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ADAMANT

Proposta esperimento CSN5:

Sezioni coinvolte: Milano
Coordinatore Nazionale: Bruno Paroli (INFN-MI)
Durata: 2 anni

Obiettivo Esperimento:

Studio e realizzazione sperimentale di un metodo innovativo per la
trasmissione e la rivelazione locale di informazione quantistica facendo
uso del momento angolare dei singoli fotoni.

Local Detection of OAM 
Entangled Photons

ADAMANT
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ADAMANT

Scopo principale del progetto
Il nostro fine è quello di sviluppare un protocollo di comunicazione quantistico
che utilizzi il momento angolare dei fotoni come grado di libertà dove codificare
l’informazione e rivelare localmente gli stati quantistici

Quindi abbiamo due punti da mettere in evidenza:
1) La radiazione deve essere quantistica per fare in modo che il protocollo sia

sicuro rispetto all’attacco di una spia.
2) Il momento angolare ci permette di non tenere conto dell’orientamento

relativo tra trasmettitore e ricevitore, cosa molto utile nel caso il trasmettitore
e il rivelatore stiano a grande distanza (ad esempio il rivelatore potrebbe
essere su un satellite). Inoltre si può sfruttare una molteplicità illimitata di
stati per trasmissioni ad elevata densità.

Inoltre, punto fondamentale:
Il sistema di rivelazione del momento angolare che proprionamo in questo
esperimento è innovativo e ci permette di rivelare L senza accoppiare tutta la
radiazione nel rivelatore (cosa che sarebbe praticamente impossibile con
metodi tradizionali nelle trasmissioni a grande distanza a causa della
diffrazione).
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ADAMANT

Schema sperimentale proposto
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ADAMANT

Obiettivi Specifici

- Fornire un sistema di comunicazione robusto che implementi protocolli 
quantistici e quindi permetta il trasferimento intrinsecamente sicuro dell’ 
informazione. 

- Fornire un sistema di comunicazione a lunga distanza che sfrutta la 
radiazione con momento angolare orbitale per trasferire informazione ad alta 
densità. L'alta densità si ottiene grazie al’ elevato numero di stati OAM 
rispetto a sistemi standard che sfruttano la polarizzazione.

- Fornire un sistema di comunicazione indipendente dall'orientamento 
relativo tra il trasmettitore e il ricevitore. Un punto debole dei sistemi 
quantistici che sfruttano gli stati di polarizzazione.

- Dimostrare per la prima volta la fattibilità della misura locale della 
radiazione quantistica con momento angolare orbitale. Verrà sviluppato 
un metodo interferometrico innovativo per la rivelazione locale degli stati 
quantistici di momento angolare orbitale capace di lavorare anche lontano 
dalla singolarità.
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Single-Photon Emitters in Lead-Implanted Single-Crystal Diamond
S. Ditalia Tchernij,†,‡,¶ T. Lühmann,§,¶ T. Herzig,§ J. Küpper,§ A. Damin,∥ S. Santonocito,†

M. Signorile,∥ P. Traina,⊥ E. Moreva,⊥ F. Celegato,⊥ S. Pezzagna,§ I. P. Degiovanni,⊥ P. Olivero,†,‡

M. Jaksǐc,́# J. Meijer,§ P. M. Genovese,‡,⊥ and J. Forneris*,‡,#

Article
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PERSPECTIVE

Quantum nanophotonics with group IV defects
in diamond
Carlo Bradac1*, Weibo Gao 2, Jacopo Forneris3, Matthew E. Trusheim 4 &

Igor Aharonovich1

https://doi.org/10.1038/s41467-019-13332-w OPEN
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DEMIURGOS → PHYDES

Electron	Electric Dipole Moment:	 Search for	New	Physics

Long	Electron	Spin	Coherence Time	in	Paramagnetic Molecules

1)	Probing Physics Beyond	Standard	Model	&	Fundamental Symmetries

2)	Electron	EDM	measurements

3)	Reactive Paramagnetic Molecules with	e-SPIN	Long	Coherence Time	&	Large	Debye Moment	

4)	Isotopic Molecular Beam Production	and	Doping	in Para-Hydrogen @	Low Temperature	

5)	Conclusions
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DEMIURGOS → PHYDES

EDM	Searches

- The	EDM	is an	asymmetric charge distribution along the	particle spin

- The	EDM	violates time	reversal symmetry through CPT	conservation – CP	violation

- CP	violation is required to	generate	a	cosmological matter-antimatter asymmetry.
-
- It is present in	the	SM,	through the	complex phase in	CKM	matrix,	however many order of	magnitude below what is necessary

- EDM’s in	SM	are	tiny (	de	 <	10-38	 ecm ),	but most SM	extensions include	new	CP	violating phases that contribute to	EDM’s.

THIS	MAKES	EDM’s an	ideal probe	for	detecting NEW	PHYSICS	associated with	CP	violation
and	a	powerful window on	energy scales much larger than those that can	be	probed directly at LHC

four-loop	level	in	
perturbation	theory
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DEMIURGOS → PHYDES

Andrea Giachero SQMS_INFN Meeting LNF, October 15, 2021 10 / 47



DEMIURGOS → PHYDES

BARYON	ASYMMETRY	IN	OUR	UNIVERSE

ELECTROWEAK	SM	EXPECTATION OBSERVED

𝒏𝑩#𝒏𝑩$
𝒏𝜸

≈ 	𝟏𝟎#𝟏𝟖

Digitare	
l'equazione	qui.

𝒏𝑩#𝒏𝑩$
𝒏𝜸

≈ 	𝟏𝟎#𝟏𝟎vs

Connection	Between Cosmology and	SM	of	Particle Physics

Sahkarov Criteria for	Baryogenesis in	the	early Universe JTEP	Lett.	5,	24	(1967)

- 1)	Baryon number violation

- 2)	CP	Violation

- 3)	Thermal	non-equilibrium
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DEMIURGOS → PHYDES

MEASURING		ELECTRON	EDM	ON	MOLECULES:	ACTUAL	APPROACH

Fasci	Molecolari	Freddi	tempo	coerenza	elettrone	lungo

𝜙 ∝ 	𝜔𝜏 = 	 𝜇𝐵 + 𝑑𝐸 𝜏

Misura	di	sfasamento	su	singola	molecola
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DEMIURGOS → PHYDES

PREPARAZIONE	INIZIALE	STATO	𝚿(𝟎) E	SUA	EVOLUZIONE	𝚿(𝑻)

ACTUAL	LIMIT	“ACME”	EXPERIMENT	de =	10-29 ecm
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DEMIURGOS → PHYDES

FROM	MOLECULAR	BEAM	TO	MOLECULAR	DOPED	CRYSTALS	A	NEW	APPROACH	

2	Possible measuring methods:

1)	Weak Magnetization appearence under	Emodulation (	see note)	de	 ~	10-30 ecm

2)	Optical	Fluorescence Approach(	see articles )	de ~	10-34 ecm

Probing 1018 BaF Molecules into ParaHydrogen Matrix	Host
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DEMIURGOS → PHYDES

Almost a Quantum Solid

I=0 à J pari
simmetria	sfericaà assenza	di	momenti
di	multipolo	permanenti
Le	interazioni	sono	interazioni	di	
dispersione	(molto	deboli	VDW)
Alta	distanza	tra	le	molecole:	a=3.783	Å

Il cristallo di p-H2 ha una struttura Hcp
(Hexagonal closed packed).
Per la grande distanza intermolecolare,
consente di ospitare un atomo senza
deformazioni significative della struttura
cristallina.

PARAHYDROGEN	ADVANTAGES
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PICS4ME

QuOT Lab @ UniBA
• Group leader: Milena D'Angelo

• Researchers:
Francesco Scattarella
Francesco V. Pepe

• Postdocs:
Francesco Di Lena
Sergii Vasiukov

• Students :
Davide Giannella
Gianlorenzo Massaro
Alessio Scagliola

PICS4ME  Plenoptic Imaging with CorrelationS for
Microscopy Enhancement

Partners:
M. Genovese, I. P. Di Giovanni (INRIM, Torino  IT)  INFN Torino
J. Forneris, P. Olivero (Università di Torino  IT)  INFN Torino

Qu3D – Qunatum 3D imaging at high speed 
and high resolution

Partners:
E. Charbon, C. Bruschini (EPFL  CH)
B. Stoklasa, Z. Hradil, J. Rehacek (Olomouc University  CZ)
M. Iacobellis, F. Santoro, L. Amoruso (Planetek Hellas  GR)

TOPMICRO – TOward the Prototype of a correlation plenoptic 
MICROscope

INFN funded projects (Coordinator: Milena D’Angelo – INFN Bari)

Feb. ‘21Aug. ’22

Jul. ’19 – Dec. ’22

Mar. ’20 – Dec. 
’23

http://www.ba.infn.it/qu3d/index.html
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PICS4ME

PICS4ME*
Plenoptic Imaging with Correlations for Microscopy and 3D Imaging Enhancement

1. Design, development and 
characterization, and optimization of a 
Correlation Plenoptic Microscope CPM

2. Comparison of CPM with 3D 
microscopy systems to demonstrate its 
effectiveness in several applicative 
scenarios

3. Optimization of the refocusing and 3D 
reconstruction algorithms

4. Develop novel protocols for SNR 
optimization (e.g., Differential CPI)

5. CPM with low-coherence sources, in 
view of its application in fluorescence 
microscopy

*Legacy of the Project PICS (young researcher grant CNS5 2017-2019, PI: Francesco Pepe)

MISEUIBM: 
Intellectual 
property award 
2019
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PICS4ME

PICS4ME
Correlation Plenoptic Microscope

⮚ Patent 2017 (Cina, Japan, Europe, USA)
⮚ A. Scagliola, et al., Physics Letters A, p. 126472 (2020)
⮚ G. Massaro et al., arXiv:2110.00807 (under consideration for pubblication)

Acquired image at 
focus plane: z = 0

CPM refocus 
at z = 360 μm

CPM allows scanning-free 
refocusing of different planes
within a 3D sample (starch in 
gel)!
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PICS4ME

PICS4ME
DOF vs. resolution trade-off

CPM enables refocusing over a much wider depth of field than standard imaging and 
standard plenoptic imaging, while preserving the maximum resolution (diffraction limit)

z - zo z - zo z - zo

Standard Imaging                                 Standard Plenoptic imaging                     Correlation 
Plenoptic Imaging
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PICS4ME

PICS4ME
DOF vs. resolution trade-off

Standard Microscopy                     Correlation Plenoptic 
Microscopy

3D sample:  2 
planar test targets 

2.5mm apart

2D samples

3D_1 3D_2

SM

CPM

z - zo

CPM enables refocusing over a much wider depth of field than standard imaging and 
standard plenoptic imaging, while preserving the maximum resolution (diffraction limit)
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PICS4ME

Quantum 2022  Summer School on Quantum Optical 
Technologies in Apulia

Trani (Bari), 1824 Sept. 2022

The school is oriented to PhD students, master students and young researchers, and aims to provide a privileged
vision of quantum optical technologies from both a theoretical and an experimental perspective. The lecture topics
will include: quantum imaging; quantum information; quantum cryptography; quantum simulation; quantum
communication in space; detectors, sources andmeasurements for quantum technologies.

Lecturers: Gunnar Björk, Edoardo Charbon, Maria Chekhova, Milena D'Angelo, Ivo Pietro Degiovanni, Paolo Facchi,
Daniele Faccio, John Howell, Zdenek Hradil, Simone Montangero (to be confirmed), Ivano RuoBerchera, Fabio
Sciarrino, Bohumil Stoklasa, Paolo Villoresi, Hugo Zbinden

Scientific Committee: Milena D'Angelo, Paolo Facchi, Augusto Garuccio, Saverio Pascazio (UniBA and INFN), Marco
Genovese (INRIM), Fabio Sciarrino (Sapienza Roma)

QUSHIP

Partners

https://agenda.infn.it/e/quantum2022
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QUANTEP

October 2021 QUANTEP 1

QUANTEP
QUANtum Technologies Experimental Platform

● INFN CSN5 project - Three years (from 2021 to 2023) 

● Principal Investigator: A. Salamon (RM2)

● INFN Sections and Laboratories involved: LNL (V. Rigato), MI (V. Liberali), 
Camerino/PG (R. Gunnella), PI (F. Spinella), PV (V. Bellani), RM2 (A. 
Salamon), SA (C. Attanasio), TO (J. Forneris)

● Interest and support from: LNGS (LUNA-MV), LABEC (DEFEL), UNIPI (S. 
Saponara), UNITO, TYNDALL, Institut Ruđer Bošković (RBI), Micro Photon 
Devices (MPD), University of Leipzig, Chalmers University of Technology, 
Physikalisch-Technische Bundesanstalt (PTB).

● 15-17 FTE/year, ~ 1 MEuro budget

● Creation of a common Silicon Photonics platform for

– linear optics quantum computing circuits;

– single photon sources;

– single photon detectors;

– polarization control circuits.
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QUANTEP

October 2021 QUANTEP 2

Universal Quantum Gates

2 qubits:

1 qubit:

Some 1 qubit elementary gates

The prototype 2 qubits gate is the Controlled NOT (CNOT) gate

control bit

target bit

● the control bit is left unchanged

● the output target bit is the XOR of the 
input control and target bits

● but of course it does much more: it 
works on the wave function

Pauli-X (NOT) gate                Pauli-Z gate                  Phase shift gate                 Hadamard gate
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QUANTEP

October 2021 QUANTEP 3

Linear optical CNOT gate in the coincidence basis

● Directional couplers used as beam splitters

● Coincidence basis: (C0T0, C1T0, C0T1, C1T1)

● Postselected probabilistic gate: P=1/9

● Optimal operation with directional couplers 
(1/2-1/2) and (1/3-2/3)

MI, Camerino/PG, PI, RM2

CNOT GDSII preliminary

Spot size converter

Shunt

Output mode field

Silicon on Insulator 450 nm x 220 nm waveguides

l = 1550nm
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QUANTEP

October 2021 QUANTEP 4

Si-based single-photon sources at telecom wavelengths

Vastly unexplored research field!Emitters identification
- screening of luminescent centers fabricated by ion implantation (group-IV, transition metals, 
  halogens, He, …) at Leipzig Uni, Ruđer Bošković Inst, LNGS (LUNA), LABEC
- F[2 MeV], Ge[3 MeV], C[4 MeV],V[6 MeV], Ag[7.2 MeV] implanted, characterization ongoing
- development of a custom telecom confocal microscope (TO)
- identification and characterization of suitable single photon emitters (TO)

Emitters fabrication
- ion implantation with sub-µm accuracy (collimation)
- single-ion delivery capability: the Si circuit is exploited as particle detector
- development of a custom irradiation chamber at the TO ion implanter
- exploitation of a custom irradiation chamber at the AN2000 LNL beamline

LNL, TO

l = 1550nm
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QUANTEP

October 2021 QUANTEP 5

Sketch of Bi2Se3 /n-Si junction 
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9 nm Bi
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Single Photon Detectors (Bi
2
Se

3
/n-Si and other 2D materials)

Bi
2
Se

3
 deposited on n-Si substrates shows 

rectification, photovoltaic response and 
linearity at l = 1550 nm

Bi
2
Se

3
/n-Si response to fs laser pulse. 

Inset: photocurrent vs. laser pulse energy
I-V characteristics of Bi

2
Se

3
/n-Si heterojunctions 

in dark and illuminated conditions (9 nm film).
M. Salvato et al. Nanscale DOI: 10.1039/d0nr02725a (2020).

RM2, SA

l = 1550nm

l = 1550nm
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QUANTEP

October 2021 QUANTEP 6

Polarization control
with nanowires, graphene and other 2D materials

• Si-wg= 450x220 nm

• NW length= 5um

• NW radius= 60nm

• Material= InP

• Number of NWs= 10

• NW separation (d) = 500nm

• TE -> TM conversion

– %51.5 (@1.54 um)

– %60 (@1.55um)

– %65 (@1.56um)

wl = 1.54 um

wl = 1.56 um

Input E-field Output E-fields

x

y

z

d

PV, NEST, UNIMORE

An example: array of nanowires
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SIMP

SIMP: Single Microwave Photon Detection

Units

LNF (RN C Gatti)

INFN Pi

INFN Sa

TIFPA-FBK

CNR Nano NEST

CNR IFN

INRIM

TTc ~ 100 mK 

R

Workig Point

1 ph

Development of single microwave photon counter (10-100 GHz) with two technologies:
1. Current Biased Josephson Junction (LNF, Salerno, CNR-IFN)
2. Transition Edge Sensor (INFN-Pi, CNR Nano-NEST,  TIFPA-FBK, INRIM)

3 years project approved in CSNV in 2018

2) In a TES a steep variation of resistance
causes a current drop detected by a SQUID 
(frequency range n=50-100 GHz).

1) In a CBJJ a sudden variation of voltage
(400 mV) appears across the junction
(frequency range n=5-20 GHz).

When a photon is absorbed:

SIMP Single Microwave Photon Detection
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SIMP

Microwave Photon Detector Based on CBJJ

𝜏 = 𝑍0𝐶 ≃ 50 𝑝𝑠

rf

dc10 ns

Nlevels=8

N. photons in t

Ef
fi

ci
en

cy

0.5
12 g

Nlevels

SIMP: Collaboration with CNR-IFN

Simulations show single-photon sensitivity of an isolated 
JJ. The first test was done with a JJ coupled to a 
transmission line. In this configuration the device has a 
short relaxation time 𝜏 ∼ 50 𝑝𝑠 loosing single-photon 
sensitivity and switching approximately when the 
number of photons reaching the JJ in a time t is close to 
the number of levels in the potential well. The isolated-JJ 
limit will be reached adding a coplanar resonator 
(fabrication ongoing). Dark counts at mHz expected.

JJ coupled to a transmission line
Scheme of detector operation JJ dc bias

Pulsed RF

A. Rettaroli et al, Instruments 2021, 5(3), 25

SIMP Single Microwave Photon Detection
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SIMP

Josephson Parametric Amplifier
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SIMP: Collaboration with CNR-IFN

JJ-device operated as a JPA: the 
non-linear inductance of the JJ 
mixes Pump and Signal amplifying 
the second one. Gain close to 20 
db was observed in a 10 MHz 
bandwidth with a noise reduction 
from 8K of HEMT amplifier to 1.3K.

SIMP Single Microwave Photon Detection
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SIMP

Nanonwire Transition Edge Sensors

Tc=126 mK

Tc=139 mK

SIMP: Collaboration with INRIM and CNR-Nano/NEST

• Nanowire TES (1mm×50nm×100 nm) with Tc 120 mK 
fabricated at INRiM and CNR-Nano/NEST. 

• First characterization shows sensitivity to 100 GHz 
single photons and NEP 50 zW/√Hz.

• RF test in preparation.

Reduce the 
volume

Lower the critical 
temperature

Conditions needed to reduce TES noise fluctuations:
1. Small volume  use micro/nano fabrication
2. Low critical temperature  use bilayer made of 

superconductir and normal metal.

F. Paolucci et al., J. Appl. Phys. 128, 194502 (2020)

TiAu sample from INRiM AlCu sample from CNR-Nano/NEST

SIMP Single Microwave Photon Detection
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qubIT

Qub-IT Quantum Sensing with SC Qubits

Photons

Magnons

Phonons

Superconducting qubits constitute a fundamental building block of quantum 
sensing. These are used in experiments for sensing single photons, magnons and 
phonons opening the way to new physics experiments. Qub-IT objective is the 
development of single photon detector based on SC qubits exploiting its quantum 
properties like state superposition and entanglement.

Units

LNF (RN C Gatti)

INFN Pi

INFN Sa

TIFPA

INFN Fi

INFN Fe

INFN Mi

INFN MiB

CNR IFN

FBK

3 years project approved in CSNV in 2021Qub-IT Quantum Sensing with SC Qubits

A V Dixit et al., “Searching for Dark Matter with a Superconducting Qubit,” Phys. Rev. Lett. 126, 141302 (2021).

T Ikeda et al. “Axion search with quantum nondemolition detection of magnons,” arXiv:2102.08764.

Chu et al, “Quantum acoustics with SC qubits,” Science 358, 199 (2017)
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qubIT

Qub-IT Quantum Sensing with SC Qubits

Theory

INFN-Fi (Phys Dept)

E.M. Design

INFN-Fi (Eng. Dept)

INFN-MIB

INFN-Pi (Eng. Dept )

Fabrication

FBK

CNR-IFN

Control

INFN-MIB

INFN-Mi

LNF

INFN-Pi

INFN-Fe

Readout

LNF

INFN-MIB

INFN-Sa

TIFPA

Experiment

LNF

INFN-MIB

INFN-Sa

TIFPA

INFN Pi

Qub-IT puts together the entire knowledge chain necessary for developing superconducting quantum devices. This is a complex 
process requiring different skills going from theoretical modelling to electromagnetic design, multi-step fabrication with optical 
and electron lithography, control of qubits with RF pulses and single-shot readout of qubit state with quantum amplifiers, all 
cooled down in a dilution refrigerator to 10 mK.

During the project, circuits with up to 2 qubits coupled to coplanar or 3D resonators will be designed, fabricated and tested and 
photon-sensing experiments will be carried out in the cryogenic labs of the collaboration. 

Qub-IT Quantum Sensing with SC Qubits
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SUPERGALAX

SUPERGALAX

https://supergalax.eu

FET OPEN
SUPERGALAX

CNR (IT, PI, exp)

INRIM (IT, exp)

INFN (IT, axion exp, RN C Gatti)

KIT (DE, exp)

Leibniz IPHT (DE, exp)

RUB (DE theory)

LU (UK, theory)

Supercon-

ducting

coplanar

wave guide 

resonator

Network of N interacting superconducting qubits

Single microwave photon

with frequency ω

|0>

|CS>

E

Magnetic

field

ΔωS
ωc

ω

The project objective is to develop a single 
microwave-photon detector for axion search with 
QUAX experiment with an array of SC qubits. The 
collective response of qubit array to single-
photon excitation modifies the transmission
properties of a coupled resonator. This change in 
transmission is used to detect the photon.

Supergalax SC qubit array for Axion detection
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DEMETRA

DEMETRA
DEcoherence Mitigation through EnvironmenTal Radioactivity Abatement

• Progetto finanziato dall’INFN con starting grant per neoassunti - commissione 5 
ma non formalmente una sigla


• PI: Laura Cardani (INFN - Roma)


• Principali attori: INFN Roma, INFN - LNGS, Karlsruhe Institute of Technology 
(Germania).


• Scopo: studiare gli effetti della radioattività su qubit superconduttori 


• Giugno 2018 - Giugno 2021

1
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DEMETRA

2

0.5 1

islandgnd

substrate

vacuum

100 µma
b

c d

1 mm

... ...

Q1 Q2

Q4Q3

FIG. 1. (a) Optical micrograph of the multiqubit chip. Four
charge-sensitive transmon qubits (magenta) are coupled to
local readout resonators (cyan) and charge gate lines (orange).
The readout resonators are coupled to a common feed line
(purple). The chip incorporates two local flux bias lines that
were not used in these experiments. (b) Closeup view of a
single qubit. (c) Circuit diagram of the chip. Color coding
matches the false coloring in parts (a) and (b). (d) Simulation
of the charge induced on the qubit island from a unit point
charge at various locations in the substrate.

In a first series of experiments, we perform simultane-
ous Ramsey tomography on the four qubits to generate
time series of fluctuating o↵set charge. In Fig. 2a we show
representative qubit spectroscopy and in Fig. 2b we show
the experimental pulse sequence for the charge measure-
ments [7]. The Ramsey X/2� Idle�X/2 sequence maps
precession frequency to occupation of the qubit |1i state
irrespective of the quasiparticle parity of the qubit island.
We perform a series of such experiments for di↵erent ap-
plied gate voltage, as shown in Fig. 2c; the phase of the
resulting curve reveals the o↵set charge on the qubit is-
land. Note that this approach only allows measurement
of o↵set charge modulo the fundamental charge e; large
discrete jumps in o↵set charge will be aliased to the in-
terval from -0.5e to +0.5e.
In Fig. 2d, we show a typical time series of o↵set

charge measured on the four qubits simultaneously. The
Ramsey-based charge measurement involves 3000 projec-
tions of the qubits across 10 applied gate charges, with a
total cycle time of 44 seconds. Focusing on large discrete
changes in o↵set charge in the range 0.1e < |ng|  0.5e,
we find a rate of charge jumps 1.35± 0.04 mHz averaged
over the four qubits. The right panel shows the detailed
structure of the charge traces for nearest-neighbor pairs
measured at shorter timescales. We observe numerous
simultaneous discrete jumps in the o↵set charge of neigh-
boring qubits. In Fig. 2c-e we show joint histograms of
charge jumps measured in various qubit pairs. For all
qubits, there is a Gaussian peak at the center of the dis-
tribution due to experimental uncertainty in the recon-
structed o↵set charge. For the pairs separated by 340 and

640 µm, however, we find many simultaneous discrete
changes in o↵set charge. Again focusing on large charge
jumps in the range 0.1 e < |ng|  0.5 e and correcting
for random coincidence, we find a correlation probability
of 54 ± 4% for the qubit pair separated by 340 µm and
a correlation probability of 46 ± 4% for the qubit pair
separated by 640 µm (see Supplement). For qubits on
opposite sides of the chip with separation of order 3 mm,
the rate of simultaneous charge jumps is consistent with
random coincidence.
As mentioned above, the characteristic length

p
riro

sets the scale over which charge is sensed in the bulk sub-
strate. The high degree of correlation in charge fluctua-
tions sensed by qubits with 640 µm separation indicates
charging events with a large spatial footprint. There are
two obvious candidates for such events: absorption of
cosmic ray muons in the qubit substrate and absorption
of � rays from background radioactivity in the labora-
tory. These events deposit energy of order 100 keV in the
qubit substrate, roughly ten orders of magnitude greater
than the ⇠10 µV energy scale of the qubit states. In
both cases, the absorption event liberates charge in the
substrate; a significant fraction of the free charge dif-
fuses over hundreds of microns, leading to a large spatial
footprint for the charging event that can be sensed by
multiple qubits.
We perform detailed numerical modeling of charge

bursts induced by the absorption of cosmic rays and back-
ground radioactivity. We use the GEANT4 toolkit [8–
10] to calculate the energy deposited in the silicon sub-
strate. A simplified model of the cryostat (including vac-
uum can, radiation shields, stage plates, etc.) is used
to calculate the flux of muons and gamma rays at the
chip. The angular and energy distribution of simulated
muons reproduces measurements of cosmic ray muons at
sea level [11], and the photons from background radioac-
tivity are generated isotropically according to the energy
distribution measured at Laboratori Nazionali del Gran
Sasso (LNGS)[12], which matches the distribution mea-
sured in the lab at Madison (see Supplement).
Each energy deposit liberates one electron-hole pair

per 3.75 eV of energy transferred to the substrate [13].
The subsequent di↵usion of charge is modeled using
G4CMP [14, 15]. This charge transport simulation takes
into account anisotropy in the electron band structure,
which leads to a separation of the positive and negative
charge liberated by the burst event, as demonstrated in
Ref. [16]. The di↵usion length �trap is taken to be energy-
and species-independent; �trap and the charge produc-
tion e�ciency fq are tuned to match the experimentally
measured charge histograms (see Supplement for details).
We find for �trap = 300 µm and fq = 0.2 that the simu-
lated single- and two-qubit charge histograms are in good
qualitative agreement with the measured histograms and
provide a reasonable quantitative match with the cor-
relation probabilities and charge asymmetries extracted
from the data.
The charge sensitivity of our devices allows us to moni-

2

• Measurement of charge jumps in a 4-qubits matrix


• Proved that environmental radioactivity induces:


• Many simultaneous jumps in 2-qubits:


• 54% correlation prob. for ΔL = 340 μm


• Diminishes for more distant qubits


• Decrease of the coherence of single qubits


• Detrimental effect of radioactivity recently 
confirmed by a similar study done with the Google 
Sycamore

Radioactivity Effects
3

a b c

d

e

FIG. 2. Characterization of correlated charge fluctuations. (a) Qubit spectroscopy versus applied o↵set charge showing
the two quasiparticle parity bands; a discrete jump in o↵set charge can be seen in the rightmost column of data. (b) Ramsey
sequence used to detect o↵set charge ng ⌘ �q/2e, and trajectory of the qubit state vector for the two values of quasiparticle
parity. (c) Two sequential scans of Ramsey amplitude versus o↵set charge; points are data and solid traces are theoretical fits.
In the first scan (orange points), the o↵set charge was constant throughout the acquisition, while in the second scan (green
points) a discrete jump in o↵set charge occurred during the scan. (d) Time series of o↵set charge on the four qubits measured
simultaneously over 10 hours. Trace colors identify the locations of the four qubits, as shown in the figure inset. Panels to the
right show detailed views of correlated o↵set charge jumps in qubit pairs. (e) Joint charge histograms measured on three qubit
pairs; coloring of axes encodes the qubit location, and center-to-center separation is shown above the plots.

liberated by the burst event, as demonstrated in ref. 17.
The characteristic trapping length �trap is taken to be
energy- and species-independent; �trap and the charge
production e�ciency fq are tuned to match the exper-

imentally measured charge histograms (see Supplement
for details). We find for �trap = 300 µm and fq = 0.2 that
the simulated single- and two-qubit charge histograms
are in good qualitative agreement with the measured

2

[Wilen et al, Nature 2021]
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DEMETRA

3

A possible solution
[Cardani et al, Nat. Comm. 2021]Resonators
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DEMETRA

4

[Cardani et al, Nat. Comm. 2021]
Resonators

Rate of impacts [= “errors”] reduced by ~30


Coherence can be improved by 2-4*


* if the loss is dominated by phonons, this is not the 

case for all superconducting qubits
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silver paste vacuum grease lead o↵ ThO2

Resonator A Resonator B Resonator C

FIG. 3. E↵ect of radiation shielding on resonator
performance. Quasiparticle burst rate (�B , top) and inter-
nal quality factor at single photon drive (Qi, bottom) for all
resonators and setups. The progression of measurements is
shown by the dotted gray arrows. Measurements in the G
setup show a reduction in both burst rate (factor fifty) and
dissipation (up to a factor four). Removing the lead shielding
increases the burst rate by a factor two, and further adding
a ThO2 radioactive source increases it to more than twice
above ground values. When the sample is brought back above
ground and measured in the R setup, the reduction in burst
rate and dissipation is less marked.

4. we moved the clean set-up and all the read-out line
to cryostat located in the deep underground Labo-
ratori Nazionali del Gran Sasso (LNGS, Italy). The
3600 meter-water-equivalent of rock overburden of
LNGS allows to reduce by 6 orders of magnitude
the flux of cosmic rays;

5. we surrounded the LNGS cryostat with a ⇠10 cm
lead castle to shield it from the contaminations of
the laboratory environment;

6. we exposed the sample at LNGS to an intense ThO2

radioactive � source simulating a radioactivity level
higher than in above ground laboratories.

The rate of quasiparticles burst is reported in Figure 3.
I commented the table, which is redundant given the clear
plot.

First of all, we observe that exposing the sample to
a ThO2 � source resulted in a dramatic increase of the
quasiparticles bursts: resonators A, B and C were trig-
gering quasiparticles bursts with a rate of 160, 200 and
100mHz respectively (a typical time stamp is also re-
ported in Figure 2). The rate increase observed in this
measurement proves that the device is very sensitive to

radioactivity, also in the typical energy range of environ-
mental radioactivity (below 2.6MeV). We acquired hun-
dred of time-stamps and reported the amplitude of the
quasiparticles burst detected in one resonator as a func-
tion of the amplitude of the same quasiparticles burst
measured by another resonator (Figure 2)-bottom) fix
figure label. The correlation between these two quanti-
ties definitively proves the key role played by the sub-
strate: the larger the energy deposited in the substrate,
the larger the quasiparticles burst in all the resonators
placed on it. This sensitivity of the substrate to environ-
mental radioactivity could be detrimental for algorithms
relying on the hypothesis of uncorrelated errors among
the qubits, such as the promising Surface Codes devel-
oped in the framework of quantum error correction. In
this work we proved that the abatement of environmental
radioactivity could largely mitigate this potential issue
for quantum error correction.

The comparison of the rate of quasiparticles burst mea-
sured in KIT and in Rome shows that the cleaner set-up
operated in Rome features a lower the rate of events (Fig-
ure 3). The improvement is more evident in the mea-
surement in which we replaced silver paste with (more
radio-pure) vacuum grease. On the other hand, the vari-
ation of quasiparticles bursts is rather limited, proving
that “far” radioactive sources (cosmic rays and environ-
mental radioactivity) dominate the rate of bursts, while
the cleaning of the set-up had no major e↵ects at this
stage. On the contrary, moving the device from above
ground to the deep underground LNGS resulted in an
abatement of the rate of bursts from tens of mHz to few
mHz. Finally, adding the lead shield to protect the cryo-
stat from the environmental radioactivity resulted in a
further suppression to 2.5mHz, 2.6mHz and 1.2mHz for
resonators A, B and C respectively, proving a reduction
by one order of magnitude compared to measurements
above ground.

Furthermore, we investigated if the radioactivity
abatement impacts also the performance of the single res-
onators, in addition to the rate of quasiparticles bursts.
For this purpose, we focused on the internal quality factor
of the devices. The internal quality factor was extracted
from a fit to the complex resonant circle at di↵erent pow-
ers, following the procedure outlined in Ref ref to a paper
describing the method. For the sake of comparison, we
report in Figure 3-bottom only the results obtained with
a single photon read-out power (-140 dBm). Even if the
uncertainties on these numbers are rather large, it is clear
that the largest internal quality factor was obtained by
operating the device in the ultra-low radioactivity envi-
ronment o↵ered by LNGS. say that it’s even better than
phonon traps? maybe their combination even super bet-
ter?.

We are aware that other control experiments are
needed to state that such improvement could be entirely
ascribed to radioactivity mitigation. Nevertheless, we
excluded dominant contributions from the read-out line,
from vibration of the cryostat or temperature instabili-

A possible solution
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Qubit: high ªdelity readout

Qubits
chip

LNAQLA
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pulse
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Low Noise Ampli�er
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Low Noise Ampli�er
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Quantum-limited 
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HEMT noise 
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corresponding vacuum noise
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more details on
J. Phys. Conf. Ser. 834 (2017) 012003

www.ibm.com/blogs
thequantumaviary.blogspot.com

https://doi.org/10.1088/1742-6596/834/1/012003
https://www.ibm.com/blogs/research/2020/01/quantum-limited-amplifiers/
https://thequantumaviary.blogspot.com/2020/11/what-does-it-take-to-read-out-quantum.html


DARTWARS: Detector Array Readout with Traveling Wave AmpliªeRS

The principal objectives of DART WARS are

1. The practical development of high peĐorming parametric ampliªers following two diĄerent promising approaches
(KI-TWPA, TWJPA) and exploring new design solutions, new materials and advanced fabrication processes;

2. The read out demonstration of various detectors/components (TESs, MKIDs, microwave cavities and qubits) with
improved peĐormances due to a parametric ampliªcation with a noise at the quantum level;

The technical goal is to achieve

• a gain value around 20 dB, comparable to HEMT;

• a high saturation power (around -50 dBm);

• quantum limited or nearly quantum limited noise
(noise temperature < 600 mK)

• reduction of the gain ripple and yield improvement.
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DARTWARS: the research groups

INFN units involved:

• The INFN-MIB coordinates the whole project and works speciªcally on the
design and on characterization of the developed devices (mainly KI-TWPA);

• The INFN-LNF COLD (CryOgenic Laboratory for Detectors) supervises the
device’s fabrication and paĒicipates in the characterization (mainly TWJPA);

• The INFN-LE Cryo-Spintronics focuses on investigating magnon-cavity
polaritons for quantum computation and quantum sensing applications.

• The INFN-SA group coordinates the design and simulation of the TWPAs and
peĐorms mounting (bonding and package) and initial testing of TWJPA devices;

• The INFN-TIFPA group supervises the device’s production at FBK and
paĒicipates in the characterization (mainly KI-TWPA);

INFN-MIB

TIFPA

INRiM

INFN-LNF

INFN-SA
INFN-LE

IBS/CAPP

FBK

Italy South Korea

Other institutions involved:

• Fondazione Bruno Kessler (FBK) Micro System Technology group (MST) of Centre for Materials and Microsystems (CMM)
is be in charge of the fabrication of the KI-TWPA prototypes;

• Istituto Nazionale di Ricerca Metrologica (INRiM) designs and fabricates the TWJPA prototypes in Al technology;

• Institute for Basic Science Center for Axion and Precision Physics Research (IBS-CAPP), co-ªnances the parametric ampliªers production
and paĒicipates in the characterization.
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Traveling Wave Parametric Ampliªers (TWPAs)

• JPA has typically been used only for single frequency
measurements due to lower bandwidth and saturation
power;

• New approach: microwaves travelling along a
transmission line with embedded non-linear elements;
Phys. Rev. B 87, 144301

• The nonlinear reactive element can be implemented by
Josephson Junction (JJ) or Kinetic Inductance (KI) of
superconductors. The relationship is, at the ªrst order,

L(I) = L0

[
1 +

I

Ic

]2

Ic is the superconductor critical current for KI
Ic is the junction critical current for JJ
At I < Ic junctions are dissipationless and act as a nonlinear inductor.

Pump

Signal

Idler

Amplifed signal

IC , C J
IC , C J

IC , C J
IC , C J

IC , C J

IC , C J

IC , C J
IC , C J

A large pump tone modulates this inductance, coupling the
pump (fp) to a signal (fs) and idler (fi) tone via frequency
mixing;

4-wave mixing

2fp = fs + fi (4WM)

3-wave mixing

fp = fs + fi (3WM)
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DARTWARS: Traveling Wave Josephson Parametric Ampliªers

• TWJPA are classically designed for operating only in the
4-wave mixing mode (4WM);

• Recent studies suggest that a three-wave mixing
(3WM) JTWPA should increase the power handling, and
decrease the ripple in the gain versus frequency
dependence;

• New design: 3WM TWJPA based on microwave
transmission line formed by a serial array of
non-hysteretic one-junction Đ-SQUIDs;

• The non-linearity of the inductance associated to the JJ
(LJ) gives rise to the mixing process;

• JJs created as Al/Al-Ox/Al tri-layer exploiting the
Niemeyer-Dolan technique;

• Design and production in collaboration with the Istituto
Nazionale di Ricerca Metrologica (INRiM, Torino);

TWJPA chip fabricated at INRiM

Cg

Lg JJ

63 μm

3 elementary cells
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DARTWARS: ªrst TWJPA characterizations

• In the ªrst semester of 2021 chips with TWJPA
produced at INRiM were tested at LNF and at IBS-CAPP;

• Measurements showed clear evidence of parametric
ampliªcation but with an non-homogeneous behavior in
frequency probably due to a non-homogeneous
fabrication of the about 900 Josephson junctions of the
device;

• Gain up to 30 dB was observed at paĒicular
frequencies and with a minimum noise temperature of
3.63 K;

• Measurements on array of Josephson junctions with the
goal to test the Josephson junction reproducibility
foreseen before the end of 2021;

• New design with a modiªed dispersion relation
following a new approachea (Resonant Phase Matching)
in developement with the goal to avoid power leakage
into higher frequency tones;
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fpump = 17.975 GHz

TN = 3.63 K

G = 26 dB

G = 33 dB

TN = 5.76 K

Chip TWJPA_X52_B

Andrea Giachero SQMS_INFN Meeting LNF, October 15, 2021 44 / 47



DARTWARS: Kinetic Inductance Traveling Wave Parametric Ampliªer

• Two diĄerent approaches for the transmission line:
• classical CPW
• aĒiªcial transmission line with lumped element

• The advantage of the lumped element approach a
shoĒer transmission line: 20 cm vs. 1-2 m;

• The goal is to lower the device heating with a
consequent reduction of the gain ripple and yield
improvement;

⇒ diĄerent materials will be considered to lower the Tc:
multilayer of Titanium and Titanium Nitrate (Ti/TiN) and
Tungsten Silicide (WSi);

• Transmissions implemented with a diĄerent layout:
microstrip transmission lines with ultra-low-loss
single-crystal silicon dielectrics fabricated on a
silicon-on-insulator (SOI) wafer;

• Production in collaboration with the Fondazione Bruno
Kessler (FBK, Trento).

A�i�cial transmission line
that uses lumped-element inductors

CPW transmission line
arranged in a double spiral with periodic impedance loadings

16 mm

0.8 m length of NbTiN CPW Impedance loadings

250 μm 

Ground

Ground

Central line
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DARTWARS: preliminary depositions with NbTiN

Preliminary depositions of NbTiN at FBK

• Co-spuĔering with separate targets (Nb and TI)

• 700 W(Nb), 150 W(Ti), 400 ◦C, 3 · 10−3 mbar,
Ar 50 sccm, N2 15 sccm

• Tc = 13.19 K 

• RRR = 0.71 ⌢

• SpuĔering from a single target Nb0.66Ti0.34

• 700 W, 400 ◦C, 3 · 10−3 mbar,
Ar 50 sccm, N2 (5 – 17.5) sccm

• Tc = 14.08 K  RRR = 0.99 ⌣ @5 sccm N2

• Tc = 13.52 K  RRR = 1.10 ⌣ @17.5 sccm N2

To improve Tc and RRR new tests will be made using crystalline
Si as substrate and larger N2 «ow
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DART WARS: possible impact for the INFN projects

Qubit

SQMS
Superconducting Quantum

Materials and Systems at FNAL

SUPERGALAX
Quantum network of

superconducting qubits for

searching galactic axions

DEMETRA
EĄects of Radioactivity on

Superconducting Quantum Bits

Microwave cavities

QUAX
Cosmological Axion Detection

MKIDs

CALDER
Neutrinoless Double Beta Decay

BULLKID
Coherent elastic neutrino-nucleus

scaĔering

MoBiKID
Cosmic Microwave Background

KIDS_RD
X-ray spectroscopy

TESs

HOLMES
Neutrino Mass Measurement

PTOLEMY
Relic Neutrino Detection

CRESST
Dark MaĔer Search

NUCLEUS
Coherent elastic neutrino-nucleus

scaĔering

SIMP
Single Microwave Photon

Detection

STAX
Axion-like paĒicle searches with

sub-THz photons
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