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Quantum systems
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Superconducting quantum circuits are artificial atoms
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Josephson Junctions



Superconducting quantum circuits are artificial atoms

Qubits
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“For the discovery of macroscopic quantum mechanical 
tunnelling and energy quantisation in an electric circuit”



Quantum sensing for Dark Matter search
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Quantum sensing for Dark Matter search

Phys. Rev. X 15, 021031 (2025)

SIGNAL READOUT df / dt / V2eff QL T
− 2
sys

weak interactionswith SM particles =) 10− 23W signal power

Josephson Parametric Amplifiers (JPAs) introduce the lowest level of noise, set by the laws of quantum

mechanics (Standard Quantum Limit noise)

Tsys = Tc + TA
Tc cavity physical temperature

TA effective noise temperature of the amplifier

kBTsys = h⌫

✓
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+
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◆

NA & 0.5

S. K. Lamoreaux et al., Phys Rev D 88 035020 (2013)

at 10 GHz frequency, whereTSQL = h⌫/ kB ! 0.5K

Standard quantum limit in 
the noise budget 



Current-Biased Josephson Junctions

Extrapolated dark count
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Resonant activation with RF

• JJ + Transmission Line fabricated at CNR-IFN
• Itinerant microwave photons reflected by the JJ 
• Dark count is estimated as the escape rate when biased 

with a current 𝑰

• Demonstrated that JJs 
switch when 𝑵𝜸 ≃ 𝑵𝒍𝒆𝒗𝒆𝒍𝒔

Extrapolated dark count



Single qubit – Quantum non-Demolition

Nature Physics | VOL 14 | JUNE 2018 | 546–549 



Double qubit – Error correction
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A D’Elia Appl. Sci. 2024, 14(4), 1478



3-year project in INFN CSN5

P.I.  Andrea Giachero (MiB)



QUART&T goals

• Tunable couplings:  possibility to implement and 
control the required couplings between qubits

• All-to-all connectivity:  tunable qubits coupled to 
a common bus resonator have the advantage of 
enabling all-to-all couplings

• Qudits: The quantum device developed within the 
project will also be exploited as higher-
dimensional quantum systems (qudits), offering 
increased computational power and flexibility



All-to-all connectivity realizations

5 qubits in planar resonators 6 qubits in 3D cavity

• Planar qubits more easily scalable
• Tunable coupling provided by SQUID or another qubit
• Suitable for all-to-all connectivity

• 3D qubits provide higher coherent times
• More difficult to scale
• But ideal solution for implementing qudit



Nanofabrication facilities



Qubit measurements

Qubit 1

Qubit 2
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The tunable superconducting qubit

SQUID

05/05/2023 Introduction to Quantum Technologies 18

Figure 42: a) opt ical microscope image and b) scanning elect ron microscope image of the devices

Figure 43: Left : Al cavity host ing the t ransmon chip. Right : opt ical image of the t ransmon

shunt capacitance pads acquired with a 100x magnificat ion. The JJ is not observable since is

roughly 200⇥200nm2, but it is located between the pads, in proximity of the two observablemetal

extensions.

Ability in the single-qubit control 
(decoherence times, dispersive 

shift and couplings, qubit 
spectroscopy, qubit tunability, 

resolving photon number)

Appl. Sci. 2024, 14(4), 1478

Δ=600 KHz

Ramsey

Homemade NbSe2 (A. D’Elia)

Rabi



2-qubit realization for quantum sensing

Readout resonator 1

Readout resonator 2

Qubit 1

Qubit 2
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Analogue quantum simulations

• neutrinos
• QCD
• nuclear physics
• quantum gravity
• condensed matter
• …

Implementing in the quantum platform a quantum dynamics 
following a Hamiltonian that is similar to the one of the 
simulated quantum system.

The dynamics of many-body systems is challanging.

A quantum architecture can mimic and study the behavior of other 
quantum systems, such as

u-quark parton distribution funtion



Hawking radiation

Yun-Hao Shi et al. Nature Communications | ( 2023) 14:3263

Dirac equation

mapped into

quantum system Hamiltonian

Fermionic lattice-model-type realization of an analogue black hole by using a chain of 
10 SC transmon qubits with interactions mediated by 9 transmon-type tunable couplers



Conclusions

❖ Superconducting quantum circuits are extremely sensitive devices, allowing to 

▪ Break down the sensitivity in light dark matter searches, where sub-Standard 

Quantum Limit detection is required

▪ Have access to enhanced computational power with respect to classical simulators

▪ Set up table-top laboratories to test fundamental physics with Analogue Quantum 

Simulators

❖ Italian institutes are growing in expertise
❖ Tested Current-biased Josephson junctions as microwave switching detectors
❖ Single qubit measurements and control 
❖ Double qubit design on the way
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Amplifying the Quantum Vacuum with
Superconducting Circuits

REVIEWS OF MODERN PHYSICS, VOLUME 84, JANUARY–MARCH 2012

https://doi.org/10.1038/nature10561
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