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* Digital Simulations

e Spin Systems (PRL 112, 200501 (2014), Phys Rev X 5 021027 (2015))
* Fermionic Systems (10.1038/ncomms8654)
e QG (PRL 119, 040501 (2017), Nature volume 612, pages 51-55 (2022))

* Analog Simulations
* GAAH Model (arxiv:2206.13107)
* Hawking Radiation (Nature Communications | ( 2023) 14:3263)
* Dirac Equation (New Journal of Physics 15 (2013) 055008)

* Digital Analog Simulations
* Fermion Fermion scattering (pPRL 114, 070502 (2015))

* Optimal Control (pHysicaL REviEw A 101, 062307 (2020))

* Analog Circuits (ReviEws OF MODERN PHYSICS 84 2012, EPL 128, 24002 (2020)

Digital-Analog Quantum Simulations with Superconducting Circuits arxiv:1711.09810
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Digital Simulations




Spin Systems

Heisenberg Model
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Fermionic Systems

Fermi-Hubbard model 2
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Quantum Gravity

Sachdev-Ye-Kitaev (SYK) model
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Majorana fermionic operators are codified as y,,_; =
-1 z ' _ el I A . _
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PRL 119, 040501 (2017), Nature volume 612, pages 51-55 (2022)
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Simulation on the Google Sycamore
superconducting qubit array with a
nine-qubit circuit of 164 controlled-Z
gates and 295 single-qubit gates



Analog Simulations



GAAH model

Generalized Aubry André Harper model (a) S —— © 2 _log(I7R)
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We initially excite the leftmost qubit @1, i.e., the system is AN NN . ﬁ
. [ F . . . C1
initialized as [1/(0)) = [1000000000), where |0) (|1)) denotes e O O 6 & O - Q=
the ground (excited) state of a qubit. Then we apply the fast R T W W O = s
Z pulse on each qubit and coupler, and the system will evolve 1 & W _%
under the Hamiltonian Eq.(2), satisfying Schrodinger equa- % —ifi—r —

tion |1 (t)) = e~iHt 110(0)). We monitor its dynamics from
t = 0 to 500 ns, by measuring the photon occupancy probabil-
ities of each qubit P;(t) = (w(t) d;dj w(t)). For each time
point, we perform 5000 repeated single-shot measurements.

10 qubits with tunable couplers

arXiv:2206.13107



Hawking Radiation
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Digital-Analog Simulations
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Fermion Fermion Scattering

Analog-digital quantum simulation of fermion-
fermion scattering mediated by a continuum of
bosonic modes. Qubits simulate fermionic modes via
digital techniques, while the continuum of an open
transmission line simulates bosonic modes in
quantum field theory.

PRL 114, 070502 (2015)




Optimal Control on a qudit
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Analog Circuits

Hawking radiation

Parametric amplifier

Dynamical Casimir
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Possibility of transforming the virtual photons corresponding
to the zero-point fluctuations into an observable quantum
vacuum radiation when the background on which the
guantum field lives is modulated in either space or time

Baby toy model: friction force on dynamical Casimir emission
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Im|[/3]

S. G. Butera & IC, Quantum fluctuations of the friction force induced by the dynamical Casimir emission, EPL 128, 24002 (2020).



Superconducting Devices at INFN
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KITWPA: production of the half-size amplifier

i

KITWPA in the copper box

=

I1.0 um

 — . SEM pictures of the fabricated KI-TWPA.

» The first KI-TWPA prototype based on the preliminary half-size layout L1 has been produced early in 2023;
 Device composed of 523 super-cells with a length of about 17 cm. Gain expected in the (7-11) dB range;

« Characterization results from these preliminary amplifiers are be crucial in refining the final design;

Andrea Giachero CSNS5 Meeting Virtual, September 15, 2023 9/23



Design of 2D and 3D Superconducting Qubits

2D Qubits

Circuit Modeling

1) Connect physical elements (C, L, Ic, Z0) to

quantume-circuit properties (lifetime, frequency,

couplings)

From HFSS simulation
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2) Design of circuit with
first estimate of circuit
element values
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3) Layout realization, E.M. simulation
and design optimization.
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Quantum Simulation
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Manufactoring of 3D qubits with circular pads at CNR

Signal A= InLens  StageatT= 0.0° 4 0ct2023
ZEISS|
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Aluminum JJ with area approx. 200 x 350 nm



Ramsey
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3D Cavity Fabrication

Mechanical
machining



Qubit control with RFSoC hardware

(a)Q QICK is a kit of firmware and software done to use the Xilinx
uantum
algorithms RFSoC to control quantum systems.
ngct’\?vtarf; Firmware exists for the ZCU111, ZCU216, and RFSoC4x2
. evaluation boards.
ontrol
electronics
‘ ‘ Extending use of QICK also to the ZCU208 board.
Microwave signal
processing

Cryogenics and
interconnects

Device




3D Resonator Coupled to a Superconducting
Qubit

Technology
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Institute

Photon Counting Ramsey Spectroscopy
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3D qubit manufactured at the Technology Innovation Institute of Abu Dhabi




