom

or gain medium. Such a circuit can be realized in the form factor of the work described in

Chap. 4- in fact that sample was initially designed and intended to be this maser project.

However, I did redesign the experiment with some gained knowledge and fabrication tech-

niques.

With these ideal values of Table 3 in mind, microwave simulations were performed in

Ansys’ HFSS and Maxwell, shown in Fig. 50. Instead of using a 3-dimensional coaxial, λ/4

cavity mode, the masing cavity was designed as a λ/2 stripline resonator. This form more

closely resembles what our qubits and SNAILs look like. This choice was for a number of

reasons. First, it greatly reduces the footprint of the housing because the physical size of the

cavity is significantly smaller (from three dimensional centimeters to nearly two dimensional

millimeters). Second, it allows greater flexibility. Changes can be made much faster and

more frequently by redoing only the nanofabrication steps, rather than having the entire

housing re-machined. The aluminum housing was simulated as a block with circular holes

extruded through. One tube [103], which spans the entire block, holds the SNAIL, qubit,

and additional readout resonator (more details are given below). This is intersected by a
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Table 3: Goal, simulated, and measured values for the maser The target values were

determined by our intended Hamiltonian design and QuTiP evaluations of Hamiltonian

dynamics. The simulated values were found either directly in HFSS using an Eigenmode

solver, or HFSS data was exported and calculated with the pyEPR analysis method [102].

Measured values are typical across multiple measurements, at the bias conditions that yielded

these results.

Parameter Target value Simulated value Measured value

fs 5.0 GHz 5.245 GHz 5.76 GHz

fq 7.0 GHz 7.086 GHz 6.922 GHz

fc 7.0 GHz 6.987 GHz 6.97201 GHz

fr 8.0 GHz 8.292 GHz 8.547 GHz

κs

2π
10− 20 MHz 21.457 MHz 24.56 MHz

T1,q ∞ 25.226 µs 2.438 µs

κc

2π
1.4 kHz 0.033 kHz 19.67 kHz

g3
2π

−100 MHz −134 MHz −
g4
2π

0 0 < 0

αq

2π
−180 MHz −176.225 MHz −163.6 MHz

gqc
2π

1.0 MHz 1.569 MHz 0.44 MHz

gqr
∆qr

0.1 0.0745 0.071
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sapphire

𝑞

𝑠
6061 Aluminum

OFHC Copper𝑐

𝑟 SNAIL in/out

cavity in/out

resonator in/out

qubit in

Figure 50: Microwave simulation design The experiment as designed in Ansys HFSS

and Maxwell, with the goal values initially found in QuTiP as a guide, see Table 3. There is

one 50 Ω machined pin for each circuit element connected to the input/output chain of the

dilution refrigerator. The SNAIL pin is inserted far into the extruded aluminum tube for

high κs, while the qubit and cavity’s are retracted for high Qq,total and Qc,total. The magnets

are designed to have low cross-talk.

second tube that holds the masing cavity.

The maser cavity mode was designed to be high Q, so its RF coupling pin was receded

into the housing. In this experiment, all pins are professionally fabricated to be 0.2 in (see

below, Sec. 5.2), so the entire pin casing was retracted into the ‘Perfect Conductor’ block.

To reduce its coupling with the qubit, and in turn the SNAIL, the masing cavity c was

simulated on a separate sapphire chip and in its own perpendicular tube. This reduces the

dipole-dipole coupling between modes.

The qubit’s inductance, dominated by the Josephson junction element, was set in HFSS

to put the qubit on resonance with the cavity. In experiment, the transmon will be realized in

a SQUID, see Sec. 2.1.2. The SNAIL’s inductance was chosen to operate near 5.0 GHz. The
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SNAIL-qubit coupling was achieved by making the SNAIL’s large capacitor pads asymmetric,

see Fig. 51. The qubit must be high Q, the gsq
∆sq

hybridization factor around 0.01, and the

SNAIL must also have a low Q-factor. I found it difficult to meet all three requirements

simultaneously. However by making the SNAIL pad closer to the qubit longer than the one

closer to the SNAIL’s coupling pin, I was able to not poison the qubit’s lifetime by weakly

hybridizing it with a low Q coupler. The SNAIL’s loop and concentration of energy is near

its strongly coupled pin, but its fields do extend towards the qubit.

0.2 mm

5 mm

0.1 mm

3 mm

SNAIL in/out

Figure 51: Asymmetric SNAIL design The SNAIL as designed in HFSS. The pads

contribute to the mode’s linear capacitance and inductance. To keep qubit lifetimes high

and SNAIL lifetimes low, the SNAIL’s JJ loop, where its fields are concentrated, must be far

from the qubit but close to the SNAIL’s dedicated RF pin. The pads were made asymmetric

so SNAIL fields can extend to the qubit while maintaining its frequency and nonlinearity,

and keep the linear inductance at a minimum.

Although the masing protocol (Table 1) does not require direct qubit or cavity pulses,

I still want to be able to probe the qubit for diagnostics. This requires both (a) the qubit

to have its own, weakly coupled drive pin and (b) a resonator with which to perform qubit

readout. The high Q masing cavity c would not suffice, as it being long lived makes it difficult

to read quickly, and is optimized to have minimal to zero gqc
∆qc

, meaning we cannot perform

QND dispersive measurements [8]. This led me to add an additional stripline resonator to

the circuit, labelled r in Fig. 50, but placed its frequency far enough away that it would not

interfere with the parametric masing process. The readout resonator was intended to have

93



a loss rate of κr

2π
= 1 MHz and χqr

2π
= 1 MHz.

The resonators’ coupling pins were placed with the design idea of WISPE [52] in mind.

This means the positioning of the resonator’s pin (and all other pins except the qubit’s, too)

is in a place of zero qubit field. This is determined by running the eigenmode solver for the

qubit (or whatever circuit element one wishes to preserve the lifetime of) and plotting the

electric field of that mode, see Fig. 52. There are multiple spatial positions where the qubit’s

field is nearly zero- these are the ideal positions for a coupled cavity’s pin, minimizing the

qubit’s losses due to coupling to a lossy transmission line. This is in stark contrast to our

previous understanding, where we assumed the best cavity port position was as far from the

qubit as possible. The end of the masing cavity and readout resonator actually sit at nodes

of qubit E-field, seen on the inset of Fig. 52! WISPE is a frequency dependent effect, and

therefore the positioning of the ports were chosen for the qubit on resonance with the masing

cavity.

Both the SNAIL and SQUID qubit must be flux tunable. In three-/quasi-two- dimen-

sional architectures, we typically flux bias using coil magnets that are off chip and controlled

with a current sent from room temperature. For a single superconducting loop, this is rel-

atively simple to implement as the Josephson junctions are biased by the single externally

controlled magnetic field, on top of any local (nearly spatially constant) magnetic field. How-

ever, for this experiment I wish to separately control the flux biases in both the SNAIL and

SQUID which are only approximately 10 mm apart. Early Maxwell simulations showed equal

flux coupling for both loops of Josephson junctions, as current sent through the SNAIL’s

dedicated magnet had an equal effect on the qubit’s loop and vice versa, seen in Fig. 53(a).

To mitigate this unwanted flux cross-talk, I opened up a tube beneath one magnet in

order to provide the magnetic flux an alternate path, seen in Fig. 53(b). This made the flux

coupling in the qubit’s JJ loop to the qubit’s magnet two orders of magnitude greater than

to the SNAIL’s magnet. This opening was created under the SNAIL’s magnet and the face

was covered with copper on the opposite side of the aluminum block to concentrate magnetic

field in a normal metal rather than in a block of superconductor. I chose the to open up

under the SNAIL, rather than the qubit, in an effort to preserve qubit lifetimes by making

a more uniform local environment.
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𝐸𝑞 → 0 V/m

𝑞𝑟

𝑐
𝐸𝑞  (dB)

Figure 52: Qubit WISPE The magnitude of the qubit’s electric field. The eigenmode with

strongest fields in the qubit is plotted throughout the entire tube housing for the frequency

bias where ∆qc is nearly zero. The most ideal location to place the pin for the two resonators

and SNAIL is where the qubit’s field is lowest. For both r and c, we can see the darkest

blue/lowest
∣∣∣E⃗q

∣∣∣ near the middle of the striplines, indicating that these are the best locations

to place the respective coupling pins. This is a starting point for maximizing Qq,total before

the pin’s distance from the ith element is adjusted for the necessary Qi,ext.

5.2 Maser Fabrication and Machining

Figure 54 shows the superconducting aluminum housing machined from 6061 aluminum

and mirror polished using a diamond flycutter by our excellent research machinist William

Strang. This experiment does not have any indium seals. We came to learn that the inherent

quality of mating surfaces is better at removing unwanted loss than using soft indium to

span gaps, hence the mirror finish. Sapphire chips span each extruded tube. Aluminum chip

holders clamp one end of each piece of sapphire and a molybdenum pusher screw secures the

chip in position. These chip holders are aligned with titanium dowel pins to ensure the chip
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𝐵 (T) a b

Figure 53: Asymmetric magnet design The magnetic field in the volume of the inter-

secting tubes, with Iq = 10 mA, Is = 0 mA. (a) The field lines emanate from the qubit

magnet on the left, but would be equal magnitude and opposite sign if from the right SNAIL

magnet. This is not ideal. In the inset image, the field lines that pass through where the

SNAIL is located have a perpendicular component to the SNAIL, causing non-negligible

cross-coupling. (b) When a tube is opened up to copper below asymmetrically, the field

lines are now parallel to the SNAIL’s plane, meaning they will have minimal cross-talk be-

tween the qubit’s magnet and the SNAIL itself.

is straight in its tube.

Another key difference with this housing, compared to that shown in Fig. 26, are the

microwave coupling pins. The pins used in this experiment are 2.92 mm waveguide probes

manufactured by Southwest Microwave, see Fig. 55. The BeCu pin is rigid and a fixed 0.2 in.

What a difference this makes compared to homemade: while we lose the flexibility of length,

we fortunately lose bending flexibility! The coupling of each pin to its respective circuit

element was set by how far into the Al housing the SMA threads were cut in.

The magnets are CuNi clad superconducting NbTi wire, both spun around spindle-shaped

OFHC copper pieces, shown in Fig. 56. At room temperature, their resistances are measured

∼ 40 Ω. The most common failure mode of this magnet was shorting the leads to the rest of

96



a

b

c

d e

f

𝑞
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𝑟

40 mm

41.5 mm
28 mm

Figure 54: Maser device photos (a, b) 3D AUTO CAD drawings of the device, based

on the microwave simulation model of Fig. 50. (c) The tube where the SNAIL, qubit,

and readout resonator are slotted, as seen without the magnet with copper opening and a

microwave drive pin. (d, e) The fully assembled housing, mirror polished and bolted with

brass screws. (f) The chip holder fits directly onto the larger aluminum block housing,

aligned with Titanium dowel pins. The sapphire chips are inserted into the extruded tubes.
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a

28 mm

b

Figure 55: Homemade vs. manufactured pins We use microwave coupling pins to send

and receive signal from our delicate quantum experiments. (a) The pins used in Chap. 4

were made by stripping away the outer jacket and insulating dielectric on a copper coaxial

wire, soldered through a copper face that joins the rest of the housing. These pins allow

ad hoc pin length changes, but bend under cryogenic contraction. (b) The pins used in the

maser project are SMA waveguide probes manufactured to be precisely 0.2 in of BeCu, and

are torqued into the aluminum housing.

the housing. The magnet spindles sit inside a copper cup, which helps flux travel through

the superconducting housing (which should, in theory, expel all magnetic field). When the

spindle is placed inside its cup, this can cause the magnet wire leads to get crushed against

the cup wall and create a current short. This causes trouble at cryogenic temperatures, as

we send mA of current through the wire loop. If this is in direct contact with the normal

metal wall or too large a current is applied, it generates unwanted heat and raises the base

plate temperature. Shorting was prevented by decreasing the number of wire turns around

the spindle, making the magnet smaller and better able to sit inside its cup. This reduces

the flux per current imparted on the Josephson junction loops, which may cause trouble if

the appropriate external flux needed cannot be reasonably attained with currents that do

98



Figure 56: Magnet spindles Superconducting NbTi wire is spin around a copper spindle

and two leads are fed out the top, which are then twisted and soldered to pins that mount

to the dilution refrigerator’s DC drive lines. This magnet has long leads that breakout at

the 4 K stage of the fridge, in a single piece, so that greater magnitude current can be drawn

without heating the base stage of the fridge.

not cause excessive heating. Longer leads on the spindles allow us to drive higher magnitude

current because the 4 K plate of the fridge can tolerate a higher heat load compared to the

20 mK plate. The 4 K plate has a nominal 1.5 W cooling power through the pulse tube

cooler, while the base stage has only ≈ 12 µW rated for 20 mK. This means that magnets

that breakout at the 4 K plate can be biased with nearly ±100 mA of current before heating,

as opposed to those at base tolerating ±20 mA. The ability to bias at higher currents means

we can always apply the bias needed to operate at our ideal ∆qc = 0.

The SQUID, SNAIL, masing cavity, and readout resonator are all optically defined and

etched superconducting tantalum on a sapphire substrate. There is not a defined ground

plane or inner/outer conductor. The geometry of the tantalum largely defines the capacitance

and linear inductance of each element, and those with Josephson junctions, the SQUID and

SNAIL, are dominated by the nonlinear inductance of their JJs.

The qubit must be on resonance with the cavity to utilize the always-on direct coupling

between the two, in order to exchange each qubit photon into the cavity. In simulation we

can set this condition, but this is much harder to perfectly hit in fabrication, necessitating
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the frequency-tunable SQUID. It was fabricated such that the critical current of each of the

two Josephson junctions were half that needed to make a single JJ with the same effective

Josephson inductance. I needed the total inductance of the SQUID to be 4.8 nH. If I were

fabricating a single JJ with 4.8 nH inductance, it would have a critical current of 0.0685 µA

based on the Josephson relation:

LJ =
Φ0

2πIc
(82)

for flux quantum Φ0. However, to make a symmetric SQUID, I split this into two identical

Josephson junctions which inversely add inductance in parallel. Therefore, each Josephson

junction was designed for LJ = 9.6 nH and Ic = 0.0343 µA. This was chosen because this

LJ , at Φ = 0, sets the maximum frequency. SQUIDS and SNAILs can only be tuned down in

frequency from their Φtotal = 0 bias. This ensures that I could bias the SQUID to a Φext that

would make the qubit cross in frequency with the masing cavity. All Josephson junctions

in this project are made of aluminum/aluminum oxide/aluminum and in the bridge-free

‘Manhattan’ style [104].

The SNAIL has two large JJs, instead of three, and has an inductive energy ratio of

αs = 0.3. To operate at 5.0 GHz with g3 ̸= 0, g4 = 0, the critical current for each large

Josephson junction was fabricated at 0.159 µA and for the small 0.0476 µA.

It became difficult to meet all of the requirements that I had set for this experiment, as

changing one physical parameter changes the entire mode structure of the experiment due to

circuit re-hybridization. The effects of particular design choices can be tested by removing,

one by one, each element to find its contribution to the mode landscape. Simulations showed

that despite my efforts to put the readout resonator’s pin at a desirable WISPE spot, this

was still what limited Qq,total. In an effort to increase qubit T1, I added one to two 0.01 in

thick molybdenum washers under the readout resonator’s RF pin. Adding machined washers

between the aluminum housing and bottom of the SMA threads precisely shortens the pin

length reaching into the tube. Unfortunately, this is not seem to alter qubit lifetimes in any

significant way, indicating that there are other sources of loss and noise causing low qubit

lifetimes.
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Figure 57: SEM of qubit and SNAIL SEM images taken of SQUIDs and SNAILs from

the same round of fabrication as those used to collect data. (a) The SQUID features two

identically small Josephson junctions. Flux is threaded through the space between them to

change fq. (b) The SNAIL features two identical large Josephson junctions in parallel with

one smaller by ratio αs. Flux is threaded through the space between to change fs and gsn

nonlinearity of the nth order. (c) Zoomed in on the two large Josephson junctions of the

SNAIL. Junctions are made in a bridge-free geometry.

5.3 Frequency Domain Measurements

All measurements are taken in reflection. The experiment was first measured using

frequency domain spectroscopy, a task more complicated than in Sec. 4.2 because now there

are two frequency tunable components. First, we measured the masing cavity on the VNA

at Φext = 0, which is not necessarily true to Φtotal = 0 due to uncontrolled flux trapping.

Because the cavity is high Q with a narrow linewidth, even before the masing process is

turned on, it requires careful searching in frequency space as its mode signature can be

smaller than the frequency spacing on the VNA. Once the mode is identified, the cavity

initially exhibits a high power response which gives us hope that the neighboring qubit is

functioning.
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Figure 58: Cryogenic diagram A diagram of the full cryogenic input and output setup for

our maser. The masing cavity and readout resonator are chained on the same input/output

chain because they are spectrally separated and never simultaneously measured. The qubit

is only driven and the SNAIL read for diagnostics. During the masing process, only two

pumps are driven: the TWPA and Σ down the SNAIL line, and the masing cavity is read

on its output line.
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Figure 59: Flux sweep and fit parameters: masing cavity A sweep of the qubit

magnet’s current changes the externally applied flux to the SQUID loop, and we can observe

its hybridization with the masing cavity when it approaches in frequency. (a) Single tone

spectroscopy of the cavity, showing two avoided crossings where the qubit would intersect

with the cavity. (b) A fit for κc

2π
vs. flux. The cavity increases in linewidth as it hybridizes

with the transmon. (c, d) A fit for the Q factors of the cavity vs. flux. (e, f) A data cut at

a single bias flux. (g) The cavity’s magnitude and phase response are fit to extract typical

cavity parameters.
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To find the qubit bias condition where the qubit’s unhybridized frequency should match

that of the cavity, we sweep the external flux applied through the qubit’s magnet. We

perform single-tone spectroscopy by weakly probing the cavity on the VNA and sweeping

the output of a room temperature current source (YOKOGAWA GS200) connected to the

magnet directly over the SQUID, see Fig. 59(a-d). When the two modes hybridize, we see

an avoided level crossing, or a divergence in the mode frequency that appears on the VNA.

This is the point where the Jaynes-Cummings Hamiltonian

Hint = gqc(q
†c+ qc†) (83)

is valid, causing a re-diagonalization of the the system where now one eigenmode goes up in

frequency by gqc, and one goes down by gqc. However, at this point, the two modes (qubit

and cavity) are no longer distinguishable. Rather we are now in this ‘quton’ and ‘phobit’

regime [105] where neither mode exists as its own entity. We can fit this avoided crossing to

extract gqc
2π

= 0.44 MHz in Fig. 60(a).

Moving the qubit’s frequency through the cavity’s shows us what current must be sup-

plied to induce the masing procedure, as well as an initial guide for where the SQUID is

located in frequency space. SQUIDs follows a
√
Ic|cosΦext|/Φ0 trajectory vs. flux/applied

current but we do not know of any offset fluxes. With the flux sweep as a guide, we can

more easily probe the qubit in spectroscopy and pulsed measurements rather than blindly

searching through potential qubit frequencies at a particular applied flux bias.

The resonator’s frequency also varies with qubit flux, and must be measured at unique

bias conditions. We can perform a flux sweep of the qubit magnet while measuring the

readout resonator on the VNA. The qubit and resonator do not cross in frequency, as the

qubit’s highest frequency was designed to be below that of the resonator. Although there

is not an avoided level crossing, we can see the resonator shifted up in frequency when the

qubit is nearest, see Fig. 61.

The qubit’s frequency can be found in CW spectroscopy. At different applied currents,

we perform two-tone spectroscopy by weakly probing the readout resonator and varying the

frequency of a tone sent down the qubit’s injection line. Higher qubit drive powers show
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Figure 60: Avoided crossing: qubit and cavity Weakly measuring the cavity while

sweeping the SQUID’s flux brings the qubit into resonance with the cavity. When they

hybridize, their coupling Hamiltonian of Eq. 83 is rediagonalized with one eigenvalue shifted

by up gqc and the other down by gqc. (a) When the qubit’s fge,bare = fc,bare they couple

with strength gqc
2π

= 0.44 MHz. (b) When fgf/2,bare = fc,bare they couple with strength

gqc
2π

= 15.12 kHz.

higher order qubit transitions, showing an anharmonicity of αq

2π
= −163.6 MHz, and a two-

photon fgf/2 halfway between fge and fef . CW spectroscopy data allows us to map the

qubit’s frequency to bias conditions. With a handful of discrete data points, we can fit qubit

frequency vs. flux ∝
√

Ic|cosΦext|/Φ0. In the region where we will operate the maser, the

curve is fairly linear.

The qubit’s frequency trajectory allows us to understand the cavity flux sweep. We

are primarily concerned with the qubit’s fge crossing the cavity, but cannot forget that the

transmon is not just a two level qubit! In the flux sweep of Fig. 59(a), we note secondary and

even small tertiary splittings that were are first unexplained, fit in Fig. 60. We overlay the

qubit’s fge frequency path on top of the flux sweep colorplot, finding the qubit fit frequency

equal to the cavity’s unperturbed frequency at the same flux bias where the largest avoided
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Figure 61: Flux sweep and fit parameters: readout resonator A sweep of the qubit

magnet’s current changes the externally applied flux to the SQUID loop, and we observe its

effect on the readout resonator on the VNA. (a) Single tone spectroscopy of the resonator.

It is not constant vs. flux, indicating non-negligible coupling to the qubit, allowing for

dispersive readout. (b) A fit for κr

2π
vs. flux. The cavity increases in linewidth as it approaches

the transmon. (c, d) A fit for the Q factors of the resonator vs. flux. (e, f) A data cut at a

single bias flux. (g) The resonator’s magnitude and phase response are fit to extract typical

resonator parameters.
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Figure 62: Flux sweep vs. qubit spectroscopy The qubit frequencies found in spec-

troscopy are fit ∝
√

Ic|cosΦext|/Φ0 and projected over the flux sweep probing the masing

cavity. The avoided crossings nearly align with the qubit’s frequency trajectory. This will

guide us in choosing a qubit magnet bias.

crossing occurred in Fig. 62 in green. We also overlay the qubit’s fgf/2 and fef frequencies on

top of the flux sweep colorplot in pink and blue respectively, and find the second and third

smaller splittings occur at the same bias conditions where the qubit’s fgf/2 and fef fit equal

the unperturbed cavity. These unintended but, in retrospect, predictable cavity splittings

will play an important role in the masing procedure.

The qubit frequency trajectory plotted in Fig. 62 is from a single fridge cycle, but typical

for the response seen in multiple cooldowns. An issue we sometimes encountered was flux

offsets varying from run to run. In a number of cooldowns, the bias condition needed for

∆qc = 0 was at a current that caused the magnet to physically heat the sample and the

entire fridge. The period of a flux quantum for the SQUID was greater than designed and

small offsets in flux period produce large offsets in frequency. In more recent cooldowns,

we changed the qubit magnet to breakout at the 4 K stage of the fridge to bias at higher

currents, see Fig. 56.
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Figure 63: Flux sweep and fit parameters: SNAIL We sweep the bias on the SNAIL’s

magnet and probe the mode on the VNA. (a, b) There is an avoided crossing near the top

of the SNAIL’s trajectory where it would intersect with the transmon at its particular bias.

This allows us to fit the direct gqs
2π

= 138.8 MHz. (c, d) The bandwidth κs and Q factors

vary with external bias. The Qs,int factor dominates the expression for Qs,total. (e, f) Typical

parameters from a single bias condition.
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Next, we measure the SNAIL on the VNA in Fig. 63. Similarly, it has a high power

response and moves in frequency with external bias through the SNAIL’s magnet. Unlike a

harmonic cavity, the SNAIL’s nonlinear coefficients change with flux. We wish to operate

the SNAIL at a bias of high g3 and minimal g4. Experimentally we can choose this bias

in multiple ways. A sweep for duffing oscillator behavior, with a secondary tone sent in

at 5 × κs, shows how the mode frequency bends with increased power. Kerr minimization

corresponds with minimized mode bending, which is achieved in this experiment at nearly

4.5 GHz in Fig. 64. We also can model the SNAIL’s coefficients using the equations listed

in Ref. [14], mapping a fit of the frequency modulation from the flux sweep with known

parameters like αs, Llin, and Clin.
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Figure 64: Duffing sweep on the SNAIL (a) At each SNAIL magnet bias (x-axis) and

detuned continuous tone power (y-axis) we measure the SNAIL mode on the VNA and fit

for its frequency. The color represents the difference from the lowest power per current. This

shows where the SNAIL has minimal self-Kerr, in the vertical stripes where the frequency

changes the least from bottom (lowest powers) to top (highest powers). (b) At nearly

−0.75Φs

Φ0
, the downward bend in frequency is at a minimum. This should be the SNAIL’s

g4 = 0 operation point.

The SNAIL and qubit do show some flux cross-talk in experiment. At a fixed SNAIL
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Figure 65: Qubit flux sweep affecting the SNAILWe sweep the bias on the qubit’s mag-

net and probe the SNAIL mode on the VNA. At this particular SNAIL bias used throughout

the experiment, the SNAIL moves nearly 9.45 MHz by changing the qubit’s magnet and keep-

ing the SNAIL’s fixed. This can be significant to the detuning needed in fd = fs+ fq,ge+ γd.

magnet current, we swept the qubit’s magnet in the current range near qubit-cavity resonance

in Fig. 65. We see the SNAIL move in frequency, on order of its bandwidth κs. Our

parametric pump, actuated through the SNAIL at a three-wave mixing point, is driven at

fd = fs+fq,ge+γd, so we need to know fs for a particular Φtotal, which is the total externally

applied flux and a function of both magnets. Therefore at each qubit current, we must make

a small correction to the SNAIL magnet’s current to keep its frequency and nonlinearity

fixed. This correction factor was measured by manually adjusting SNAIL flux at discrete

qubit flux such that the SNAIL’s frequency remained unchanged, and fit to a line using

Φs,new = mΦq + b for slope m and offset b.

A TWPA [92] also backed the masing cavity and readout resonator, which are on the

same readout chain. Its pump conditions were chosen such that the signal was amplified

by 20dB at the masing cavity’s frequency. The SNAIL is unaffected by the TWPA. The

readout resonator frequency is also amplified near 20dB. This amplifier was chosen because
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its dispersive feature and the necessary pump are well separated from any mode in the

system. Such a backing amplifier means we can perform less averages for readout, crucial if

watching the cavity as it mases and evolves on short time scales.

5.4 Maser Pulsed Measurements

5.4.1 Qubit Diagnostic Measurements

Qubit lifetimes and performance was measured using the QICK platform [100] on a Xilinx

ZCU111 board. Special care must be taken to operate the DAC and ADC at the correct

frequencies per Nyquist zone to avoid issues like aliasing. See Chao Zhou’s thesis [38] for a full

explanation of this issue. The room temperature measurement apparatus for this experiment

uses both generators (SignalCore SC5511A) and mixers for both input and digitized output,

see Fig. 66.

We started with qubit measurement, a task made easier by knowing the qubit frequency

per bias based on CW spectroscopy (Fig. 62). We probe the qubit by dispersively measuring

the readout resonator. A snapshot of typical qubit measurements is shown in Fig. 67,

when the qubit is off resonance from the masing cavity. We note that qubit lifetimes are

significantly shorter than expected, compared to Table 3. This is likely due to imperfections

in the metal housing, fabrication, and misalignment of the sapphire chips within their tubes.

We also measure the qubit’s performance across a span of flux biases in Fig. 68. The qubit

seems to improve in energy decay lifetime T1 near the secondary small qubit-cavity splitting

seen in Fig. 60(b). Dephasing times T2,R and T2,E remain low but show modest improvement

near the fq,ge cavity crossing (Fig. 60(a)). It is not surprising that this qubit has coherence

times- SQUIDs are highly sensitive to changes in local magnetic flux. This leads to dephasing

because our qubit is susceptible to low frequency noise.

Qubit lifetimes contribute to maser performance. First, the parametric pump to invert

qubit population is working against qubit energy decay, shown in detail in Sec. 4.3.2 on

our first generation experiment. Second, if the qubit is not frequency stable, as our low
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Figure 66: Room temperature microwave electronics The input for the parametric

pump Σ drive down the SNAIL input line, and output from the masing cavity on its dedicated

output line. Signals are generated by the DAC at fDAC , which mixes with an LO fgen,in to

send frequency into the fridge at fDAC−fgen,in = fd = fs+fq+γd. There are a series of filters

to prevent unwanted sidebands and AWG aliasing tones from going into the fridge, which

can potentially interfere with the intended processes. To read out the signal from the cavity,

we can choose two options. We can measure broad band responses on the spectrum analyzer,

and/or can we digitize the signal by mixing the cavity output signal fc with generator tone

fgen,out to reach the ADC at fc − fgen,out = 90 MHz.
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Figure 67: Typical qubit measurements The qubit is measured at nearly ∆qc = 50 MHz.

Following the pulse sequences in Fig. 32, we measure the qubit by dispersively measuring

the readout resonator. Fitted values are listed in (f).
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Figure 68: Typical qubit measurements vs. flux Qubit performance changes with

qubit-cavity detuning. (a) In this small region of flux, the qubit’s trajectory is linear. (b) π

pulse amplitude (c) T1 improves near the second small qubit-cavity crossing. (d, e) T2,Ramsey

improves near the primary largest qubit-cavity crossing. (f) All qubit lifetimes compared.

The vertical lines correspond to the bias conditions where fq,ge (blue) and fgf/2 (yellow) cross

the cavity frequency.
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T2,R suggests, then the parametric pump is difficult to tune. We want to pump at fd =

fs + fq,ge + γd, and any detuning γd should ideally be understood, rather than random with

qubit frequency fluctuation. Flux noise follows a 1/f trend. If the noise does not fit to this

loss frequency model, flux noise is not the source of our trouble and there is some other

source of dephasing.

To understand how the qubit is fluctuating with time, we repeat the measurement se-

quence [T1, T2,R, T2,E,Σs,ge] at a single bias condition over the course of many hours. This

data shows the qubit undergoes significant changes in its performance over time, a possible

contributing factor to the masing data that will be shown in Sec. 5.4.3. The lifetimes change

within a factor of two over short time scales, and the frequency of the qubit (represented by

the detuning measured from Ramsey beating fδ,Ramsey) fluctuates on order of 200 kHz. This

can cause trouble, as our parametric pump can change efficacy at a fixed frequency if the

qubit itself is changing frequency. Our room temperature electronics in Fig. 66 are contained

in a temperature stabilized box like in Ref. [93]. See Sec. 5.4.3.6 for greater detail. The tem-

perature of the box still changes on order of 0.006◦ C which can alter the performance of its

internal components.

5.4.2 Qubit Inversion

Next we measure qubit inversion rates. Using the same technique for transmon heating

as in the bath engineered qubits project, Sec. 4.3, we apply the Σs,ge pump to the SNAIL to

bring the qubit from |g⟩ → |e⟩, and then dispersively measure the qubit through the readout

resonator. During the masing process, described below, we do not directly drive the qubit,

measure it, or involve the readout resonator at all. This exercise in measuring transmon

heating rates tells us the viability of masing in our system.

Much like a traditional maser/laser system, we require a population inverted gain medium

that emits multiple photons, which populate the masing cavity. Our gain medium, the

transmon, is inverted by the parametric heating process. Masing occurs when the transmon

is sufficiently inverted, or its |e⟩ population is replenished before directly exchanging its

photon with the cavity. We cannot measure the rate of inversion in this method when the
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Figure 69: Qubit measurements vs. time The qubit is measured for 18 hours at a fixed

Φext,total, so fixed SNAIL and qubit biases. The lifetimes T1, T2,R, and T2,E, qubit frequency,

and inversion rate Γp
ge fluctuate with time, indicating the performance of the maser will be

impacted by qubit performance unless corrected.

qubit is nearly resonant with the cavity, so we measure its inversion rate at nearby bias

conditions (Fig. 70). This gives us a sense of what pump conditions will successfully drive

masing. We can control the pump frequency fd(Φext) = fs(Φext) + fq(Φext) + γd and pump

amplitude ϵd for each bias condition, or rather fs(Φext) and fq(Φext).

At each bias, we see the inversion rate Γp
ge follow [63]:

Γp
ge =

4g2Σs,ge

κs

(84)
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Figure 70: Qubit inversion (a) At a fixed Φext,total, fd, ϵd, we apply the parametric pump and

dispersively measure qubit state using the pulse sequence of Fig. 36(a). We measure Γp
ge/2π =

4.67 MHz. (b) At that same Φext,total, fd, we increase the pumping strength ϵd through

increasing the DAC output on our AWG. This increases gΣs,ge . The curve follows a quadratic

speed up with respect to gΣs,ge . (c) Repeating the experiment of (b) at different qubit bias

conditions. Some qubit points are better inverted than others, due to improper detunings

in our pump frequency. (d) Sweep qubit bias (x-axis) and pump frequency difference from

fd − fs (y-axis) to find the maximum inversion rates follow the qubit’s frequency trajectory

(red circles).
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in the limit κs ≫ gΣs,ge . At a fixed Φext and fd, varying the pump strength ϵd linearly varies

gΣs,ge . We need to maintain

κs ≫ Γp
ge > gqc,effective ≫ Γc. (85)

The rates κs,Γ
p
ge, gqc,effective, and Γc are also all a function of bias condition, Φext. When the

qubit and cavity are detuned, their hybridization factor decreases and their effective direct

coupling becomes gqc,effective =
gqc
∆qc

. Decreasing this term means the rates higher than it may

also decrease while still masing. We typically do not want to send too strong of drives into

the fridge, and therefore this control knob is helpful in finding the correct balance of rates

amongst the entire experiment.

5.4.3 Masing

5.4.3.1 Steady State Masing

After confirming the qubit inversion process indeed works, successfully bringing the qubit

from |g⟩ → |e⟩, we look for light coming out of the masing cavity. In resonantly driven

reflection measurements, we typically send a weak probe to the cavity and excite the cavity’s

electromagnetic mode(s) this way, like an experiment shown in Fig. 71(a, b). On the VNA,

we observe the steady state response, looking for the frequency that shifts the reflected tone

back to the VNA. On an AWG/digitized rig, we observe how the cavity’s response in the IQ

plane evolves with time. In either case, we send some type of excitation to the cavity and it

responds accordingly. But this is NOT how we will make light come out of our maser.

The qubit and masing cavity are coupled with an always-on exchange at rate gqc,effective.

The qubit exchanges energy with the cavity, leading to photons building up in the cavity,

which leave at rate Γc. As long as the qubit is population inverted, it will always have the

necessary photon to exchange with the cavity. Through this process, we are exciting the

cavity through indirect drives. We can measure the cavity’s output on a spectrum analyzer

because it is a one port received, rather than two port reflected, signal to the analyzer

(Figs. 66, 71(c)). Additionally, we expect the output frequency of the maser to be shifted

based on factors like its photon number occupation and qubit-cavity detuning. With all of
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Figure 71: Microwave pulse sequence for the maser (a) A typical pulse sequence to

drive and measure a qubit. (b) The pulse sequence used to measure qubit inversion rates.

The readout resonator shifts its response based on the effect of the Σs,ge drive. (c) In our

masing experiment, we send a continuous Σs,ge drive and observe what is emitted by the

cavity after some time.

the correct bias conditions and the parametric pump turned on, we connect the output of

the masing cavity to the spectrum analyzer and observe a narrow emission spectrum, some

typical values shown in Fig. 72. We measure both the amplitude Pmasing
c and full width at

half maximum (FWHM) linewidth Γmasing
c . This is masing!

The bias and drive conditions on the maser are also not trivial to optimize. I will now walk

through the efforts taken to find combinations of system parameters that induce (to varying

levels of success) the masing process, and what conclusions we draw about our experiment

based on these needs. There are a number of experimental controls that I can change in situ,

causing the response of the entire system to shift. I can directly change: Φs, Φq, fd, ηd/ϵd.

This in turn affects: fs, fq, fc, κs, κq, κc, g3, g4, gsn , Γ
p
ge and ultimately Γmasing

c and Pmasing
c .

None of these measured changes are completely independent of one another. While I can

independently tune, for example, Φs, this causes changes to not only the SNAIL’s properties,
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Figure 72: Masing vs. SNAIL bias, qubit bias, pump frequency In each colorplot,

we vary flux through the qubit magnet (Φq) at a fixed fs, g3, g4, and ϵd. We also vary the

pump frequency, here marked as the difference in fd−fs. We measure the cavity’s output on

the spectrum analyzer, and note bright emissions across biases. The maximum brightness

output in the sweep Pmasing
c is marked in red and the minimum bandwidth in the sweep

Γmasing
c marked in green. Top to bottom we vary SNAIL bias to change its frequency and

nonlinear coefficients (a) fs = 5.0 GHz (b) fs = 5.5 GHz, and (c) fs = 6.0 GHz.
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fs, g3, gsn , and κs, it also causes changes to the qubit and cavity modes. This requires tuning

multiple parameters in order to reach the maser state we desire due to hybridization. Some

of these effects can be predicted, but most are not and so I have spent a good amount of

time ‘wrangling’ the system into order.

I started with the SNAIL at a fixed fs ≈ 5.5 GHz, see Fig. 72(b). Although this

bias condition is not where we find minimal static Kerr (see Fig. 64), it is a bias point that

produced fast and clean qubit inversions, so it likely maximizes g3. The qubit has a maximum

gqc,effective = gqc when its frequency equals that of the cavity, which is near 6.9719 GHz across

multiple cooldowns. This makes the pump without detuning fd = fs + fq = 11.919 GHz

far from any other known modes or combinations of modes throughout the circuit. There

are only two drives in this scheme: the TWPA (which should be far detuned and not an

interacting pump) and the SNAIL’s parametric pump, see Fig. 71(c). We do not drive the

cavity directly!

The cavity emits light that we can observe on the spectrum analyzer. This light peak is a

Lorentzian, corresponding to the coherent state it produces via masing. From the spectrum

analyzer data, we extract the frequency fmasing
c , power output Pmasing

c and FWHM to fit for

the linewidth Γmasing
c using the formula:

L =
1

π

Γ

2

1

((f − f0)2 +
Γ
2

2
)

(86)

for a Lorentzian with bandwidth Γ and center frequency f0. This gets scaled by:

Llinear = AL+ c (87)

to fit the Lorentzian power spectrum in linear units, as our analyzer produces data is in

dBm.

We look to see Γmasing
c decrease while Pmasing

c increases until we reach the Schawlow-

Townes limit:

Γmasing
c (STL) =

Γc

4⟨n⟩
. (88)
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Figure 73: Masing vs. DAC: fixed Φext (a) At a fixed SNAIL bias and qubit bias, we

change the DAC and thus gΣs,ge and ϵd. The fits from the brightest (b) and narrowest (c)

are shown. The minimum bandwidth is Γmasing
c

2π
= 70.127 Hz!
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Figure 74: Room temperature drive strength The signal sent into the fridge in Fig. 66

increases in amplitude for increased DAC value sent from the AWG. This curve does not yet

saturate or decrease in slope before reaching the maximum DAC value. This is in contrast

to Fig. 39 where the electronics saturate before filling the DAC. This shows us that our room

temperature electronics could be driven harder or amplified without degradation of signal.
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for average cavity photon occupation ⟨n⟩. We have already measured Γc on the VNA,

considering its bandwidth when the qubit is nearby in frequency but not quite zero detuning

because at that point the cavity and qubit are indistinguishable from one another.

Three parameters we swept were the pump amplitude ϵd by changing our AWG’s DAC

value, the pump frequency with finite detuning fd = fs + fq + γd, and qubit-cavity detuning

∆qc by changing the qubit magnet’s current. These were chosen for a number of reasons.

First, we wanted to watch Pmasing
c increase and Γmasing

c decrease with higher photon popu-

lation in the cavity. We expect Γp
ge to increase quadratically with ϵd, and likewise expect a

‘better maser’, see Figs. 73 and 75. ‘A better maser’ means brighter, narrower, and more

stable output than at other bias and drive conditions.

Second, we account for small detunings on the SNAIL and qubit in the presence of the

parametric pump and increased photon number, so some detuning is to be expected for the

pump. This is assuming the SNAIL is not perfectly Kerr-free, and the qubit might be Stark

shifted.

At a fixed Φtotal, fd for fixed static frequencies, we sweep the input amplitude of the

drive ϵd. We find Γmasing
c reach its minimum and Pmasing

c reach its maximum before turning

around. This peak in maser performance at a fixed set of particular driving frequency

and mode frequencies can tell us about the overall performance of our system. The first

question we can address, and the most straightforward to overcome, is the saturation of our

microwave electronics. Our drives can only supply input power up to a certain amplitude,

and in this experiment we are using a different set up compared to the bath engineered

qubits project and so the saturation problem seen in Fig. 39 must be reconfigured for this

experiment. Figure 74 shows that we are not yet hitting a saturation point, so the behavior

of our cryogenic sample is not limited with diminishing returns on input signal with increased

ϵd/DAC.

Second, the modes of the system are not necessarily static in frequency with different

driving conditions, no matter how much we would like them to be. Pump detuning γd to

optimize the maser at a particular Φtotal is not constant for all ϵd. This can be attributed to

mode heating and shifting with changes to photon number in each oscillator. Sweeping fd

is the most efficient way to find the conditions needed in the presence of shifting.
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Figure 75: Masing vs. DAC: fixed fd, Φext At a fixed SNAIL bias, qubit bias, and

pump frequency, we change the DAC. The maser becomes ‘better’: gets brighter (higher

in power output) and narrower (smaller bandwidth in frequency space) for increased DAC

until 17 A.U., before getting ‘worse’ at higher DAC. This is likely because the pump becomes

detuned with increased drive power and photon number.

These results did not produce what we expected. The light emitted by the cavity varies

greatly in how bright and narrow it is compared to the ‘natural’ response of the cavity Γc,

shown in Fig. 59(b). We had expected a small subset of conditions that would produce a

good maser, at the predicted bias conditions and pump frequencies. Looking at the bias

and drive conditions that produced the most promising results, this caused us to reevaluate

the experiment. The broadened search of the large parameter space produced many ‘viable’

masers, but it was not apparent what made some better than others.

One search was amongst different SNAIL bias conditions, shown in Fig. 72(a, c). As long

as the qubit’s population is inverted with a three-wave mixing term when the qubit is near

resonance with the cavity, we considered it a candidate for masing. This lead us to trying

near fs = 5.0 and 6.0 GHz. At all of these SNAIL frequencies, the sum frequencies also
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do not collide with other known processes and are well within the pass band of our room

temperature electronics. Surprisingly, moving the SNAIL away from 5.5 GHz produces

interesting, sometimes better, masers with fs = 5.76 GHz in Fig. 73 showing our narrowest

and brightest maser results.

5.4.3.2 Time Resolved Masing

The spectrum analyzer is a useful tool to find the maser output when we do not know

its exact frequency at the start of an experiment. This is well illustrated by the variation

in frequency center along the x-axis of Fig. 75. However, if we know what the steady state

solution for the maser looks like, we can trace out the timed dynamics by digitizing the

cavity’s output. From time domain measurements of the maser, we can understand its decay

better. This requires an exact knowledge of the output frequency fmasing
c in order to down

convert this frequency and have the ADC process data at the correct frequency. See Fig. 66

for the room temperature electronics setup used.

To digitize the masing cavity’s output, we first measure the mode on the spectrum

analyzer with fine frequency precision at a particular set of driving conditions. We find the

frequency of the central peak and set our digitizing generator to fmasing
c − 90 MHz. Our

digitizer is set to sample at 90 MHz, so the signal it processes must be exactly at 90 MHz

as well. We use an IR mixer to reach this, feeding the RF port with the cavity’s signal at

fmasing
c and the LO with fmasing

c − 90 MHz, converting the IF to 90 MHz. The digitizer or

ADC on the QICK ZCU111 board samples every 2.6 ns and generates a set of I and Q points

for every measurement. This data is acquired with a digital signal processing algorithm on

the FPGA. Every 2.6 ns, we learn about the state of the maser, both amplitude Amasing
c and

phase ϕmasing
c . Figure. 76 shows IQ-plane histograms from windows of data collection times

that are short compared to maser coherence time.

This is exciting because we now can understand maser evolution on time scales much

shorter than its decoherence time. We can watch it take a random walk in the IQ plane,

as a coherent light source, before eventually becoming incoherent due to phase noise, see

Fig. 77. This is measured as the point at which the random walk forms a complete ring in

125



𝐼 (uncal.)
−2 0 2

𝑄
 (

u
n
c
a
l.
)

−2

0

2
𝟎: 𝟐𝟔 𝝁s

c
o
u
n
ts

0.0

0.5

1.0

𝐼 (uncal.)
−2 0 2

𝑄
 (

u
n
c
a
l.
)

−2

0

2
𝟐𝟔: 𝟓𝟐 𝝁s

c
o
u
n
ts

0.0

1.0

2.0

𝐼 (uncal.)
−2 0 2

𝑄
 (

u
n
c
a
l.
)

−2

0

2
𝟓𝟐: 𝟕𝟖 𝝁s

c
o
u
n
ts

0.0

1.0

2.0

𝐼 (uncal.)
−2 0 2

𝑄
 (

u
n
c
a
l.
)

−2

0

2
𝟕𝟖: 𝟏𝟎𝟒 𝝁s

c
o
u
n
ts

0.0

1.0

2.0

𝐼 (uncal.)
−2 0 2

𝑄
 (

u
n
c
a
l.
)

−2

0

2
𝟕. 𝟖: 𝟕. 𝟖𝟐𝟔 ms

c
o
u
n
ts

0.0

1.0

2.0

𝐼 (uncal.)
−2 0 2

𝑄
 (

u
n
c
a
l.
)

−2

0

2
𝟕. 𝟖𝟐𝟔: 𝟕. 𝟖𝟓𝟐 ms

c
o
u
n
ts

0.0

0.5

1.0

𝐼 (uncal.)
−2 0 2

𝑄
 (

u
n
c
a
l.
)

−2

0

2
𝟕. 𝟖𝟓𝟐: 𝟕. 𝟖𝟕𝟖 ms

c
o
u
n
ts

0.0

1.0

2.0

𝐼 (uncal.)
−2 0 2

𝑄
 (

u
n
c
a
l.
)

−2

0

2
𝟕. 𝟖𝟕𝟖: 𝟕. 𝟗𝟎𝟒 ms

c
o
u
n
ts

0.0

0.5

1.0

Figure 76: The maser’s output on short time scales We can watch the maser evolve ev-

ery 2.6 ns by digitizing its output. Plotted here are snapshots of the maser every 10, 000 shots.

In each histogram, the I and Q coordinates of the digitized signal are counted for the previ-

ous 26 µs and reset in each panel.
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the IQ plane, when we can no longer verify its path compared to its starting point. This is

provided the amplitude of the maser’s output is stable and only the phase or frequency is

changing with time, which we do see as the ring has constant radius. Through this method,

we can measure the two-time correlation function:

G(t) = ⟨c†(t′)c(t)⟩ ∼ e−iωc|t′−t| (89)

which tells us how points at time t′ compare to those at time t. In our model, it follows

an exponential decay. From G(t) we can extract a coherence linewidth. The value from the

time evolution method should match that of the steady state frequency measurement, but it

can show us the maser with finer coherence on shorter time scales compared to its long-time

solution.
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Figure 77: The maser’s output on long time scales The output of the maser tracked

cumulatively over time. The maser evoloves around the IQ plane, taking a random walk

before diffusing out to a full ring.

The minimum value we measure for the maser linewidth is

Γmasing
c

2π
(minimum) = 57.67 Hz! (90)

127



As a reminder, the cavity has a bandwidth of Γc

2π
= 10 − 25 kHz when measured on the

VNA without the masing process. This is over 400× the decrease in Γmasing
c vs. Γc, achieved

by indirectly putting photons into the cavity through a population inverted, artificial atom

transmon. It’s a maser!

5.4.3.3 Maser Photon Number

As of now, we do not know the lower limit on maser bandwidth for our experiment. Are

we halted by the standard quantum limit on laser linewidth or some other physics of the

transmon and/or SNAIL? Is it the stability of our control electronics? The missing piece

of Eq. 88 is photon number ⟨n⟩, which would tell us how close we are to Γmasing
c (STL).

Measuring photon number in strong coupling resonant systems in cQED is difficult, but

possible in the dispersive regime with Stark shifting the transmon frequency by χqc for every

photon number in the cavity using the methods developed in Ref. [30]. We can tune the

qubit out of resonance with the masing cavity to increase their cross-Kerr χqc to perform

this QND measurement of cavity occupation. While these photons will be excited in the

cavity through direct driving, we can use this method as a proxy for the photons generated

in the masing process. Using the dispersive measurement technique, we can get its input

drive strength vs. ⟨n⟩. Then when we are masing, we can correlate its pump amplitude to

the photon number associated with the cavity having the same input strength.

Unfortunately, this measurement scheme did not work for our experiment. Reference [30]

increases the drive power on the cavity while performing qubit spectroscopy. This makes

the spectroscopy peaks form a Poisson distribution for a coherent state and Bose-Einstein

distribution for a thermal state, allowing us to assign each peak of shifted qubit frequency to

a particular photon number. Our gqc
2π

≤ 1 MHz makes it difficult to find a detuning ∆qc that

separates each shifted spectroscopy peak from one another. We cannot fit the spectroscopy

peak to any distribution that provides a meaningful approximation of photon number.

The ring formed in the IQ plane (Fig. 77) could also be used to calculate photon number

in a masing cavity, if we know the noise temperature of the output chain. The radius of

the ring tells us the average coherent amplitude Amasing
c =

√
N̄ . This measurement must
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be calibrated. The maser’s output at the base of the fridge goes through lossy elements like

cables, circulators, and filters, and also through a series of amplifiers: a TWPA at 20 mK, a

HEMT at 4 K, and a low noise amplifier at 300 K. This means the amplitude we measure,

after this chain of microwave components, is higher than that at its direct output. Therefore

this method is unreliable without proper calibration of the amplifier chain.

Finding good maser points has required combing through a large parameter space and

finding combinations of conditions that produce a bright and narrow maser. We had expected

masing via the purely three-wave parametric pump to invert the qubit to |e⟩ by driving at fs+

fq,ge and for the qubit’s |g⟩ ↔ |e⟩ transition to resonantly couple with the cavity. However, in

searching all degrees of freedom in our circuit, we have discovered other (sometimes better)

masing points. I will now discuss the more curious behavior of our experiment, highlighting

the versatility of our system featuring the principles of cQED.

5.4.3.4 Other Qubit Transitions

Recalling our single tone spectroscopy sweep on the masing cavity vs. Φext, we found a

second and third avoided crossing (Fig. 60), where the qubit’s fgf/2 and fef each cross with

the cavity (Fig. 62). Surprisingly, these points often make for a brighter, narrower maser!

The fef crossing is simple to understand under a generic three-wave mixing term ∝ s†q†

because if the qubit is in |e⟩ and then heated from there to |f⟩, the decay from |f⟩ → |e⟩

could reasonably couple to the cavity. This transition’s coupling rate gqc,ef ≪ gqc,ge so the

rate structure κs ≫ Γp
ge > gqc,effective ≫ Γc of Eq. 85 is boosted with lower gqc,effective. What

does not fit our model is the fgf/2 crossing.

For a harmonic oscillator, and the weakly anharmonic transmon, the transition |g⟩ ↔ |f⟩

is a two photon transition. Our qubit operator in our simple Hamiltonian model, q represents

a single photon. Only one q is involved in the SNAIL-qubit parametric heating process and

the Jaynes-Cummings qubit-cavity direct exchange. This means a total of three photons

are involved in the process, one s for pumping, one s for the SNAIL’s dynamics, and qge.

Therefore the addition of qef does not add up. In many experiments, varying ϵd, fd, Φtotal, and

fs, we see the maser narrower and brighter than the point involving only the fge frequency.
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We are still actively searching for an explanation for this phenomenon.

5.4.3.5 SNAIL Kerr

Good masing was also produced when the SNAIL was biased with substantial fourth

order nonlinearity. Our model for the parametric heating process:

Hsq = gΣ(s
†q†e−iϕd + sqeiϕd) (91)

only involves three wave mixing and is achieved by biasing the SNAIL to a Φtotal that

maximizes g3 and brought its even order coefficients towards zero. The bare SNAIL acts as

an effective harmonic mode. However, we found that when the SNAIL is brought to a flux

condition that yields a self-Kerr term for the SNAIL,Kss, our SNAIL is now more ‘transmon-

like’ with an anharmonic mode structure. Now the total effective masing Hamiltonian takes

the form:

Hmasing, total = gΣ(s
†q†e−iϕd + sqeiϕd) + gqc(q

†c+ qc†)− αq

2
q†q†qq − Kss

2
s†s†ss (92)

We find that the maser works well at these conditions, away from Kss = 0, because it helps

keep the SNAIL mode cold. This behavior was unexpected. Our three-wave drive should only

at most put one photon in the SNAIL before it decays at leading rate κs. The regeneration

rate gΣs,ge is limited by κs, so the process can only go as fast as the SNAIL decays in

order to repump the ratchet towards target state |0, e, n⟩. If the SNAIL is anharmonic, our

parametric pump only excites the SNAIL within its |0⟩ ↔ |1⟩ manifold, and therefore lets

us repopulate the qubit faster. These conditions do require greater detuning in the pump

frequency γd which we attribute to Kerr-shifting and the AC Stark Effect. Additionally, we

are not driving a four-wave parametric process with the SNAIL, but rather using the SNAIL

for three-wave mixing and its always-on anharmonic self-Kerr term.

These unplanned behaviors can be modeled numerically. Our initial model in Sec. 5.1 left

out SNAIL Kerr and did not account for multiple qubit-cavity crossings with different gqc,i,i+1.

After taking this data, which we found phenomenologically, we went back to QuTiP to try

justifying what we found. Using a full numerical model, without any approximations, we
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diagonalize and solve the master equation for a transmon qubit with fourth order nonlinearity

αq

12
q†q†qq as in Eq. 79, coupled to an originally linear cavity and a SNAIL with third and

fourth order nonlinearity of the form g3(s + s†)3 + g4(s + s†)4. The results in QuTiP with

Eq. 92 more closely match our measured data than the initial model, highlighting the ways

that approximations can obfuscate the true behavior of our circuits.

5.4.3.6 Room Temperature Stabilization

Throughout this chapter, I have described our search for pump and bias conditions that

induce masing. However we found that these conditions were not always consistent with time.

Often we would return to the same conditions at a later time, within the same cooldown,

and find that the maser’s output behavior was not even remotely close to what it had been.

This can be partially attributed to qubit frequency drifting vs. time. If the qubit changes

frequency, it effectively induces an unknown detuning on the pump frequency because we

cannot measure the qubit directly to detect this frequency shift while it is used in the masing

process. We could take measures to reduce qubit dephasing, including reducing the size of

the SQUID’s Josephson junction loop, but unfortunately cannot completely eliminate it. It

also can be attributed to unstable control and readout electronics.

At room temperature our drive and readout circuit consists of the DAC, the ADC, the

spectrum analyzer, current source, generators, amplifiers, filters, and mixers seen in Fig. 66.

All of these components must a) agree in frequency and b) remain stable in their output or

signal passing with time. All components, when possible, are locked to the same 10 MHz

Rubidium frequency standard so the generator and spectrum analyzer ‘agree’ on what a

Hertz is. Additionally, we took great care to stabilize the temperature of every component

so their output in the entire circuit is consistent.

The SignalCore generators, amplifiers, mixers, and filters were all bolted to a rack mount

box with optical board inside, and the box was insulated with Styrofoam [93]. Inside the

box was a temperature sensor read through a Raspberry Pi, and outside the box is a water

cooled Peltier cooler. We set the temperature that we want the box to be inside, and the Pi

uses a PID loop to control the cooler, which is temperature controlled with chilled water. We
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can track the output of the drive line vs. time, finding it stable to within 1% over roughly an

hour. This new generation of stabilizing electronics was built with the aid of my colleagues

Boris Mesits and Gaurav Agarwal.

As a physicist I would like all of my problems to be fixable at 300 K and my results to

be reliable at 20 mK. This is tremendously helpful in understanding our experiment; is the

behavior we see because of fixable control and readout inconsistencies, or due to interesting

quantum effects? Stabilizing the temperature of our components outside of the fridge is our

best shot at uncovering the quantum.

5.5 Maser Outlook and Next Steps

Through this chapter, I have shown our work on building a maser with linear inter-

element couplings using superconducting quantum circuits. We can make light come out of

a masing cavity that was not directly excited. This light is narrower and brighter than when

we probe the cavity directly.

In comparison to the bath engineering project of Chap. 4, this project calls for similar

requirements in circuit parameters and only uses a single parametric drive. We could not

have performed this maser experiment without having first understood the SNAIL-transmon

coupling schemes that produce various thermalized transmons. The maser proved a great

challenge because there are many moving parts. Not only does every mode shift with the

various bias and drive conditions, but the output of the experiment was almost never where

we thought it would be.

We still have some open questions for our maser experiment. We must calibrate for

photon number output of the cavity when masing to compare the masing we achieve to the

standard quantum limit on maser linewidth. We also need to predict the detuning γd needed

to optimize masing at chosen drive and bias conditions. Additionally, the frequency at which

we digitize the cavity’s output is not precise enough.

When we digitize the maser, we first measure its steady state on the spectrum analyzer,

fit the peak’s central frequency, and then set that as the mixer’s LO frequency with a finite
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single sideband. While we collect this data, enough time passes that the maser undergoes

a phase decoherence process in which its frequency changes. Ideally we could set its output

to a known value. This process is called ‘Injection Locking,’ where a nearby, narrow tone is

sent in and the maser would ‘lock’ to this second tone and oscillate at the same frequency

and with a narrowed linewidth. This is not only seen in lasers/masers, but also in classical

systems: two out-of-sync pendulums suspended from the same beam will eventually find

their way to matched resonance.

Once these topics are addressed, we can calculate how close our maser is to matching

the Schawlow-Townes limit. The theory proposal that inspired this experimental work in

Ref. [2] shows a 1/⟨n⟩2 improvement in linewidth with the introduction of non-linear coupling

elements between the atom and cavity, and the cavity and output, shown as the bottom

‘ABOCC’ option in Fig. 21. The ‘Approximately Bare Operator Coupling Circuit’ proposed

in this work is feasible in the lab, suggested as an RF SQUID and π-junction. The maser built

in this thesis has taught us how to design, measure, and control a maser with nonlinearity in

its artificial atom, but not yet in its couplings. We learned how to use nonlinear parametric

mixing to invert a nonlinear transmon. The addition of more nonlinearity will introduce

more degrees of freedom that must be characterized and conquered, but this flexible circuit

has shown us that with enough manipulation of its variables, even a frequency shifted, low

coherence transmon can make a cryogenic light source.
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6.0 Thesis Conclusions, Outlook, and Perspectives

This thesis details the work of two major experiments. First, we built a controllable

qubit-bath coupling for transmons with their microwave environment. This was achieved

with parametric three-wave mixing to heat and cool the transmon. We controlled the rates

of qubit transitions between neighboring excitation states, as well as the final probabilities of

finding the qubit in a particular state. Single parametric processes allow us to control a single,

uni-directional transition, and multiple processes allow us to control multiple transitions.

The results from this project, plus greater explanation of the tunable chemical potential, are

described in our paper, Ref. [72].

This level of control provides great flexibility in designing quantum circuits. We can

adjust the coupling of qubits to other elements and to their environment by modulating

parametric couplings with microwave drives. This means for any combination of drives at

fΣs, i, i+1
= fs + fq, i, i+1 and fδs, j, j+1

= fs − fq, j, j+1, we choose Γp
i, i+1 and Γp

j+1, j. These

parametric rates are the effective transition rates observed as the addition of native rates

plus any parametrically driven processes.

We showed a great enhancement of rates for a single transmon, coupled to one cavity

and one SNAIL. This scheme can also be extended to include more qubits and cavities. In

systems with two qubits, Bell states can be created with entanglement. Imagine a scenario

with two transmons, on resonance with one another so ∆qa, qb = 0 for bare frequencies fqa

and fqb . Each Bell state ∣∣Φ±〉 = 1√
2
(|g, g⟩ ± |e, e⟩) (93)∣∣Ψ±〉 = 1√

2
(|g, e⟩ ± |e, g⟩) (94)

in the basis |qa, qb⟩ has a unique frequency thanks to mode hybridization and transmon

anharmonicity. The eigen spectrum of the system will have unique splittings between levels,

shown on the left of Fig. 78, and so our parametric heating and cooling processes can be

individually driven at non-degenerate pump frequencies. We can also control the population

probabilities of each, altering the coefficient for each ket in Eqs. 93, 94 and thus our ability
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to heat and cool within a complicated two-qubit manifold. This scheme requires only one

qubit to be coupled directly to the SNAIL, and that qubit coupled to both its own cavity

and a secondary qubit-cavity system. On the right of Fig. 78 the heating process is shown,

but this same logic can be applied to parametric cooling and any combination of the two.

ȁ ۧ𝑔, 𝑔 =  ۧȁ𝑞𝑎, 𝑞𝑏

ۧȁ𝑒,𝑔 −ȁ ۧ𝑔,𝑒

√2
 

ۧȁ𝑒,𝑔 +ȁ ۧ𝑔,𝑒

√2
 

ۧȁ𝑓,𝑔 −ȁ ۧ𝑔,𝑓

√2
 

≈ ȁ ۧ𝑒, 𝑒
𝜔𝑑 = 𝜔𝑠 + 𝜔𝑞, ෦𝑔𝑒 

gΣ𝑠, ෦𝑔𝑒 
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𝑝

𝜅𝑠

ȁ ۧ𝑠, 𝑞𝑎, 𝑞𝑏

ȁ ۧ0, 𝑔, 𝑔

ۧ(ȁ1, 𝑒, 𝑔  
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ۧ(ȁ0, 𝑒, 𝑔  

 − ۧȁ0, 𝑔, 𝑒 ) / 2

𝜔𝑞, ෦𝑔𝑒 

Figure 78: Bath engineering for multiple qubits The eigen energy spectrum on the left

shows how two transmons with ∆qa, qb = 0 will rehybridize to have an anharmonic dressed

level structure. The |Ψ±⟩ lowest energy states are distinct, and the difference of differences

between all other levels are unique, allowing us to parametrically pump for specific state

transition rates. On the right, we can apply the parametric process at rate gΣs,g̃e
for this

new ‘ground to first excited’ transition.

The ability to set qubit(s) in particular relaxation states is greatly useful for quantum

simulations. We understand and turn all of the controls for our local, small quantum system

in the laboratory, which varies the in situ relaxations of our qubit. This can be used to

study larger, more complicated quantum models where we do not have such levels of control.

In order to simulate a system with advantage over classical supercomputing or one that

is inherently quantum mechanical in nature, we need to model the behavior of quantum

states with variable probabilities or create admixtures of states that form to the problem at

hand [106]. Our experiment does exactly this- we control how states are created and what
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they decay to, without destroying relaxation to other states.

Our work is unique because our heating and cooling processes are smoothly varying with

respect to time. When the pump is turned off, the qubit freely evolves and tends towards

the ground state, or whatever state is preferred for its physical temperature. When the

pump is on for increased time, as seen in Figs. 37, 41 for single processes and Fig. 44 for

multiple processes, the qubit takes a steady exponential population probability vs. time

path. This makes its effect tractable and prevents potential unwanted behavior from rapid

state switching.

Additionally, our bath engineered qubit sees a lossy SNAIL mode. There are no uniquely

specified frequencies or requirements on our pump or mode configuration. This provides

flexibility in project design and allows us to implement such a coupling scheme without

disrupting other circuit elements or processes. In our work, combinations of parametric

heating and cooling require (a) a transmon, (b) a SNAIL with decay κs greater than its

total effective parametric process rate, and (c) the ability to drive frequencies within a broad

band of values near SNAIL and qubit sum and difference frequencies. We do not require our

loss channel to be narrow band to collect our ‘thrown away’ light [60]. We do not require

pump frequencies at very specific spacings [66]. We don’t even require our qubit to be that

cold [107]. Our drives can be applied within a large detuning of fd = fs + fq + γd, shown

in Figs. 38, 42, and 45. Our pumps can be applied separate or together and have detunings

on order of the SNAIL’s bandwidth and still produce the desired effect. As long as our

pump does not accidentally cause some other process, it can be driven. And our qubit can

tolerate moderate heating because our parametric drive can rapidly cool it! We have built

a system that is straightforward to implement with great payoff: qubit admixture states

can be quickly created and maintained with a broad, re-configurable parametric three-wave

mixer.

The second project in this thesis is really a proof-of-application of the first. Parametric

drives can heat the transmon to a population inverted state, making it a candidate for single-

atom masing with a high Q cavity. The inverted atom exchanges energy with the cavity,
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repeatedly, because we maintain the hierarchy of rates

κs ≫ Γp
ge > gqc,effective ≫ Γc (95)

through tuning our circuit into the correct parameter space. The cavity must always be fed

another photon by the qubit before it decays, requiring the qubit to always be populated,

requiring the qubit inversion rate to be less than the SNAIL’s decay rate. This prevents

the maser ratchet in Fig. 23 from going backwards, or rather from light exchanging in the

direction we do not want it to.

With this SNAIL-qubit-cavity coupling scheme, we achieve masing with great success at

a number of bias and drive conditions. The output of the maser is significantly narrower and

brighter than it is when directly driven, and the frequency response of the output light is also

different than the cavity’s VNA response. This opens up use cases for this experiment. We

can make the cavity produce light within a window of frequencies, at an output amplitude

and linewidth that we control with the strength and bias of our parametric drives.

This means that if a particular application requires a specific frequency, amplitude, and/

or linewidth cavity, it can be created in situ. Fabrication inconsistencies and mode shifting

due to drives and hybridization mean that we do not always have the level structure needed

for particular experiments. However, those values can be created with adjusted drives and

biasing.

The maser shown in this thesis will not replace manufactured signal generators. Mi-

crowave signal generators, at room temperature, can be bought for under $5, 000 with ex-

cellent frequency and phase stability. My maser is coherent for milliseconds at best, and

has required countless hours of work and study. My PhD was not meant to produce a

commercially viable product, but rather to study the power of parametric mixing and su-

perconducting qubits as a flexible platform on which some interesting physics can be built.

The maser project shows how variability in circuit input AND output can be a daunting

reality, however it highlights the richness we have access to within the circuit QED platform.

I was able to make an artificial atom with the frequency and couplings I wanted, masing

through a cavity I precisely designed, and apply broadband drives through an in situ, re-

configurable parametric multi-wave mixer. If one element wasn’t to my liking, I could swap
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it out with a quick trip to the nanofab. And this flexibility does not only apply to building a

maser, but rather to any circuit one wishes to design using a superconducting RF modality.

If anything is to be taken away from this thesis, it is how powerful a tool three-wave

mixing is. In both projects, I have coupled a fragile transmon, whose lifetime we would like

to preserve, to a lossy SNAIL that gets driven as strongly as we can. The lifetime of our

qubit remained modest in the bath engineering project, and stable enough to repeatedly

probe and pulse. Lifetimes were quite low in the maser project, but likely due to phase

noise rather than parametric driving. We were still successful in achieving our goals for both

projects, showing how our transmons were not destroyed by strong couplings to the dump

mode. This work introduced loss as one of the key components to realize our target states.

We need the SNAIL to rapidly lose its photon(s) in order to reset the protocol. This is

unlike other SNAIL-qubit coupling implementations which use only the parametric mixing

properties of the SNAIL for gate operations.

Initially, the maser project was planned to be built with two cavities with a frequency

tunable qubit in between them, which would be pumped at fd = fq, gf/2, and the cavity

at fef would act as the dump mode. This idea was replaced with the one implemented in

this thesis because we realized three-wave couplings could make the process possible without

continually Rabi driving the qubit or relying on resonance conditions to remove unwanted

excitations. Generally, three-wave parametric couplings have become a mainstay of the

Hatlab because they are flexible, can be turned on and off in situ, and provide opportunities

to study interesting quantum information effects. Three-wave mixing is central to our lab’s

efforts in building quantum limited amplifiers [62], noise-reduced readout [108], performing

qubit readout with a SNAIL [38], realizing modular multi-qubit gates [96], and building

increasingly complicated quantum machines [109]. We have also used parametric multi-wave

mixing to perform novel qubit gates without involving the SNAIL [93].

The work in this thesis is limited by our inferred knowledge of the circuit elements

involved in the parametric processes. When the qubit is nearly on resonance with the masing

cavity and its inverted population is feeding the cavity, we cannot measure it. The masing

cavity is meant to hold onto its photons and not be read out, and in the strong coupling

regime it would not give us useful information about the qubit other than the Rabi exchange
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rate. The readout resonator cannot distinguish qubit from masing cavity state, so we cannot

use that. Instead we perform qubit lifetime and inversion rate measurements at the bias

conditions nearby (|∆qc| ≫ gqc) as a system diagnostic.

Ra drive Rb drive Qa drive 

Qb drive S drive S flux 

Figure 79: Multi-qubit circuit A mock circuit layout for a 2-qubit, 2-cavity realized in a

2D architecture. The qubit directly coupled to the SNAIL is fixed frequency, while the other

is a frequency tunable SQUID. Each qubit is coupled to its own cavity. Such a layout can be

used in an extension of both projects presented in this thesis. We can realize the Bell State

stabilization of Fig. 78 or a two-qubit maser. In both scenarios, only one SNAIL is used as

the generator of the parametric ratcheting process. This type of 2D circuit is more readily

re-configured and more compact than the designs presented in Chaps. 4 and 5.

This can cause problems because we are working with limited information. We do not
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know, with certainty, the frequency of the SNAIL or qubit mode separately in the presence

of the strong parametric pump. We are not able to measure any shifting that occurs with

high photon number occupation, physical heating, or frequency drifting due to noise and

decoherence, and therefore can only make strong guesses as to the pump frequency and

output frequency of the maser. This has taken more time to search our parameter space and

lead us to potentially hunting for bias conditions that might not produce the same results

some time later. In hindsight, we could use more parametric mixing to probe our system.

We could apply a transmon cooling tone to the SNAIL at the end of each experiment, which

would empty both the SNAIL and qubit. This would tell us the state of the SNAIL due to

the qubit inversion process; if the qubit is cold then so is the SNAIL, following the logic of

Sec. 3.1.4.

Bath engineering is a growing field as quantum error detection and correction increases its

scope, and more sophisticated algorithms for quantum simulation are designed. Future work

can build upon this thesis by including more of each circuit component, as shown in Fig. 79.

More qubits to thermalize, more cavities to store and readout, and more SNAILs to perform

increasing numbers of inter-elemental parametric couplings. One could readily insert a lossy

SNAIL to a system with one or more qubits and apply parametric interactions to create the

Figure 80: Schrödinger’s Hat
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qubit states desired. The output of a cryogenic maser can be fed as a light source to another

cavity or qubit, especially if they call for very specifically tuned input frequencies, which we

can tune the maser to produce with varying bias and driving conditions. The circuit drawing

in Fig. 79 is one way we can expand upon the projects presented in this thesis. We could

heat and cool Bell states by tuning the qubit’s on resonance with one another, and drive our

parametric heating and cooling plus engineered loss process through the SNAIL. We could

also use this circuit as a maser where the qubits’ joint light is what feeds the masing cavity.

This provides an opportunity for entanglement studies and further propagation of quantum

states as needed in quantum simulations.

The act of measuring a quantum system forces probabalistic outcomes. The entanglement

of our qubits with our measurement apparatus is unavoidable. This thesis shows how we can

variably control the probabilities of measurement outcomes. We cannot remove the poison

that kills Schrödinger’s cat, but rather we can design how quickly and with what probability

it does. I have shown how I can manipulate qubit and cavity states into what I want them

to be, almost instantaneously, with a handful of microwave drives. Throughout my PhD, I

have worked on harnessing these parametric processes to find a final, steady state solution of

my choosing. This has been done in spite of, or in addition to, any losses and native rates of

the circuit. Lastly, I have realized and measured short scale evolution of complicated state

configurations for bath engineered qubits.
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