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Quantum information theory and quantum algorithms,
artificial intelligence and quantum machine learning
Giovanni Acampora, Alioscia Hamma, Massimo Taronna,
Patrizia Vitale, Autilia Vitiello

Quantum engineering: quantum

communication and network, macroscopic Quantum many-body systems
electrodynamics modeling, Quantum Internet Condensed-matter quantum modeling
Angela Sara Cacciapuoti, Marcello Caleffi, Carlo Dario Alfé, Vittorio Cataudella, Giulio De
Forestiere, Giovanni Miano Filippis, Rosario Fazio, Procolo Lucignano,
Domenico Ninno, Carmine Antonio Perroni
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WP10.1. Software (Leader: INFN).
Development and application of high-level quantum software for algorithms solving general purpose problems,
scientific and industrial applications.
e TI1.1 New algorithms (Pavia, Bologna, IIT, Catania, CINECA. CNR, Pisa, Sapienza, Bari, PoliMI,
Padova):;
e T1.2 Applications and use cases (IIT, Bologna, CINECA, CNR, INAF, INFN, Pavia, Pisa, Bari, Bicocca,
PoliMI. Padova)
WP10.2. Mapping, compilation and quantum computing emulation (Leader: CINECA).
Development of software toolchain for compilation, benchmarking, verification, emulation of quantum computers
and algorithms.
e T2.1 Mapping and compilation (Bologna, CNR, Pisa, PoliMI):
e T2.2 Emulation (CINECA, INAF, Bari, Padova)
WP10.3. Firmware and hardware platforms (Leaders: CNR, Catania).
Development of low-level software for the physical operation of quantum computers. Development and support
of the quantum computer hardware chain.
T3.1 Photonic hardware (Sapienza, CNR, Bicocca, Pavia, Napoli):
T3.2 Superconducting circuits (Napoli. INFN, Bicocca, CNR, Catania, Pisa):
T3.3 Atomic hardware (CNR, Padova, Pisa):
T3.4 Models and firmware (Catania, PoliMI, Bari, Padova, Bicocca, CNR, Pisa, Sapienza)




Roadmap on Superconducting Quantum circuits

qgubit layouts,
Ferro-transmon,

Superconducting transmon based on JJs with
gquantum circuits ferromagnetic
and qubit barriers
architectures -

technology

Novel control and
read-out, SFQ-

Running a scalable circuits and
superconducting phase-detectors

quantum computer

Physical

e Running classical/quantum

algorithms for error

Jay M. Gambetta , Jerry M. Chow & Matthias Steffen mitigation
npj Quantum Information 3, Article number: 2 (2017)



Time-domain heterodyne qubit readout
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Normalized RO signal on Q1 (Imag)
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. Low-frequency
- transmon qubits

Medium-frequency
transmon qubit

. High-frequency
- transmon qubits

« 5-qubit diagnostics Quantware IJJ

« Entanglement and coupling S0prano l

« Gate tuning

« State base preparation in |00),]01),|10),|11) and readout fidelity
(measurement probability or count vector) for around 1000 single-shot
measurements and 10 isolated experiments

« Algorythm: hybrid quantum-classical readout error correction matrix

calculation with Fuzzy-C means algorithm
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Milestones
M9-M15: First Tender for Research Infrastructure
M9-M15. Research activities on Software, Mapping, Compilation, Emulation, Firmware and Hardware
at the end of Year 1: Design of quantum algorithms (SW); Classic emulator with 100+ gbits (MW); Report
on architectural design of hardware platforms and tools (HW)
M17-M22: Demonstrators: Use cases implementation and experimentation
M17-M22: S d Tender for Research Infrastructure
M22-M26: Reseeu ch activities on Software, Mapping, Compilation, Emulation, Firmware and Hardware
at the end of Year 2: Report on development and validation of quantum algorithms and applications (SW);
Report on design of benchmarks for quantum computers and algorithms (MW); Report on design of
quantum platforms (HW)
M25-M36 Use cases: Report on use cases implementation and experimentation

M25-M36 Research activities on Software, Mapping, Compilation, Emulation, Firmware and Hardware
at the end of Year 3: Benchmarking quantum-accelerated applications against classical applications (SW);

Test quantum supr emac\ in mdustrial setnng ( M’\'\ ). Tools and methodologies for design automation and
mapping (MW); One platform with 5+ gbits (HW); Photonic sampling machine with 5+ photons and 24+
modes (HW); Report on supporting tools 101 hald\\ are platforms (HW)




Josephson effecT, from primary to secondary quantum effects
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Josephson effect, from primary to secondary quantum effects
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PHYSICAL REVIEW A 76, 042319 (2007)

Charge-insensitive qubit desigr e Cooper pair box

Jens Koch,' Terri M. Yu,' Jay Gambetta,' A. A. Houck,' D. I. Schu J. Mujcn:l Alexandre Blais,> M. H. Devoret,'
S. M. Girvin,' and R. J. Schoelkopf'




Trends in Superconducting Qubit-oriented hardware activities

g (3D)

« Topology of the circuit
» Optimization of architecture,
of every single step in fabrication
including read-out and control
* Quality of the Josephson
Gatemon jUHCTiOHS, r'educing hoise

encodir

.0:53 Flux qubit

20
r non (3D) A/_O
uxonium (3D) @. TrAaf“S'“On
smor o -

O Flux qubit
B Fock (2D)

Q.Flux qubit

Engineering high-coherence
superconducting qublts

NATURE REVIEWS | )

1.2
Irfan Siddiqi VOLUME 6 |OCTOBER 2021 | 875 nature communications

REVIEW SCIENCE VOL 339 8 MARCH 2013 Y R NN B LM
Engineering superconducting qubits to

Superconducting Circuits for Quantum reduce quasiparticles and charge noise
Information: An Outlook

M. H. Devoret™? and R. ). Schoelkopf*



Trends in Superconducting Qubit-oriented hardware activities

nature nanotechnology nature communications

Latter St (doLom/ 10 108N 415EE OF e Article https://doi.org/10.1038/s41467-022-34614-w

Quantum-noise-limited microwave Unimon qubit
amplification using agraphene
Josephsonj u nction Received: 4 May 2022 Eric Hyyppa®' ', Suman Kundu?, Chun Fai Chan', Andras Gunyh6 ©2,

Juho Hotari', David Janzso ®", Kristinn Juliusson', Olavi Kiuru?, Janne Kotilahti',
Accepted: 28 October 2022 L dro Landra', Wei Liu', Fabian Marxer ®", Akseli Makinen',

Jean-Luc Orgiazzi', Mario Palma', Mykhailo Savytskyi ®", Francesca Tosto',
Jani Tuorila®, Vasilii Vadimov?, Tianyi Li', Caspar Ockeloen-Korppi',

Johannes Heinsoo ®"4, Kuan Yen Tan'#, Juha Hassel @' &

Mikko Méttonen @234

Published online: 12 November 2022

A list of authors and thalr aMiiations appaars at the ond of the papar | Check for updates

News & views

nature materials

Superconducting devices https://doi.org/101038/s41565-022-01239-5 .
Article https://dol.org/10.1038/s41563-022-01417-9

Graphene amplifier reaches the quantum limit Granularaluminium nanojunction
fluxonium qubit

Kin Chung Fong ™ Check for updates

Graphenejosephsonj unctions enable tracking quantum trajectory, and even searching for the rare event Received: 18 February 2022 D.Rleger®'* , 5. Gnzler®'**, M. Splecker @', P. Paluch'?, P. Winkel ® %2,
. lifi . h . when the axion dark matter converts into amicrowave photon undera Acoopedizoocmberzozz U Hahn®°, J.K. Hohmann©°, A. Bacher®, W. Wernsdorfer ®'? & 1. M. Pop®**
parametricamplification at the quantum noise high magnetic field. Writingin Nature Nanotechnology, two independ- -
imi i i illi s i 6 s cember 2022
limit with gate-tuneable working frequency. entreports by Guilliam Butseraen et.al. and Joydip Sarkar et. al.*, now Published online: 8 Docember 20 - ——— stingof overlapping
#| Check for updates super ingelects bya hin oxide layer,
provide a precious source of nonlinearity for superconducting quantum

o Novel types of qubits

Broadband squeezed microwa:;; Q !
and amplification withajosephson uan T um in T er f aces
travelling-wave parametricamplifier

nature physics

Recetved: 22 Februsry 2022 Jack ¥. QO Arnc Grimsmo> ™, Kaldong Pang® =, Bharath Kassan 0 =%,

Basjamia Lisnhard™, Younglkyu Susg' ™, Phitip Krantz', Viadimir Bolkhovsky”,

Accepted: 1€ Decermber 2022 Grog Cassing*, David 0m'*, Ascx Matllia®, Bothamy M. Nisdzolsks*, Article https://dol.org/10.1038/s41567-023-02071-x
Pl ool 9 Pebenary 0D Jomityn Yodard, Moo E. SchwartzO 4, Tarry P. Ortando’=, irfan Siadig®,

T St " K . O & W . O 02 Direct manipulation of asuperconducting
spin qubitstrongly coupled to atransmon
qubit

Quantum integrated
soluti

Received: 1 September 2022 Marta Pita-Vidal®'*" , Arno Bargerbos'®, Rok Zitko @2, Lukas J. Splitthoff®",

od: 26 April 2023 Lukas Griinhaupt®', Jaap J. Wesdorp', Yu Liu*, Leo P. Kouwenhoven’,
Accepted: 26 April Ramén Aguado®*, Bernard van Heck ® %7, Angela Kou® &

Published online: 22 May 2023 Christian Kraglund Andersen®"

simulator. Superconducting Circuits offer fexibility in qubit design; however,




Fer‘rnomagne'ric JosephSOn PHYSICAL REVIEW B 105, 214522 (2022)

Hybrid ferromagnetic transmon qubit: Circuit design, feasibility, and detection protocols

L] L] L]
junctions among possible for magnete fuctuatons
Halima Giovanna Ahmad ®,>%* Valentina Brosco®,*> Alessandro Miano®,'-" Luigi Di Palma®,' Marco Arzeo®,?

p r‘o p OSG I S f O r‘ no ve l Ty p es Domc;]ico Montemurro ®,"3 Procolo Lucignano ,! Giovanni Piero Pepe,'
Francesco Tafuri®,"¢ Rosario Fazio®,”! and Davide Massarotti ®%
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Electrodynamical behavior of e I
. .. . Macroscopic quantum tunnelling in spin filter
fer'r'omagneflc JJs and dlSSIpClTIOﬂ ferromagnetic Josephson junctions

D. Massarotti'2, A. Pal®, G. Rotoli4, L. Longobardi4'5, M.G. Blamire3 & F. Tafuri?4

Si0, NbN [SiO,
A path through -
different types of NDN

ferromagnetic JJs veo




RO frequency vs. flux bias

Qubit frequency tuning in standard
transmon

Tunable qubit
frequency

W = 8E] (Pext)Ec

E;(®eyxt)-tuning in SISFS tunnel JJs
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S21(d

-10 0 10
Flux voltage (mV)

Saturation field

Working
point



Transmon qubit based on ferromagnetic JJs-ferrotransmon

Capacitive Inductive

coupling coupling

[ T R P e —>, * Spinfilter JJs

L p ‘||' Y | | based on GdN

L, C. | { | insulating
— g : — | I ferromagnetic
T T Co I | Dbarriers
C, | ] |
I ! |+ SIFS-like
b= Y 1 Josephson
Semmmm e =7 memm————— - junctions
Transmission Split-CPB
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 Tuning of E; by using magnetic field pulses
* QUbIT as quanTum Sensor' PHYSICAL REVIEW B 105, 214522 (2022)
TU nable q u blt Hybrid ferromagnetic transmon qubit: Circuit design, feasibility, and detection protocols
freq uen Cy for magnetic fluctuations
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Transmon qubit based on ferromagnetic JJs-ferrotransmon
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 Tuning of E; by using magnetic field pulse
* Qubit as quantum sensor

Tunable qubit
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RF SQUIDs that share an inductive load.
Potential energy:
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PHYSICAL REVIEW APPLIED 19, 064025 (2023)

Discriminating the Phase of a Coherent Tone with a Flux-Switchable
Superconducting Circuit

L. Di Palma®,'" A. Miano®,’ P. Mastrovito®,' D. Massarotti®,** M. Arzeo®,” G.P. Pepe®,'
F. Tafuri®," and O. Mukhanov®’
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Dcline n.1
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Epilogue

To program a 5-qubit
superconducting quantum
computer
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qubits, coming up

1]

More than 30

Alternative qubit design: Ferromagnetic
Josephson junctions, Ferrotrasmon

Flexibility in building Hamiltonians,
Hamiltonian Engineering, JDPD

because ot its versatilty and electrical properties




