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Josephson-junction based parametric amplifiers have become a ubiquitous component
in superconducting quantum machines. Although parametric amplifiers regularly achieve
near-quantum limited performance, they have many limitations, including low saturation
power, lack of directionality, and narrow bandwidth. The primary aim of this thesis is to
attack these problems by using multiparametric drives. We will discuss an assortment of
multiparametric pumping schemes, and in particular, present an amplifying scheme that is
created by applying imbalanced, simultaneous, strong gain and conversion pump tones in
a Josephson Parametric Converter. This mode of amplification features broadband gain in
transmission that is 10X the bandwidth of a typical, single-pumped JPC amplifier and is
matched in reflection up to -15 dB, making it only one scattering parameter away from the
ideal quantum-limited amplifier. Since this amplifier is matched in reflection, we also explore
the possibility of being able to chain these amplifiers to enhance the saturation power and
work towards a fully directional amplifier.

In addition, we discuss superconducting, thin-film van der Waals materials for use in
superconducting circuits. We began by studying the nature of the contact made between 3D
bulk aluminum and these 2D flakes, and discovered we could create truly superconducting
contact at their interface. Next, we created a superconducting SQUID from two of these
atypical junctions, and studied its quantum interference pattern. We were able to measure
critical currents of 10-100’s of A, and also found that the effective area of both the junctions
and the superconducting loop itself is much larger than their physical size due to the geometry
of the flake. In addition, we studied the kinetic inductance of these flakes by placing them in
NbTiN superconducting resonators, and found that the kinetic inductance we were measuring
is around 2 orders of magnitude higher than what was predicted by theory.

The thesis paves the way for using nontraditional elements and pumping schemes in
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superconducting circuits to create a new generation of devices for use in superconducting
quantum information processes. In the future, hopefully, these fabrication techniques and
experimental discoveries will bring the field closer to a fault tolerant, universal quantum

computer.
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shows how the probe tone, a coherent microwave state, becomes conditionally altered as it
passes through the cavity-qubit system, which separates the two gaussian distributions in
[-Q space through a combination of phase and amplitude shifts. To distinguish between
the two states of the qubit, the cavity output must yield distinguishable distributions when

digitized at room temperature.
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Figure 2: Read-out without amplification using Fresnell 'lollipop’ diagrams. The coherent
state measurement pulse is represented as a Gaussian disk in I-Q) space with a displacement
given by v/n, where n is the average photon number in the coherent pulse (in grey). The
signal enters the qubit/cavity system and interacts with the qubit so that it becomes phase-
shifted depending on the state of the qubit (red for |e) and blue for |g)). When the signal
leaves the cavity, now phase-shifted by #, this takes the coherent state and displaces it from
its original position by g The displacement from the origin and standard deviations are not

affected.

These distributions are not, however, exactly observable as the quadrature operators for
I and Q do not commute. However, they are also tiny amounts of microwave power (a few
to a few tens of photons per pulse) and so the distribution would be essentially completely

destroyed if we do not first substantially amplify the pulse. The best readily available






























1.7 Dissertation organization

This thesis is organized as follows. First, Chapter 2 will discuss the quantization of su-
perconducting circuits, including the qubits and amplifiers used throughout this dissertation,
and the and the circuit QED framework we use for qubit control and readout. Chapter 3
will discuss several multiparametric processes which are available in any device that has a
Hamiltonian with a 3-body mixing term (such as the JPC). Further, we look at how inter-
ference from multiple, simultaneous parametric drives in a few-mode device can combine to
give rise to novel modes of amplification that have increased bandwidth, no gain-bandwidth
product, and even give our amplifiers matched inputs (no reflections). In Chapter 4, I will
review how to physically realize a desired Hamiltonian using the multiple simulation tools
at our disposal, including Microwave Office, HFSS, and Mathematica. In addition, I will
present some subtleties in the designs including stray inductance and higher order effects. I
will walk through how we arrive at the final design for the amplifiers used in this thesis.

Chapter 5 is devoted to the theory, fabrication, and results of our progress made with 2D
vdW materials. It will show how we supplement dc characterization tools with rf measure-
ments of these circuits based on the techniques we use to characterize parametric amplifiers.
We show how to make true superconducting contact between 2D TMD flakes and bulk alu-
minum circuits, while examining the resultant junctions’ strange and unique properties due
to substantial flux penetration through the few-layer thick flakes. We were able to make
both individual Josephson junctions and SQUIDS, and measured very high critical currents,
in the tens of microamp range, from these devices. At the end, we present a study of the
kinetic inductance of few-layer flakes of NbSey, which we measure to be orders of magnitude
higher than simple expressions for kinetic inductance predict. If this can be confirmed and
explained, this could be highly useful for components in superconducting circuits such as
super-inductances.

Chapter 6 presents all of the fabrications recipes and techniques used throughout the
dissertation, and Chapter 7 contains the experimental data collected from our parametric
amplifiers. Specifically, we show that multiparametric pumping schemes, such as a combi-

nation of gain and conversion (which we term GC for convenience), do not hinder quantum
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efficiency, and in fact, boost the bandwidth and improve scattering parameters of the device.
The initial multiparametric pumping data is presented all from the same amplifier to compare
their features, and finishes with the imbalanced GC pumping scheme (termed GCI), which
achieves an order of magnitude larger bandwidth than a traditional JPC operated at 20 dB
gain. More, imbalanced GC amplification results in matched devices, and thus, unlike all
of our previous amplifier designs, can be arrayed. Next, the new preliminary data from our
array amplifier and our new Superconducting Hybridized ARbitrary Cavity-based (SHARC)
platform, is discussed. Lastly, Chapter 8 presents my conclusions and future outlook.

The field of superconducting quantum computing is still some time away from not only an
ideal amplifier, but a firm understanding of how to best control and use nonlinear elements
in a circuit. However, my work shows how a combination of multiparametric drives in the
JPC can lead to significant improvements of its characteristics and additionally, pave the
way for a device that may be fully directional. Furthermore, it lays the groundwork for how
to incorporate 2D superconducting TMD materials into these circuits to study their contact

properties and nonlinearity.
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Making all of these substitutions and grouping terms gives the familiar Hamiltonian:

H;pc
h

= weala + wpb'b + wecTe + gs(a + a) (b + b1 (c + 1), (2.20)

where the quantum hats have now been left off in the name of brevity. All operators should

still be considered quantized. g3 represents the strength of the 3-body coupling,

PaPoPcWaWpWe
93 = \/hT, (2.21)

where pop. & Ljo/Lap. are the participation ratios of the inductances that arise from the
junctions themselves, as well as the linear, geometric inductance from each mode. E<T is the
effective Josephson energy, which is flux dependent.

This quantized JPC Hamiltonian shows 3 quantum harmonic oscillators that are coupled
together, and it is this last term that is responsible for every interesting interaction in the
JPC. Furthermore, the strength of these couplings depends on the external magnetic flux,

and is periodic.
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3.0 Parametric Couplings

This chapter will be a more in-depth look at many (but not all) of the possible parametric
couplings available in the JPC, or in any system with an all-to-all 3-body coupling. It will
begin with singly-pumped parametric processes; gain and conversion, and move on to multi-
parametric interactions including GC, GCI, and GG (which are each named for their pump
configuration). This chapter is entirely theoretical, with mathematical descriptions of the
scattering parameters that arise from these pumping schemes. To best compare all the mul-
tiparametric pumping schemes, the bandwidths of all the modes are held constant throughout
(k =20 MHz) and all gain profiles achieve 20 dB. This chapter aims to show that, at least
in theory, turning specific couplings on and off through a choice of pump frequencies and

powers can greatly enhance the performance of an amplifier.

3.1 Gain

The Hamiltonian of the JPC up to 37 order is given by:

Hjpe = hwaata + hapb'b + hwecle + hg(a + a') (b + b1 (c + cf). (3.1)

This way of grouping terms in the Hamiltonian allows us to see there are a great deal of
possible 3-body couplings intrinsically available to the user. One can change the type of
parametric process with a specific choice of pump frequency, as the terms that are not at the
same frequency rotate away in the Rotating Wave Approximation (RWA). However, there
are two typical modes of operation in the JPC: gain and conversion. Gain is the process by
which pump photons are turned into signal and idler photons and increase the magnitude
of the signal output from the device. The standard mode of amplification in the JPC is
phase-preserving gain, created when the common mode, ¢, is pumped at the sum of the

other two modes resonant frequencies: w, = w, + wy
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Figure 9: Theoretical plots of a one-pump, phase-preserving gain process in reflection and
transmission as a function of the input frequency. The bandwidth (BW) is inversely depen-
dent on the square root of the gain, G, leading to the gain-bandwidth product. It is also de-

pendent on the effective average of both modes involved, a and b, where k = 2K,kp/ (Ko + Kp)-

3.1.1 Phase-preserving and phase-sensitive amplification

Gain can be broken down further into two broad categories of either phase-preserving or
phase-sensitive amplification. Although the JPC is typically operated in the phase-preserving
regime, the phase-sensitive mode works equally as an amplifier and may even be preferable
in some instances.

Quantum mechanics does not allow us to measure both the In-phase (I) and Quadrature-

phase (Q) of the signal perfectly at once, due to the Heisenberg uncertainty relation. In the
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Figure 14: Theoretical plot of GCI amplification in reflection, transmission, and in compar-
ison to the GC amplifier mode and the singly-pumped G amplifier mode. In reflection the
signal becomes a deep dip, showing that it is a matched port. In transmission, we see a
bandwidth that is a broad, flat peak, and only dependent on x, much like the GC amplifier.
However, in the last pane, it is clear that GCI has a significantly broader bandwidth than
any other mode discussed in this section. The linewidth of the modes are both given by

rk =20 MHz.

3.5 GG amplification

GG amplification is created when two gain frequency pumps are detuned from the center
frequency by +A, making them wp; = w, + wp + A and wpy = w, + wp — A, where A is a
small frequency shift, on the order of a few MHz.

The two offset gain pumps add together to create a broadband amplifier centered about

the original gain frequency. It is governed by the coupling Hamiltonian:

Heg = hgei(a'ble + ab)e P12 4 hgay(albl + ab)el@r2=40, (3.23)

Like the single gain tone process, this amplifier creates gain both in reflection and trans-
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4.0 Hamiltonian Theory And Design

Carefully designing a new amplifier or device is a multi step process even before any actual
fabrication of the sample begins. In this rather bulky chapter I will breakdown the design
stages a sample goes through before it is fabricated. In addition, I will briefly summarize the
role each simulation software, such as HFSS, Microwave Office, and Mathematica, has in the
design stages. These subsections will then be followed by theoretical descriptions of specific
amplifier iterations we invented, such as the Meandering JPC, Wire-JPC, and Lumped JPC,
to combat unwanted 4th order Hamuiltonian terms. Next, I will outline all the theoretical
work that has been done, so far, to incorporate the Lumped JPC into a series array, and
finally, show the evolution of the amplifier series to a brand new platform we call the SHARC
amplifier.

4.1 Software tools

4.1.1 Modeling amplifiers in Microwave Office

Microwave office™ (MO) is a powerful suite of software that is capable of modeling
nonlinear processes in the JPC, as well as standard microwave devices such as filters. In
MO, the user can select lump elements for circuit design and test new designs and couplings
by designing the circuit schematically. The two most common required elements are the
lumped capacitor and inductor, who’s values can be modified and changed, but usually
remain in the pH and uF regime for microwave circuits.

To introduce nonlinear elements into the circuit, such as a Josephson Junction, MO offers
a series of nonlinear elements. Since a Josephson Junction can be thought of as a nonlinear
inductor in parallel with a capacitor, we represent it with a special type of nonlinear, lumped
inductor. This element, called NLIND, can be uniquely altered to include higher order terms

of the inductance. At least one NLIND element must be manually changed, and then copies
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Figure 20: Theoretical plots of the strength of 4th-order cross and self Kerr terms for the
8-junction JRM and linear-shunted JRM for a g ratio of 2.5. The blue data points represent
the 8-junction device terms and the yellow, the linear-shunted terms. The red dotted line
shows the 0 point crossing for both cross and self Kerr terms. Note that both 4-th order
terms cross 0 at the same point for the linear-shunted device but not for the 8-junction

device.

As the behaviors of the various Kerr terms are very similar in their effect on device
performance, the junction-shunted JRM ring will not realize the benefits of a linearly shunted
JRM but will instead perform essentially no different from the un-shunted version. We have
also found, in both theory and experiment, that asymmetries in junction critical current and
applied bias flux to the JRMs four loops must be minimized, as they can cause substantial

difference in the flux response, and hence Kerr nulling, of the JRM.
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Figure 26: The K-layout design for the meandering JRM. The outer ring is 26 x 38um? and
the inner shunts are each about 105 yum in length. The Josephson junctions are created from

the four structures on the outer ring when they overlap in the double-angle deposition.

To erase the effects of mutual inductance, we decided to try stretching the size of the outer
JRM ring itself, to about 105 gm x 105 gym. To minimize « in this scenario, it is necessary to
increase the nonlinear inductance by decreasing the physical size of the Josephson junctions.

From making this trade off, we estimated we could achieve an « of 0.35.
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Figure 27: The K-layout design for the lightning JRM. The outer ring’s size has been in-
creased to be ale to fit the longer, less winding shunts. In order to balance the ratio «, we

also had to decrease the size of the Josephson junctions.

The lightning JRM is a perfect example of how no matter how precisely you simulate and
calculate devices, it is still crucial to test them experimentally. This is because the biggest
issue with the Lightning JRM is something that cannot be detected from simulation. we
found that the size of the JRM became so large that the magnetic field from the bias magnet
was not flowing through the sub-loops evenly. Thus, we cannot assume the ground state of
the phases ¢1 = @2 = w3 = @4 = 0. This distorts the Hamiltonian, making our solutions
somewhat invalid. We decided stretching the JRM size wasn’t the best design, and we would

need to reduce it to the original size.
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Figure 38: Theoretical plots of the 3-dB bandwidth in reflection and transmission of the two
JPC arrayed amplifier. The linewidth of k, = k. is swept vs. the gy coupling between the
idler modes (kp1 52. The star represents the chosen conditions, which was selected for having

a good balance of fabrication feasibility and desirable properties.

From examining these plots, we selected a bandwidth for x,. of 100 MHz, which we
knew was feasible from past LJPC designs. To get the ideal bandwidth of the amplifier in
reflection, this corresponded to a go of 30 MHz, producing about 100 MHz of bandwidth in
reflection and transmission. This seemed like an attractive starting point so we proceeded
with these parameters as the goal.

Adjusting the ks of the modes a and ¢ is not challenging, as their coupling capacitors act
as an individual knob for this parameter. Their corresponding phase responses in reflection
from HFSS can be fit and k can be extracted. The more challenging parameter to extract is
g2-

The magnitude of g, is dictated by the size of the coupling capacitors between the two
idler modes on the coupling capacitor "island.” The island consists of the base layer, which

is separated from the rest of the chip, the insulating layer, and the two capacitor pads on
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Figure 39: HFSS sweeps of avoided crossings with fit and extracted g,. The size of the
coupling capacitor is noted for each, and is help constant throughout the sweep. One idler

mode’s size is also held constant, and the other is swept through a range of sizes until the

avoided crossing is evident.
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Figure 43: Theoretical scattering matrix of SHARC amplifier with GCI4+-C coupling. From
the scattering matrix, we can see that just like with 2 mode GCI coupling, this is a bi-
directional amplifier that is matched in reflection. Mode b should ideally be a hidden mode
in reality, but we include it here to show that no light should escape from this mode if x;, <

Rg.c-

)

coefficient, and A is the frequency separation between the SNAIL and specific linear mode
(a,b,c).

One feature that is left off in this simulation is the "healing capacitor.” In real life, there
must exist a slit in the ground plane that extends from the SNAIL to the corner of the entire
sample so that flux can still be used to bias the SNAIL. Without it, the superconducting
Meissner effect would prevent magnetic flux from being able to reach the SNAIL. We create

a capacitor across this slit to hold the two sides of the ground plane to the same potential,
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Figure 45: HFSS schematic of the SHARC amplifier, showing the nonlinear SNAIL mode
in the middle (orange), which is coupled to 3 linear modes (seen in red, maroon, and blue)

through coupling capacitors.

Since this platform is designed to be used to create a directional triangle amplifier and
a directional array-type amplifier, the mode bandwidths will have to shift from the previous
design. The triangle mode coupling regime requires a ”dump” mode, or a very lossy mode for
signal to leave the amplifier. However, the array amplifier, as previously mentioned, requires
the opposite and instead needs a very high Q mode in the center, between the input and
output mode, so light cannot escape. We determined that it would be best for the high Q
mode to no longer be the SNAIL, since that made for the most convenient dump mode as
it is also the only mode being directly pumped. The new high Q mode was designed to be
the b mode, at around 7.5 GHz, and the new mode, ¢, designed at about 9 GHz.

For this new design, we decided to increase the strength of the gs couplings between

the nonlinear and linear modes, as we were not seeing much gain experimentally. We had
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(a)

(b)

(c)

Figure 47: Schematic of TMD flake undergoing plasma etch and aluminum deposition. (a)
After the lithographic mask is patterned via EBL, a reactive ion etch is used to expose
a cross-section of the hBN/NbSey/hBN heterostructure. The stack is then loaded into a
Plassys Evaporator with ION Gun where a 3 minute Ar ion mill step is used to expose a
fresh facet in situ before evaporation. (b) Aluminum is evaporated in the Plassys at an angle
30 degrees from vertical. (C) Optionally, additional double-angle deposition can be used as

well. (Figure created by M.Sinko)
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