Development of Quantum Processor
with Fluxonium Superconducting Qubits
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Quantum gold rush: the private
funding pouring into quantum
start-ups

A Nature analysis explores the investors betting on quantum technology.
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Worldwide, ~7000 researchers work with bud- v~
get of expected to increase to ~€5B
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Source: Quantum Europe 2016

https://medium.com/@ASMLcompany/start-your-engines-the-race-to-quantum-computing-is-on-14c3076a5c47
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Research Budget for Quantum Technology 2021

Quantum effort worldwide

Quantum Canada United Kingdom Netherlands Germany China Russia

CAS$1b = $766m £1b = $1.3b 150m € = $177m 2.6b €=8310 $10b PS0b = $663m
Korea
W44.5b = $37m

Global
effort 2021

$22.5b 1.8b € = $2.2
(estimate)

-

Japan
¥50b = $470m
¢

I Taiwan
NT$8b = $282m

Australia
AUS$130m = $94m

India
%73b = $1bn

US National Quantum
Initiative $1.2b

Singapore
S$150m = $109m

European Quantum Israel ¥1.2b = $360m
Flagship 1b € = $1.1b

©2021 QURECA Ltd - Confidential and Proprietary

https://www.qureca.com/overview-on-quantum-initiatives-worldwide/



Research Budget for Quantum Technology 2022

Quantum effort worldwide

Netherlands Denmark Sweden Finland Germany Austria Russia ‘
765m € = 5904m DKK230 = $34m SEK1.éb= $160m 24m € =$27m 26b€ =53.10 107m € = $127m PS0b =$663m
-\\\. “

China
$15b

United Kingdom

£1b = $1.3b
— South Korea
Canada - Wd44.5b = $40m
CA%$1.37b = $1.1b 3
France { o - Japan
= v ¥80b = $700
Globo[ 1.8b € =%2.2b | m
effort 2022 Spain Toheany
40m € = $67m =
$30b . Thailand
(estimate) 8200m = $6m
Qatar
$10m Singapore
S$150m = $109m
US National Quantum Hungary \
Initiative $1.2b HUF3.5b = $1Im e Australia
srae _
™ 126 = $380m AUS$130m = $98.5m
European .
Quantum Flagship India bW Feciand
b € = $11b 373b =51b || 336750l
©2022 QURECA Ltd - Confidential and Propnretary Bt

Overview of public funding in quantum technologies.

https://qureca.com/overview-on-quantum-initiatives-worldwide-update-2022/



Quantum Hardware R&D by Private Companies!
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Not a complete list...

https://en.wikipedia.org/wiki/List_of companies_involved_in_quantum_computing _or_communication
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Google’s Roadmap for Quantum Computer

Google Al Quantum hardware roadmap

Physics derisked

2019 i i 2029 Year
54 102 10° 104 10° 10°  Physical qubits
Beyond Logical qubit 1logical qubit Tileable module Engineering Error-corrected
classical prototype (Logical gate) scale up quantum computer

Error correction

Calibration

Package

https://www.cnet.com/tech/computing/quantum-computer-
makers-like-their-odds-for-big-progress-soon/



IBM’s Roadmap for Quantum Computer

Development Roadmap IBM Quantum

2019 2020 2021 2022 2023 2024 2025

Run quantum Demonstrate Run quantum Dynamic circuits for Frictionless Call 1K+ qubit Enhance quantum
circuits on the and prototype applications increased circuit development services from workflows through
IBM Cloud quantum 100x faster on variety, algorithmic with quantum Cloud API and HPC and quantum
applications the IBM Cloud sophistication workflows built investigate resources
in the cloud error correction

Quantum model services
Model Natural Sciences Finance

developers Optimization Machine Learning

Qiskit application modules

Algorithm Natural Sciences Finance Prebuilt quantum Prebuilt quantum +

runtimes HPC runtimes
developers Optimization Machine Learning

Kernel Qiskit Dynamic Circuit libraries Advanced control systems
developers Runtime circuits

Quantum Falcon Hummingbird Eagle Osprey Condor Beyond
systems 27 qubits 65 qubits 127 qubits 433 qubits 1121 qubits 1K - 1M+ qubits

IBM Cloud Circuits Programs Models

https://venturebeat.com/wp-content/uploads/2021/02/I1BM-quantum-development-roadmap-slide-1.jpeg?strip=all
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Making Better Qubits

“Today people tend to focus on how many qubits you have. In my
opinion, one needs to go back and improve the qubits before

scaling up. I've been thinking quite deeply on how to make
superconducting qubits better”

- John Martinis, Professor UCSB, former Chief Scientist of Google
Quantum Al

https://www.chalmers.se/en/departments/mc2/news/Pages/Q
uantum-computer-project-boosted-by-visiting-superstar.aspx



"How many qubits
can you make?”

"How long is your
qubits’ coherence
time?”




Making High Coherence Qubit

1 I
E— |
Ty 2T; T,
Coherence time Relaxation time Dephasing time

Key to improve Coherence time T2:

* Enhance T1
Reduce energy loss to environment

* Enhance T
Reduce frequency fluctuation of energy transitions



Coherence Time Improvement

Error rate is directly related to coherence time of qubits!
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What is a fluxonium superconducting qubit?



What is a superconducting qubit?



Superconducting Qubits(Short description)

* What is a superconducting qubit(in short)?

A superconducting electronic circuit forms distinct
guantum multi-energy-levels (typically named an artificial
atom and the dynamics confined in two levels.

EC—- EJX EL = Pext = T § A\/
Pext | \TA_/




Building Blocks of Superconducting Qubits




Quantum LC Circuit: Harmonic Oscillator
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Hard to confine the state within two levels!

Need Josephson Junctions!




Josephson Al/AIOx/Al Tunnel Junction: a Nonlinear Dissipationless Inductor
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P. Krantz et al, Appl. Phys. Rev. 6, 021318 (2019);



Josephson Junction Chain: superinductor

Ly/VA>10*u0

enormous (kinetic) inductance!

e | M

Lin et al. Phys. Rev. Lett. 120, 150503 (2018)



Particle in a box physics: Design box!
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[Artificial atoms: engineerable energy states and transitions]




Transmon vs Fluxonium Superconducting Qubits

ransmon Fluxonium
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Transmon vs Fluxonium Superconducting Qubits

ransmon Fluxonium
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Transmon vs Fluxonium Superconducting Qubits

Transmon Fluxonium

Transmon

Energy [/w,]
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Comp.
. | subspace

=
=
N

y O - N

e Qubit transition frequency: 4¥8GHz vs 10MHz~8GHz.
* Anharmonicity: ~100MHz vs ~1GHz
* Transition spectrum: Simple vs Rich



How to fabricate fluxonium gqubits?






Example of Superconducting Qubits Fabrication in NTHU

MMA

 Cite original Dolan bridge paper 1977




E-beam lithography




Lightly expose places to
remove MMA

BEVEARIN |




Example of Josephson Junction and Array Fabrication

Development

Suspended PMMA

LN




Development

Suspended P
/ \ bridge




Example of Josephson Junction and Array Fabrication

Shadow evaporation

Aluminum




Example of Josephson Junction and Array Fabrication

In-situ oxidation




Example of Josephson Junction and Array Fabrication
Shadow evaporation

Aluminum
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Output Input

HEMT 20dB
amplifier V' attenuator
Eccosorb CR110 -\ Eccosorb CR110
low-pass filter low-pass filter
12GHz |
low-pass filter
AA] 20dB
i attenuator
12GHz
N\ low-pass filter
_________ o _l P U ———
20dB
V' attenuator
4-8GHz
isolators
| SC coil Cryoperm |
| shield :




How to readout fluxonium superconducting qubits?



Element for protection and readout: cavity

readout §
resonator -

=i~ § -
R .: [> I I | I I |
R | P =
_SMA" g — E
infout port oy @) @
Device chip 855 - @& |
Nguyen, Lin, et al. Zhang, et al. -
Phys. Rev. X. 9, 041041(2019) Phys. Rev. X. 11, 011010(2021)
X  Cavity acts as protection from
e) [T\ |g) X\ g) environment
_ = X : : :
= o ’ * Cavity mode coupling to qubits works
% . .
) as a readout by detecting shift of
qubit’s frequency




Alternative Readout: Electronic Shelving Readout
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Cottet, Xiong, Nguyen, Lin, and Manucharyan Nature Comm. 12, 63883 (2021)



How long is fluxonium superconducting qubits’
coherence time?




Reproducible Long T2 of fluxonium superconducting qubit

Qllbit EJ EC F; N: T 15 'wol/Qﬂ'
GHz GHz GHz - . ps  ps® GHz

3 084 1 100-110 1605 0.78
4.86 0.84 1.14 136-250 1505 0.32
2.2 0.55 0.72 102260 3507 0.48
2.2 0.83 0.52 196 70 90' 0.56
1.6 0.86 0.5 1002108 140' 0.83
3.4 08 0.41 348270 165' 0.17
1.65 1.14 0.19 4005110 140= 0.55

443 1 0.79 1007230 235= 0.32
B AR EEE .

Nqguyen, Lin et al., PRX 9, 041041(2019)
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IBM Q 20 Tokyo: average T1= 78.34us,T2=50.62ps

https://www.research.ibm.com/ibm-q/technology/devices/
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World Record T2 of superconducting qubit
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arXiv:2103.08578 (2021) by Manucharyan’s group




How to apply guantum gates with fluxonium?



Control of Superconducting Qubit

Operate fluxonium superconducting qubits’ states:
* Electrical coupling
* Magnetic coupling

Val® Ry Cq i
[
O— W X |E | c
temrgg:gture wiring onzhip E {I“'ext
r Q ( —ia /2
Hd — —EV(}S(f)(IGx—i‘QO_y) R.(0) = e™"77,

R {(H) — .{-“_"-':H”-‘l‘ill"llr-. /2
xz\ ‘

Appl. Phys. Rev. 6, 021318 (2019) Phys. Rev. X T1, 011010 (2021)



Two-qubit gates of fluxonium qubits

* Microwave Driven Induced C-Phase gate
Theory: Phys. Rev. A 98, 030301(R) (2018)

Exp: PRX 11, 021026 (2021), PRResearch 4, 023040(2022)(F=0. 992)

* Cross Resonance CNOT gate : |
Theory:arXiv:2202.04583 (2022)

Exp: arXiv. 2204.11829(2022) (F=0.9949)

* Magnetic flux tuded iISWAP gate

Theory: PRL 129, 010502 (2022)

Exp: PRL 129, 010502 (2022)(F=0.9972)

* Tunable Coupler:

Theory: arXiv 2203.16302(2022), arXiv 2207.03971(2022)
Exp: Not reported yet

* New mechanism?

PRL 129, 010502 (2022)



Scaling up with Fluxonium Qubits

PRX QUANTUM 3, 037001 (2022)

Blueprint for a High-Performance Fluxonium Quantum Processor

[ r =
Long B. Nguyen®,'2-" Gerwin Koolstra®,!? Yosep Kim®,"?:* Alexis Morvan,!:¥ Trevor Chistolini,’ ]:
Shraddha Singh® *# Konstantin N. Nesterov,” Christian Jiinger,"? Larry Chen®,?> Zahra Pedramrazi,'? (* O e oy
Bradley K. Mitchell®,!? John Mark Kreikebaum®,>¢ Shruti Puri® ** David I. Santiago,' and j =

Irfan Siddigi!%6- L

TABLE IV. Expected average Pauli errors in the processor for T s = - T
different average relaxation times 7. ' - e \

Operation Error & il 1
P _ O
300 ps 700 pis I ms 1, J,
ZQ CZ 53x 1074 23 x 107 1.6 x 1074 P _a i at = multipath coupling
IQ H 1]' X 10_5 4T X lﬂ_ﬁ 33 X ln_ﬁ IlJ ) vux{:"‘lm—"-:'.; 1] b} = readout resonator
Readout 102 10~2 1072 I o imercommect
Reset 102 102 102 E. g, E = interconnec
Idle (2Q) 22x10*  95x107°  66x 107 == X ® < readout bus
Idle (1Q) 1.1 x 10~ 4.7 x 107¢ 3.3x10°° g ;?3 v
Idle (R) 2.2 % 10~ 9.5 % 10° 6.6 x 10~° — « 3 - dipleed flux

v control line




Fluxonium superconducting qubits in Taiwan?



Efforts of developing fluxonium qubits in NTHU




Realization of Two-qubits Gate with 3D Transmon qubit
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Gate Fidelity Characterization Tool: Randomized Benchmarking
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We are able to use Randomized Benchmarking to characterize
gate for 3D transmon and fluxonium.




Single Fluxonium qubit in NTHU
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Thanks to teams in UMD and NTHU
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Summary

By inserting an large inductor, fluxonium superconducting qubits has
variable transition frequency, large anharmonicity and rich
spectrum compare to transmon qubits

Above 1ms coherence time has been observed in fluxonium qubit.
Various interaction mechanisms can be used for qguantum gates

We have ability to design, fabricate, and measure fluxonium qubits
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