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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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AWG arbitrary waveform generator
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cQED Circuit quatnum electrodynamics

DAC digital to analog converter

DC direct current
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FWHM full width at half maximum

HEMT high electron mobility transistor

HE'SS high frequency structure simulator

JJ Josephson junction

JRM Josephson ring modulator

QHO quantum harmonic oscillator

QND quantum non-demolition

QuTiP quantum toolbox in python

RF radio frequency

RWA rotating wave approximation

SC superconducting

SEM scanning electron microscopy

SNAIL Superconducting Nonlinear Asymmetric Inductive eLLement
SQUID Superconducting Quantum Interference Device
STL Schawlow-Townes limit

Transmon transmission line shunted plasma oscillation
TWPA Travelling Wave Parametric Amplifier

VNA Vector network analyzer
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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
































































































a Vary temperature b~ Vary chemical potential
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Figure 16: Fermi energy with varying 7 and p The equation P(E) = 1/eE-w/ksT 41
describes the population per energy state for particles following Fermi-Dirac statistics. This
expression features the chemical potential p 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 p varied, the highest energy of occupation
shifts. For increased p, the energy increases. Our experiment seeks to modify both variables.
We wish to change the states that get photon occupation (u) and how occupied each state
is (7).

For N(w,) = 1/(efs/kTBain — 1) the average photon number for the thermal state at tem-
perature Tgyn. In this model, only the SNAIL is coupled to the bath. To solve the master
equation, break p into each matrix element and find the equilibrium solutions to each mode
by tracing out the other mode with p® = Tr,(p), leading to a simplified density matrix for
the SNAIL mode:

14N (ws) 0
ps — 142N (ws) (55)
0 N(ws) )
142N (ws)
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Figure 23: Masing ladder diagram A step-wise visual depiction of our masing process. The
parametric pump X is modulated at gs;, exciting s and ¢. The fastest rate x4 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 I'_. 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 ['™msn9.

qubit follows the form:

H,, = gs(s'qTe ™ 4 sqe'®?) (73)
for parametric pumping rate gs = 6gs( isi)|77d,2| actuated by the drive 7,5 = 2oacall) for
s wd ws

variable drive strength €,(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 %S‘Z 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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indium seal m?gnet tube

Ti aligning pin'

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 2 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 \/4 cavity post) is laser cut to be precise

and made in a singular cut to be perfectly aligned.
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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 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 4™ order nonlinearity in the

mode. This particular bias has a small negative self-Kerr.

measurements for this experiment are: f,q = 4.519 GHz, f, .52 = 4.42 GHz, f,.; =
4.321 GHz, and so 5% = —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 1Q0618). 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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Figure 32: Basic qubit pulse sequences The microwave pulse sequences typical for char-
acterizing qubit performance. (a) m-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 xge.
(c¢) Ty. With the chosen f, and A, 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 77. (d)
Ts, Ramsey- Apply two /2 pulses, spaced by variable time ¢,,,,. 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) Ts, geno. Same pulse sequence as
T5, r except add an additional 7 half way between the ¢,4,, 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 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 ¥ line saturates near

2.75 V and (b) the 4 line 1.75 V.
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Figure 42: Sweep 0, 4. frequency and amplitude At a fixed f; 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 ds g, the only steady state population that can be targeted is |g) and the only
qubit rate I'Z .

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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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

[0
Htransmon,NL = 1_;(6_1 + qT)4 (79)

is typically approximated to only include the anharmonic term %qTqqu. However, if we
look beyond the rotating wave approximation (which is more accurate anyway), we retain
all other combinations of ¢ and ¢! 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:

[0}
(¢'q'd'q + qqaq") (80)

q
Htransmon,SH - 3

which can be activated by pumping at f; = ! Lie

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 gsg = %773 , compared to the resonant drive’s 7. 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 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 pW 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 A, = 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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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 ¥ 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 §¢ vs. flux. The cavity increases in linewidth as it hybridizes
with the transmon. (¢, 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.

103



