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SFQ a natural candidate A. Opremcak et al., Science 341: 6408 (2018)
E. Leonard Jr. et al.,
Phys. Rev. Appl. 11, .
014009 (2019) Control and feedback with lower latency

Reduced wiring overhead and heat load from 300 K

Smaller overall system footprint in both size and power

R. McDermott et al., QST 3, 2 (2018)
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Resonant SFQ Pulse Trains for Rotations
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Approach to SFQ-based control

Ability to independently validate quantum circuit and classical circuit
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single chip
E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)

SFQ control
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dc/SFQ converter
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K. K. Likharev and V. K. Semenov, IEEE Trans. Appl. Supercond. 1, 1 (1991) E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)

SFQ control
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fabricated chip

-----------------------------------------------
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E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014G09 [2)19)
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Integrated Fabrication

* six metallization steps

* 4 superconducting (3 Nb + 1 Al)

* 2 normal (Pd + Cu/ Pd)
* two PECVD Si0Ox insulating layers
* need high-Q quantum circuit

o) [N I I 50 I

SFQ_ Pulse Circuit

~1 kA/cm”™2

Quantum Circuit Normal Metal QP Trap

~10A/cm”2

U. Patel et al., PRB 96, 220501(R) (2017)
E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)

characterization
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Qubit Performance after IC fabrication
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E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)
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dc/SFQ converter
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Rabi Oscillations: using the qubit to
measure the dc/SFQ converter output
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E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)
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Qubit Experiments at w' (/3
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E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)
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Orthogonal SFQ-based gates
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Orthogonal SFQ-based gates

Xsrq/2HRsrq(t, #)HXsFa/2HA

E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)

characterization
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Stair-Step Rabi Flop at w' (/41
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Randomized Benchmarking Results
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characterization
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Quasiparticle poisoning: decoherence
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E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)
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Quasiparticle dynamics: coupling QPs to
the qubit
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E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)

July 30,2019 17




IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), September 2019.
Invited presentation 2-DI-I-3 given at ISEC, 28 July-1 August 2019, Riverside, USA.

Quasiparticle dynamics: accrual and retrapping
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Quasiparticle dynamics: relationship between
decoherence and frequency shift
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Benchmarking Revisited
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E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)
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Multi-chip module circuit design

Quantum (flipped) Chip [5 mm square]
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characterization
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Future concept: SFQ Pulse Pattern Generator

Pattern 1 Pattern 2 Pattern M .
 Single global clock
Load Clk y v R r v _ y l B (e'g° 6f'(~30 GHZ)
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N2lilol | 2o YRAHE
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Readout Z Z Z
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§ l—» SV ‘—> swC F s e P Liebermann (2016),
R. McDermott (2018),
Fast Clk v " v i
| SFQ Merger | K. Li(2019)
v
SYNC P.Liebermann et al., Phys. Rev. Appl. 6, 024022 (2016)
ST{? R. McDermott et al., QST 3, 2 (2018)
' K. Li et al., Phys. Rev. Appl. 12, 014044 (2019)
future
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Summary

Designed/fabricated/characterized quantum-classical integrated circuit
Qubit performance not significantly degraded by extensive fabrication
Orthogonal SFQ pulse-based gate set characterized with IRB

Quasiparticle poisoning is a limiting factor in same-chip operation
3D integration currently in test
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s L
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3 -800 0
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Time (us)

E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)
future
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PHYSICAL REVIEW APPLIED

Digital Coherent Control of a Superconducting Qubit

E. Leonard, Jr, M. A. Beck, J. Nelson, B.G. Christensen, T. Thorbeck, C. Howington, A. Opremcak, |.V.
Pechenezhskiy, K. Dodge, N.P. Dupuis, M.D. Hutchings, J. Ku, F. Schlenker, J. Suttle, C. Wilen, S. Zhu, M.G.
Vavilov, B.L.T. Plourde, and R. McDermott

Phys. Rev. Applied 11, 014009 — Published 7 January 2019
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Backup
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Qubit Control and Measurement

motivation
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Processor I/O: Interconnects

# of qubits 50 # of qubits 19 # of transistors  100M
# control wires ~50 # control wires 28 # control wires 775
devices per wire ~1 devices per wire 0.7 devices per wire 150k

How to wire-up 100M qubits is unknown.

IBM Blog: “The Future is Quantum” (November, 2017) J. S. Otterbach, arXiv:1712.05771 (2017)
motivation
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Qubit Control and Measurement
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Resonant SFQ Pulse Trains

V(t)dt = @,
/ 50 = OBy 4| 2210
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A
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> C =100fF
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(0() +o(t—7)+---+0(t —nxT)) Gy

| R. McDermott & M. Vavilov., Phys. Rev. Appl. 2, 014007 (2014)

| E. Leonard Jr. et al., Phys. Rev. Appl. 11, 014009 (2019)

SFQ control
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Resonant SFQ Pulse Trains
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R. McDermott & M. Vavilov., Phys. Rev. Appl. 2, 014007 (2014)

SFQ control
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Using SiOx to protect quantum circuit

1) sputter Nb

2) grow SiOx

3) finish classical circuit

4) reveal “pristine” Nb

5) etch resonator/QB

6) evaporate QB JJs

SFQ control

July 30,2019
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Single Flux Quantum Tech

Single Flux Quantum (SFQ) logic family composed of basic classical gates;
implemented in superconducting circuits

Logical data encoded in the presence (1) or absence (0) of JJ phase slips

Low-energy variants with reduced power draw

Enormous modern advances (see IARPAC3)

V(t)=——% Po=2mV xps K. K. Likharev, Physica C 482, 6 (2012)

K. K. Likharev and V. K. Semenov, IEEE Trans. Appl. Supercond. 1, 1 (1991)

SFQ control
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dc/SFQ converter

wg =271 x5 GHz @ — 60 dBm

N

operable
region

150

« target
inductance

10 20 30 40

Ls (pH)

K. K. Likharev and V. K. Semenov, IEEE Trans. Appl. Supercond. 1, 1 (1991)
SFQ control
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Converter Bias Stability
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SFQ Rotation Trajectory

motivation
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Optimal Control Prevents Leakage

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), September 2019.
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P.Liebermann et al., Phys. Rev. Appl. 6, 024022 (2016)

SAARLANDES

characterization
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Multi-chip module circuit design: quantum
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