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Major Goals: Our research program targets the development of advanced quantum-limited microwave amplifiers,
including on-chip implementations, and precision circuitry which makes use of squeezed light and interferometry to
boost readout speed and fidelity while reducing hardware complexity over current state-of-the-art.

Accomplishments: The UC Berkeley and MIT teams have developed and characterized Josephson Traveling
Wave Parametric Amplifiers (JTWPA or TWPA), superconducting amplifiers providing significantly greater
bandwidth and dynamic range than the previous state-of-the-art. This technology enables multiplexed high-fidelity
readout of many qubits.

The UC Berkeley team, with theory support from the McGill team, has demonstrated the first use of injected
squeezing to increase the signal-to-noise ratio (SNR) of a superconducting qubit measurement. While in principle
microwave squeezing provides access to ultimate limits of sensitivity in superconducting qubit measurements,
measurement enhancement has remained elusive, in part because integration with standard dispersive readout
pollutes the signal channel with antisqueezed noise. In our work, we induced a stroboscopic light-matter coupling
with superior squeezing compatibility, and observed an increase in the final signal-to-noise ratio of 24% with
applied squeezing. Squeezing the orthogonal phase slowed measurement induced dephasing by a factor of 1.8;
the ability to control measurement backaction using squeezing is valuable for proposed multi-qubit gate schemes.
Our scheme provides a path to practical microwave squeezing for qubit measurement.

The UC Berkeley team, again with theory support from the McGill team, has also integrated a Josephson
Parametric Amplifier (JPA) on-chip with a superconducting qubit, forming a transmon-amplifier circuit (“Trans-
Amp”). The on-chip gain mitigates the effect of typically unavoidable microwave loss occurring between a qubit and
an off-chip amplifier, enabling detection of the readout signal at room-temperature with increased measurement
efficiency greater than 70%, valuable for continuous-measurement based feedback and squeezed-readout
protocols. We have investigated measurement backaction and efficiency improvement in this hybrid system for a
range of operating points and observed good agreement with our theoretical model. As the Trans-Amp requires
minimal additional on-chip circuitry, replacing the standard linear readout resonator with a flux-tunable non-linear
resonator and pump line, we expect compatibility with modern multi-qubit architectures.

The theory work at Sherbrooke has focused on three key areas: (i) they have developed a quantum theory for the
JTWPA. This was used to predict the device’s output field squeezing spectrum. Moreover, they have shown that
JTWPAs are powerful resources, allowing to prepare states that are universal for measurement-based quantum
computing. (ii) They have extended the study of longitudinal coupling and shown that it could be used for fast and
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high-fidelity entangling gates, thus making longitudinal coupling an attractive platform for quantum computing.
Moreover, they have shown that squeezing can be used as a resource to obtain exponential improvement in gate
fidelity. (iii) They have shown how quantum state engineering of photonic cat states is possible in JPAs. This opens
the possibility to use these amplifiers for cat state based quantum computing.

The McGill team has developed a method that allows exponential enhancement of a dispersive measurement using
squeezing which is generated in situ, thus avoiding losses associated with transporting and injecting squeezed
states. This method builds on their previous work combining two-mode squeezing and dynamical symmetries, and
is also related to the “TRANSAMP” integrated amplifier/readout system studied earlier in the program. As an
added bonus, the system also features strong intrinsic protection against non-QND backaction effects such as
Purcell decay. Other accomplishments at McGill include devising a theory of how impedance engineering can
enhance standard paramp bandwidth, and in collaboration with the MIT team, a theory describing how loss
mechanisms and noise degrade squeezing generation in TWPA style amplifiers. This work shows that loss that is
asymmetric between signal and idler frequencies is particularly damaging; it also suggests methods for mitigating
these effects.

During the past year, the MIT team completed characterization of the 2-cavity/1-qubit sample, which will be used
for two-mode squeezed readout. They also measured the broadband two-mode correlations in a TWPA as a
function of signal frequency and gain. The device will later serve as the source of squeezed light for qubit readout.
In support of performing vacuum noise calibrations, they developed data visualization tools including squeezing
tomograms (covariance matrix) and reconstruction of Wigner functions. They also developed theoretical tools for
studying the effect of distributed vs lumped element loss on achievable squeezing, and investigated the effect of
asymmetric loss on squeezing (in collaboration with McGill). They also designed a device consisting of a transmon
qubit longitudinally coupled to the readout circuit. The chip is currently in fabrication; they anticipate to perform
experiments on this device in the next few months. Finally, they have renovated lab in order to accommodate for a
new dilution refrigerator, sponsored by LPS.

Milestone summary:

Accomplished goals:

» Fabricate transamp circuit

» Developed a comprehensive theory of the TRANSAMP integrated qubit/parametric amplifier readout system.
» Develop PARI theory: linear response

*  Model squeezing efficiency of Josephson Junction paramps

+ Demonstrate fluorescence-based methods for characterizing squeezing

» Experimentally investigate squeezing efficiency of Josephson Junction paramps

»  Develop theoretical model of TWPA to account for higher harmonics

+ Develop TWPA design to filter harmonics, explore different designs/BW

+ Fabricate TWPA'’s with optimized parameters

Test TWPA'’s: gain/bandwidth/backaction/fidelity

Develop protocols for efficient squeezed light generation

Model efficiency of squeezed-light readout schemes

Developed a high-fidelity two-qubit gate based on longitudinal coupling

Theoretically show that squeezing is a resource for two-qubit gates

Developed theory of quantum state engineering in JPAs

» Develop a comprehensive understanding of how direct injection of single-mode squeezing into a cavity can
enhance standard dispersive measurements.

» Develop a strategy for using two-mode squeezing to exponentially enhance standard dispersive measurements
» Develop a strategy for how squeezing can be generated and used in-situ in a measurement system to enhance
the measurement, thus avoiding limitations coming from insertion losses

» Designed, fabricated, and tested TWPA4 with optimized design parameters (with UCB, LL)

Designed on-chip microwave directional coupler for use with TWPA

Read out 2D qubits with TWPAs (C-shunt flux qubit, transmon)

Completed characterization of the two-cavity/one qubit sample for squeezed readout

Demonstrated two-mode squeezing in TWPA

Developed detailed understanding of the limiting factors of TWPA two-mode squeezing

Designed transmon qubit longitudinally coupled to a readout resonator

» Performed initial characterization of qubit longitudinally coupled to readout resonator

» Characterize transamp gain and backaction

» Develop an understanding of how two-tone driving allows one to fully exploit single-mode squeezing to
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enhance dispersive measurements.

* Detailed numerical study of readout performance using longitudinal coupling
+ Use squeezed light to control measurement backaction

+ Use squeezed light to read out transmon

Training Opportunities: Graduate students trained as part of the program:

- UC Berkeley: Christopher Macklin, Mollie Schwartz, Andrew Eddins, John Mark Kreikebaum
- MIT: Moritz Businger

- Sherbrooke: Baptiste Royer

- McGill: Benjamin Levitan

Undergraduates mentored as part of the program:
- UC Berkeley: Aditya Venkatramani, Yanijie Qiu, Nicholas Frattini, Reinhard Lolowang, Dirk Wright
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+ B. Royer et al., “Fast and High-Fidelity Entangling Gate through Parametrically Modulated Longitudinal
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» 8. Puri, et al., “Quantum Ising machine with a network of nonlinear oscillators”, Quantum cavities, Quebec
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» S. Puri, et al,, “A quantum Ising machine based on parametrically driven nonlinear oscillators” Adiabatic
quantum Computing 2017 (AQC 2017), Tokyo 2017 (contributed talk)

+ S. Puri, et al., “Quantum annealers with parametrically modulated nonlinear oscillators” University of Tokyo
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» A Blais « Calcul quantique adiabatique dans les circuits supraconducteurs » LIA-Laboratoire circuits et
matériaux quantiques. Saint Lambert des Bois, France. 2017. Oral presentation.

» A. Blais “Quantum Ising machines with parametrically modulated nonlinear oscillators” CEA Saclay. Gif-sur-
Yvette, France. 2017. Oral presentation.
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Optics and Quantum Information. Innsbruck, Austria. 2017. Oral presentation.

+ A Blais. “Quantum Ising machines with parametrically modulated nonlinear oscillators” ETH. Zurich,
Switzerland. 2016. Oral presentation.

» A Blais. “Quantum Ising machines with parametrically modulated nonlinear oscillators” Driven Quantum
System Workshop. Bariloche, Argentina. 2016. Oral presentation.

» A. Blais « Superconducting quantum circuits », McGill University Colloquium. Montréal, Canada. 2016. Oral
presentation.

» S. Schreppler, “Stroboscopic qubit measurement with injected squeezed light, Part 1: Controlling measurement
backaction,” 2017, APS March Meeting, New Orleans, LA

+ AW. Eddins, “Stroboscopic qubit measurement with injected squeezed light, Part 2: Enhancing SNR”, 2017,
APS March Meeting, New Orleans, LA

» S. Schreppler, “Evading quantum backaction via displacement coupling in circuit QED”, March 2017, RIKEN
Quantum Condensed Matter Research Group Seminar, Wako, Japan

» S. Schreppler, “Evading quantum backaction via displacement coupling in circuit QED”, March 2017,
Interdisciplinary Workshop on Quantum Devices (IWQD) 2017, Tokyo, Japan

+ A.W. Eddins, et al., “Resonance Fluorescence from an Artificial Atom in Squeezed Vacuum”, 2016, poster
presentation, SQuInT Workshop, Albequerque, NM.

+ AW. Eddins, et al., “Resonance Fluorescence from an Artificial Atom in Squeezed Vacuum, Part 1: Efficient
Fluorescence Detection”, 2016, APS March Meeting, Baltimore, MD.

+ D.M. Toyli, et al., “Resonance Fluorescence from an Artificial Atom in Squeezed Vacuum, Part 2: Squeezing
Characterization Through Fluorescence”, 2016, APS March Meeting, Baltimore, MD.

+ D.M. Toyli, et al., “Resonance Fluorescence from an Artificial Atom in Squeezed Vacuum”, 2016, poster
presentation, IMA Quantum and Nano Control Conference, Minneapolis, MN.

+ D.M. Toyli, et al., “Resonance Fluorescence from an Artificial Atom in Squeezed Vacuum”, 2016, invited talk,
University of Minnesota, Condensed Matter Physics Seminar, Minneapolis, MN.

+ D.M. Toyli, et al., “Engineering the Electromagnetic Vacuum with Superconducting Circuits”, 2016, invited talk,
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+ 34 additional presentations

Honors and Awards: Prof. Irfan Siddigi - Distinguished Teaching Award (2016) - University of California, Berkeley

Protocol Activity Status:
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Technology Transfer: « S. Puri and A. Blais “Quantum processor and methods of quantum processing”.
Provisional patent 2,968,830, Canada, May 29, 2017.

» J. Bourassa, N. Didier, B. Royer, A.L. Grimsmo, A. Blais, “Parametrically modulated longitudinal coupling,”
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Abstract: Detecting single—photon level signals—carriers of both classical and quantum information—is
particularly challenging for low-energy microwave frequency excitations. Here we introduce a superconducting
amplifier based on a Josephson junction transmission line. Unlike current standing-wave parametric amplifiers,
this traveling wave architecture robustly achieves high gain over a bandwidth of several gigahertz with sufficient
dynamic range to read out 20 superconducting qubits. To achieve this performance, we introduce a
subwavelength resonant phase-matching technique that enables the creation of nonlinear microwave devices with
unique dispersion relations. We benchmark the amplifier with weak measurements, obtaining a high quantum
efficiency of 75% (70% including noise added by amplifiers following the Josephson amplifier). With a flexible
design based on compact lumped elements, this Josephson amplifier has broad applicability to microwave
metrology and quantum optics.
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Abstract: We present an impedance engineered Josephson parametric amplifier capable of providing bandwidth
beyond the traditional gain-bandwidth product. We achieve this by introducing a positive linear slope in the
imaginary component of the input impedance seen by the Josephson oscillator using a ?/2 transformer. Our
theoretical model predicts an extremely flat gain profile with a bandwidth enhancement proportional to the square
root of amplitude gain. We experimentally demonstrate a nearly flat 20?dB gain over a 640?MHz band, along with
a mean 1-dB compression point of 7110 dBm and near quantum-limited noise. The results are in a good
agreement with our theoretical model.
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Abstract: We present an experimental realization of resonance fluorescence in squeezed vacuum. We strongly
couple microwave-frequency squeezed light to a superconducting artificial atom and detect the resulting
fluorescence with high resolution enabled by a broadband traveling-wave parametric amplifier. We investigate the
fluorescence spectra in the weak and strong driving regimes, observing up to 3.1 dB of reduction of the
fluorescence linewidth below the ordinary vacuum level and a dramatic dependence of the Mollow triplet spectrum
on the relative phase of the driving and squeezed vacuum fields. Our results are in excellent agreement with
predictions for spectra produced by a two-level atom in squeezed vacuum [Phys. Rev. Lett. 58, 2539 (1987)],
demonstrating that resonance fluorescence offers a resource-efficient means to characterize squeezing in
cryogenic environments.
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Abstract: Bath engineering, which utilizes coupling to lossy modes in a quantum system to generate nontrivial
steady states, is a tantalizing alternative to gate- and measurement-based quantum science. Here, we
demonstrate dissipative stabilization of entanglement between two superconducting transmon qubits in a
symmetry-selective manner. We utilize the engineered symmetries of the dissipative environment to stabilize a
target Bell state; we further demonstrate suppression of the Bell state of opposite symmetry due to parity selection
rules. This implementation is resource efficient, achieves a steady-state fidelity F=0.70, and is scalable to multiple
qubits.

Distribution Statement: 1-Approved for public release; distribution is unlimited.

Acknowledged Federal Support: Y



RPPR Final Report
as of 19-Oct-2017

Publication Type: Journal Article Peer Reviewed: Y Publication Status: 1-Published
Journal: Quantum

Publication Identifier Type: Publication |dentifier:

Volume: Issue: First Page #:

Date Submitted: 8/25/17 12:00AM Date Published: 5/11/17 9:24PM

Publication Location:

Article Title: Fast and high-fidelity entangling gate through parametrically modulated longitudinal coupling
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Abstract: We investigate an approach to universal quantum computation based on the modulation of longitudinal
qubit-oscillator coupling. We show how to realize a controlled-phase gate by simultaneously modulating the
longitudinal coupling of two qubits to a common oscillator mode. In contrast to the more familiar transversal qubit-
oscillator coupling, the magnitude of the effective qubit-qubit interaction does not rely on a small perturbative
parameter. As a result, this effective interaction strength can be made large, leading to short gate times and high
gate fidelities. We moreover show how the gate infidelity can be exponentially suppressed with squeezing and
how the entangling gate can be generalized to qubits coupled to separate oscillators. Our proposal can be
realized in multiple physical platforms for quantum computing, including superconducting and spin qubits.
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Abstract: Photonic cat states stored in high-Q resonators show great promise for hardware efficient universal
quantum computing. We propose an approach to efficiently prepare such cat states in a Kerr-nonlinear resonator
by the use of a two-photon drive. Significantly, we show that this preparation is robust against single-photon loss.
An outcome of this observation is that a twophoton drive can eliminate undesirable phase evolution induced by a
Kerr nonlinearity. By exploiting the concept of transitionless quantum driving, we moreover demonstrate how non-
adiabatic initialization of cat states is possible. Finally, we present a universal set of quantum logical gates that
can be performed on the engineered eigenspace of such a two-photon driven resonator and discuss a possible
realization using superconducting circuits. The robustness of the engineered subspace to higher-order circuit
nonlinearities makes this implementation favorable for scalable quantum computation.
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Article Title: Quantum Zeno effect in the strong measurement regime of circuit quantum electrodynamics
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Abstract: We observe the quantum Zeno effect—where the act of measurement slows the rate of quantum state
transitions—in a superconducting qubit using linear circuit quantum electrodynamics readout and a near-quantum-
limited following amplifier. Under simultaneous strong measurement and qubit drive, the qubit undergoes a series
of quantum jumps between states. These jumps are visible in the experimental measurement record and are
analyzed using maximum likelihood estimation to determine qubit transition rates. The observed rates agree with
both analytical predictions and numerical simulations. The analysis methods are suitable for processing general
noisy random telegraph signals.
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Article Title: Effect of higher-order nonlinearities on amplification and squeezing in Josephson parametric
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Abstract: Single-mode Josephson junction-based parametric amplifiers are often modeled as perfect amplifiers
and squeezers. We show that, in practice, the gain, quantum efficiency, and output field squeezing of these
devices are limited by usually neglected higher-order corrections to the idealized model. [...] We show that the
leading correction for the last two schemes is a single Kerr-type quartic term, while the first scheme contains
additional cubic terms. In all cases, we find that the corrections are detrimental to squeezing. In addition, we show
that the Kerr correction leads to a strongly phase-dependent reduction of the quantum efficiency of a phase-
sensitive measurement. [...] This work establishes nonlinear corrections to the standard degenerate parametric
amplifier model as an important contribution to Josephson parametric amplifier's squeezing and noise
performance.
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Article Title: Stroboscopic qubit measurement with squeezed illumination
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Abstract: Microwave squeezing represents the ultimate sensitivity frontier for superconducting qubit
measurement. However, observation of enhancement has remained elusive, in part because integration with
conventional dispersive readout pollutes the signal channel with antisqueezed vacuum. Here we induce a
stroboscopic light-matter coupling with superior squeezing compatibility, and observe an increase in the room-
temperature signal-to-noise ratio of 24%. Squeezing the orthogonal phase controls measurement backaction,
slowing dephasing by a factor of 1.8. This protocol enables the practical use of microwave squeezing for qubit
state measurement.
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Article Title: Widely tunable on-chip microwave circulator for superconducting quantum circuits
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Abstract: We report on the design and performance of an on-chip microwave circulator with a widely (GHz)
tunable operation frequency. Non-reciprocity is created with a combination of frequency conversion and delay,
and requires neither permanent magnets nor microwave control tones, allowing on-chip integration with other
superconducting circuits without expensive control hardware. Isolation in the device exceeds 20 dB over a
bandwidth of tens of MHz, and its insertion loss is small, reaching as low as 0.9 dB at select operation
frequencies. Furthermore, the device is linear with respect to input power for signal powers up to hundreds of fW
(?103 circulating photons), and the direction of circulation can be dynamically reconfigured. We demonstrate its
operation at a selection of frequencies between 4 and 6 GHz.
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Article Title: Squeezing and quantum state engineering with Josephson travelling wave amplifiers

Authors: Arne L. Grimsmo, Alexandre Blais
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Abstract: We develop a quantum theory describing the input—output properties of Josephson traveling wave
parametric amplifiers. This allows us to show how such a device can be used as a source of nonclassical
radiation, and how dispersion engineering can be used to tailor gain profiles and squeezing spectra with attractive
properties, ranging from genuinely broadband spectra to “squeezing combs” consisting of a number of discrete
entangled quasimodes. The device’s output field can furthermore be used to generate a multi-mode squeezed
bath—a powerful resource for dissipative quantum state preparation. In particular, we show how it can be used to
generate continuous variable cluster states that are universal for measurement based quantum computing. The
favorable scaling properties of the preparation scheme makes this a promising path towards continuous variable
quantum computing in the microwave regime.
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Article Title: Quantum annealing with all-to-all connected nonlinear oscillators
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Abstract: Quantum annealing aims at solving combinatorial optimization problems mapped to Ising interactions
between quantum spins. Here, with the objective of developing a noise-resilient annealer, we propose a paradigm
for quantum annealing with a scalable network of two-photon-driven Kerr-nonlinear resonators. Each resonator
encodes an Ising spin in a robust degenerate subspace formed by two coherent states of opposite phases. A fully
connected optimization problem is mapped to local fields driving the resonators, which are connected with only
local four-body interactions. We describe an adiabatic annealing protocol in this system and analyse its
performance in the presence of photon loss. Numerical simulations indicate substantial resilience to this noise
channel, leading to a high success probability for quantum annealing. Finally, we propose a realistic circuit QED
implementation of this promising platform for implementing a large-scale quantum Ising machine.
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Article Title: Enhanced qubit readout using locally generated squeezing and inbuilt Purcell-decay suppression
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Abstract: We introduce and analyze a dispersive qubit readout scheme where two-mode squeezing is generated
directly in the measurement cavities. The resulting suppression of noise enables fast, high-fidelity readout of
naturally weakly coupled qubits, and the possibility to protect strongly coupled qubits from decoherence by
weakening their coupling. Unlike other approaches exploiting squeezing, our setup avoids the difficult task of
transporting and injecting with high fidelity an externally generated squeezed state. Our setup is also surprisingly
robust against unwanted non-QND backaction effects, as interference naturally suppresses Purcell decay: the
system acts as its own Purcell filter. Our setup is compatible with the experimental state-of-the-art in circuit QED
systems, but the basic idea could also be realized in other systems.
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