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DUNEDUNE  L. StancoL. Stanco
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MOONLIGHT-2MOONLIGHT-2  P. VilloresiP. Villoresi
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Gr2 PD @ LAEGr2 PD @ LAE JUNO/GERDA
QUAX
VIRGO/ET
ICARUS
ENUBET
T2K (Sala 3, NUCLEX)

NORD  SUD→ SUD
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QUAXQUAX
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inverse Primakoff effect   axion-induced → SUD
excess photons inside a microwave cavity in 
a static magnetic field



 7

A. Longhin,  CdL LNL, 6/5/21 7

QUAQUAERERE AERERE AXXIONSIONS: working principle: working principle
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https://agenda.infn.it/event/26309/contributions/133542/attachments/80685/105460/ncrescini_brunoRossi_030920.pdf

Nicolo’ Crescini: Premio Rossi 2021 per il PhD (presentazione recente in CSN2)  → SUD

https://agenda.infn.it/event/26309/contributions/133542/attachments/80685/105460/ncrescini_brunoRossi_030920.pdf
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QUAX: physics resultsQUAX: physics results

QUAX e’ passato da un R&D (nato in seno a WhatNext) a essere un esperimento finanziato dalla 
CSN2 per produrre risultati di fisica. Nuovo magnete a 14 T. Migliorie nella criogenia.



 12

A. Longhin,  CdL LNL, 6/5/21 12

QUAX: activities in the laboratoryQUAX: activities in the laboratory
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Develop a single microwave photon detector 
for axion search in QUAX experiment with an 
array of SC qubits.

Part of SQMS: the US Quantum Technology 
initiative

More initiatives

QUAX: expertise and other activitiesQUAX: expertise and other activities



Experimental activities of Virgo 
and ET at LNL

INFN and Uni Padova : Bazzan, Bonavena, Bordignon, Chiarini, Ciani, Conti, Zendri & undergrads 

TIFPA and Uni Trento : Grimaldi, Perreca

wide array of experimental investigations and technological 
developments in support of Gravitational Wave detectors



Gravitational wave detectors and their enemiesGravitational wave detectors and their enemies

Mirror 
displacement     Readout noise

Two main challenges:
Measure vanishingly small displacements
Make sure the displacements is from gravitational waves only!

28/09/202028/09/2020 Giacomo CianiGiacomo Ciani 1515



The Virgo&ET laser lab at LAE@LNL
4 benches/experiments: 

Virgo related (@1064nm)
1. Electro-optical lens : EOL
2. Mode-converter telescope: MCT

Einstein Telescope related (@1550nm)
3. Cryogenic characterization of materials: ET

Transversal to both Virgo & ET (@1064nm)
4. Non-equilibrium Thermal Noise: NETN

EOL

NETN
ET

MCT

Main strength and expertise:
• Laser optics
• Opto-electronics
• adaptive optics (not the

“astronomical” type…)
• Fast/quiet electronics
• Optical materials
• Cryogenics



Electro-optic lens & Mode-converter telescope
Advanced Virgo employs Squeezing (SQZ) since the run O3 (ie from 2019). 

Optical losses are of major concern for SQZ as they couple (non-squeezed) 
quantum fluctuations thus spoiling the quality of squeezed vacuum. To reduce 
losses, the sqz states need to be mode-matched to the interferometer beam. 

We are developing 2 technologies for sensing (and correcting) the mismatch, 
for the next run O4 of Advanced Virgo. The goal is to reduce to <3% the optical 

losses due to mode mismatch (now order 10%)



Electro-Optic Lens 

The technique is based on the realization of a 
custom electro-optical lens, capable of 
changing focal length at frequencies up to 
~100 MHz

Development of an innovative technique for 
sensing the mode mismatch between an 
optical cavity and a laser beam



Mode Converter Telescope and Actuator
TIFPA collaboration

   

Testing an astigmatic telescope configuration 
that allows to optically convert the LG10 mode 
to and HG11 and to use the standard Quadrant 
Photodiode to detect the Mode mismatch error 
signal.

We are developing a new optical actuator 
based on a thermomechanical 
deformation of mirrors. 

The curvature characterization of this 
actuators will be performed at LNL, using a 
compact Shack-Hartmann setup.

The sensor

The actuator



To lower thermal noise,  Einstein Telescope will use cryogenics: this  requires new materials and 
lasers. Silicon is a good candidate material at cryogenic T, but it is not transparent to the 
wavelength (1064nm) used in Virgo-Ligo-Kagra! Need to move to 1550nm: optical properties 
unknow at the level needed for GW detectors

Cryogenic characterization of materials for ET

@LAE: facility to test optical grade silicon samples from different manufacturers/processes.
• Assessing optical absorption by means of bolometric measurements



● Thermal noise is well understood and 
measured in terms of Fluctuation-Dissipation 
Theorem (FDT)

● FDT assumes thermodynamic equilibrium

● Not a valid assumption in many experiment!

● No valid theory to describe non-equilibrium

5 K
5 K

10
 K

10
 K

EinsteinTelescope

EinsteinTelescope
@LAE : Facility with thermal-noise 
limited macroscopic oscillator; ability to 
control thermal gradients

• Objectives:
• Measurement of TN out of 

equilibrium
• Establish a phenomenological base 

to help develop a viable theory

• Collaborations:
• Experimentalists @ENS Lyon
• Theoreticians @DFA, PoliTo and 

University of Luxemburg

Non-equilibrium Thermal Noise: NETN
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JUNOJUNO
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JUNOJUNO

Padova responsible 
of firmware. 

Design of the 
electronics. 

Big investment of 
CSN2 on the 
electronics
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JUNOJUNO
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JUNOJUNO
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JUNOJUNO
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JUNOJUNO
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JUNOJUNO
Sum over all channels
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JUNOJUNO
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JUNOJUNO

Fit at low-E (sources) 
estrapolated to 60 MeV 
with perfect match
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JUNOJUNO

in China



GERDA & LEGEND

Experimental Setup

● Search for neutrinoless double-beta decay of 76Ge
● High Purity Germanium (HPGe) detectors submersed in Liquid Argon (LAr)
● LAr cryostat surrounded by Water Cherenkov Muon Veto

Background suppression

● Multi-detector events discarded
● Scintillation light of LAr for vetoing (light guiding fibers coupled to SiPMs)
● Pulse shape discrimination (PSD) to veto multi-site (MSE) and surface events

○ double-beta signal shape (single-site event SSE) has to be well-known to 
discriminate from background

6m

LAr

signal background
discarded by 

PSD

surface

MSE

SSE

GERDA now 
LEGEND200
LNGS Hall A

LNGS
water



Compton Table

● Germanium detector response
● goal: collect samples of single-site  SSE 

interactions with known interaction location
● take data of detector under study in 

coincidence with other detectors (up to 4) 
mounted laterally 

● select single Compton scattered events 
through collimation and offline energy 
selection as proxy for SSE

Compton

sketch of the setup and its 
functionality

BeGe = under test (central)
Coax = trigger (cross)

Coax for trigger from GASP



Compton Table

● automated N2-filling system monitored and 
controlled by Agilent Keysight data-logger

● 22Na β+ source (511keV gammas back-to-
back) for trigger calibration

N2 storage 
dewar

137Cs 780MBq
source collimator

trigger logic
22Na - dual timer gate calibration

setup @ LNL 



Compton Table

● samples & average pulse shape changing
○ scan height (manual)
○ scan depth (remotely controllable)
○ detector high voltage (remotely controllable)

● initial part of pulse changes with position and HV 

event 
selection

scan
positions

different scan height

different HV

average pulse shape

germanium 
detector
under study



Compton Table

Conclusion

● study detector response to single Compton events with known interaction location in 
the context of GERDA (now LEGEND)

Future prospects

● comparison of different detector geometries
○ BEGe detector - GERDA geometry
○ pin-point-contact detector - MAJORANA geometry
○ inverted coaxial detector - LEGEND geometry

● improve scanning speed
○ mount pairs of pixelated detectors to measure the scanning height instead of collimating 

coincident detectors
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ICARUSICARUS
Fava, NEUTEL 21



  ICARINO

  38

l Test facility for liquid Argon TPC, located in 
LAE building

l TPC is roughly a cube of 30 cm size -> 38 kg 
LAr active mass 

l Built by ICARUS group in 2005, used for 
several tests
 Measurement of very large (~20 ms) 

electron lifetime (JINST 2010 5 P03005)
 First operation of multilayer 2D LEM 

readout in a LAr-TPC (JINST 2018 13 

T03001)
 Several other tests of LAr cryogenics 

(recirculation, purification), anode 
readout and electronics. Crucial for 
development towards ICARUS operation 
at LNGS and currently at FNAL



Current activity: LARISA

  39

l The LARISA experiment (starting grant for F. Varanini) will use the ICARINO test 
facility for testing a 3-plane LEM readout in liquid Argon

l This is a further development of the previous 2D test, largely using the same 
infrastructure

l PCB-based LEM can be a cheaper, more robust and scalable alternative to wire-based 
readout for LAr-TPC. Great interest from DUNE, towards possible use for one DUNE 
module

l It is performed with the collaboration and support of the CERN group (F. Pietropaolo et 
al.), which is also testing 3D readout schemes

l LARISA will test a different approach, with  PCBs only metalized on one face. It will 
characterize the focusing effect of the charge build-up on un-metalized PCB surface

l Approximate timeline
 Simulation is being finalized, LEM design is ongoing
 Data-taking expected during summer 2021
 Analysis must be completed by the end of the year
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T2K & SuperK & HyperK

Momento molto intenso per attivita` neutrini in Giappone 
● T2K near detector upgrade in fase di costruzione
● Super-K entra in questi giorni nella nuova fase H

2
O+Gd

● Hyper-K e` stato approvato all‘inizio dell‘anno 
Gruppo locale in espansione
 Staff: G.Collazuol, M.Grassi, M.Laveder, A.Longhin, M.Mezzetto,  
Post-Doc: M.Lamoreux  (INFN Fellini), Assegnisti: N.Ospina, G.Cogo
Dottorandi: F.Iacob, M.Pari, C.Delogu

●In stretta collaborazione per T2K-upgrade @ LNL: M.Cicerchia, T.Marchi,  F. Gramegna 

G.Collazuol
CdS INFN PD
2020/7/15 

Super-K site
SK

T2KT2K
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HK: construction/procurementHK: construction/procurement
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Near Detector Upgrade
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Near Detector Upgrade - HATPC

Importante coinvolgimento INFN Pd
in costruzione delle TPC orizzontali
(High Angle TPC):
→  coordinamento progetto HA-TPC
      (G.Collazuol)
→  disegno e costruzione Field Cage
      con INFN-LNL e INFN-Ba

● progettazione HA-Field Cages
● realizzazione e test prototipi
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ENUBETENUBET
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ENUBETENUBET
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ENUBETENUBET
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ENUBETENUBET
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ENUBETENUBET

A. Longhin
G. Collazuol
F. Pupilli
M. Pari
C. Delogu
F. Iacob



 50

A. Longhin,  CdL LNL, 6/5/21 50

ENUBETENUBET
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ENUBETENUBET
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ENUBET ENUBET 
Final demonstrator due to the ERC.

A portion of the instrumented decay tunnel

Proof of performance/feasibility and cost 
effectiveness

Assembly will be in a new area in the 
north part of LAE.

Will be tested in 2022 at CERN-PS East Hall.

CERN-SPSC annual report
https://cds.cern.ch/record/2759849/files/SPSC-SR-290.pdf

https://cds.cern.ch/record/2759849/files/SPSC-SR-290.pdf
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Spunti finaliSpunti finali

Il LAE e’ un’ambiente prezioso per le attivita’ di Gruppo 2 in generale e per 
Padova in particolare.

Esperimenti che fanno fisica (QUAX), costruzione/test/sviluppo di sistemi di 
rivelatori per grandi apparati su cui la CSN2 sta investendo molto (JUNO, 
LEGEND, DUNE, HYPER-K, ET, VIRGO upgrades), progetti ERC (ENUBET).

Rafforzare l’integrazione con LNL come gia’ succede per per QUAX e T2K ?
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Bonus slidesBonus slides
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Hyper-Kamiokande near detectorsHyper-Kamiokande near detectors

190 kton fiducial mass (8.4 x SK)
Sensitivity PMT (2x)
J-PARC beam upgrade (x2.5, 0.5  1.3 MW)→ SUD
New Intermediate Water Cherenkov +
upgraded T2K near detector @ 280 m

measure beam direction, 
monitor event rate. 
Existing

charge separation (wrong-sign 
background), recoil system.
being  upgraded.

intrinsic backgrounds, electron.
(anti)neutrino cross-sections, neutrino 
energy vs. observables, H

2
O target.

To be built
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Systematics: NP06/ENUBET Systematics: NP06/ENUBET 

μ+ from K
μ2

e+ from K
e3

ν
e

ν
μ

Tagger 
Instr. hadr. dump

μ+ from π
μ2Unprecedented control of flux by 

monitoring the leptons in an instrumented 
decay tunnel in a narrow band beam. 
Measure the v

e 
and v

e 
cross sections at O(%)

Tagger leptons from K (ve and high-E νμ)
Hadron dump instr: μ from π (low-E νμ) E

v 
has a well defined dependence 

on the position of the interaction 
vertex in the neutrino detector. 
Constrain shape & normalization.

Single particle 
level lepton 
“counting”



ActivitiesActivities
• Gravitational wave science is a very interdisciplinary enterprise

• Our group is pursuing a wide array of experimental investigations and technological 
developments in support of GW detectors

• Main strength and expertise:
• Laser optics
• Opto-electronics
• adaptive optics (not the

“astronomical” type…)
• Fast/quiet electronics
• Optical materials
• Cryogenics

Our clean optics lab at Legnaro National Labs

Marco Bazzan, Giacomo Ciani, Livia Conti, 
Matteo Pegoraro, Jean-Pierre Zendri

Da G. Ciani 
https://agenda.infn.it/event/21880/



Fighting quantum noise with vacuum squeezingFighting quantum noise with vacuum squeezing

• True source of quantum noise: quantum vacuum 
fluctuations entering the “dark port” and mixing with 
the carrier

• Solution: inject vacuum with reduced quantum 
fluctuation

• Two quadratures that obey an uncertainty relation:
• phase (causes shot noise, high frequencies)
• amplitude (causes radiation pressure, low 

frequencies)

• Who is your worst enemy? Can “squeeze” one 
quadrature at the expense of the other (so far, we 
have been improving shot noise at high frequency… 
and it works!)

• Or win on the whole ground! decide which one as 
a function of frequency.

• For example, the squeezing angle can be rotated 
as a function of frequency by reflecting the 
squeezed vacuum beam on a detuned cavity (a.k.a 
filter cavity)

F. Acernese et al. 
(Virgo Collaboration) 
Phys. Rev. Lett. 123, 
231108

Squeezed
Anti-s

queezed

Non-sq
ueezed



Optimizing squeezing generation processOptimizing squeezing generation process

• Custom-built Second Harmonic Generator based on 
intracavity non-linear crystal

• used to frequency halving/doubling (key to squeezing 
production)

• Record 99% efficiency demonstrated
(M. Leonardi et al 2018 Laser Phys. 28 115401)

• Currently developing a novel technique for ultra-low 
crystal absorption measurements

28/09/202028/09/2020 Giacomo CianiGiacomo Ciani 5959



Mode matching sensors for squeezingMode matching sensors for squeezing
• Optical losses are the enemy: if 

photon can escape the system, then 
(non-squeezed) quantum fluctuation 
can enter from the reverse path

• Mode matching is one of the critical 
sources of loss, and real time sensing 
(and correction) at the ~1% level 
becomes critical.

• Little development in 
the past due to non-
critical nature (before 
squeezing came in!)



Online sensing of laser-cavity mode-matchingOnline sensing of laser-cavity mode-matching

• Mode-mismatch is a primary 
source of optical losses, the worst 
enemy of an effective squeezing

• Development of an innovative 
sensing technique

• Realization of a custom electro-optical lens capable of 
changing focal length at frequencies up to ~100 MHz

• Requires expertise in laser optics, RF electronics, solid 
state physics

• Collaboration with UniTN/TIFPA on alternative techniques



GHz Optical Phase Locked Loop GHz Optical Phase Locked Loop 
• Squeezing and control beams need to be phase-locked to the main interferometer 

carrier with high precision and selectable frequency offset

• Implementation of frequency-dependent squeezing requires offset up to ~GHz

• Offset frequencies allowed: 1.5MHz ÷ 
1.5GHz

• Bandwidth 50-100 kHz, limited by the 
internal resonances of the laser PZT 
actuator (can be improved using an EOM as 
actuator)

• Achieved residual RMS phase noise of order 
mrad (100 kHz bandwidth)

• Fiber optic version (being tested).
• Autolocking system for long term operation



Out of Equilibrium thermal noiseOut of Equilibrium thermal noise
• Thermal noise is well understood and 

measured in terms of fluctuation-
dissipation theorem (FDT)

• FDT assumes thermodynamic equilibrium
• Not a valid assumption in many 

experiment!

• No valid theory to describe non-equilibrium

5 K
5 K

10
 K

10
 K

reference
mirror

λ/8 BS

Laser 
beam

• Facility with thermal-noise limited macroscopic oscillator

• Ability to control temperature and thermal gradients

• Objectives:
• Measurement of TN out of equilibrium
• Establish a phenomenological base to help develop a viable theory

• Collaborations:
• Experimental @ENS Lion
• Theroretical colleagues @DFA, PoliTo and University of Luxemburg



X-Ray reflectivity 
scan of a SiC coating

• Fabrication (Sputtering, Thermal treatments)
• Characterization (Rutherford Backscattering, X-Rays, 

Optical...)

ACTIVITIES:

Nanocrystal 
formation kinetic 
in amorphous 
Ta2O5 

Coating researchCoating research

• Interdisciplinary effort (takes advantage of the peculiar expertise 
of the FISMAT group at DFA and LNL on thin films science)

• Key aspect in GW technology

• Wide network of collaborations (Europe, USA, Japan)

HIGHLIGHTS:

• Thermal noise and optical absorption in advanced optical coatings
• Investigation on the physical origin
• Development of new materials

SCIENTIFIC CASE:



Old enemy, new fight: stray lightOld enemy, new fight: stray light

• the main sources of “unexplained noise”

• Difficult to model, control and suppress

• Activities:
• Numerical simulations of squeezing subsystem 

with commercial raytracing software (FRED)
• Building a facility do characterize optics and 

other surfaces’ scattering properties 
(BRDF/BTDF – Bidirectional 
Reflectance/Transmittance Distribution Function)

Integrating 
sphere to 

measure total 
scattering



Cryogenic optics characterizationCryogenic optics characterization
• Going cryogenic to fight thermal noise (e.g Einstein Telescope) requires new 

materials and lasers
• Fused silica’s (current state of the art) mechanical loss increase at low T

• Silicon is a good candidate material at cryogenic T…
• Low mechanical losses, high thermal conductivity, low thermal 

expansion

• …but, it is not transparent to 1064nm! Need to move to 1550nm: 
optical properties unknow at the level needed for GW detectors

• Currently building a cryogenic, 10W@1550 nm facility to test optical 
grade silicon samples from different manufacturers and processes.

• Assessing optical absorption by means of bolometric measurements
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SC box

20 mK

4 K

300 K

30 dB

Resonant
Cavity

SC Magnet

Mu−metal
Shield

Low Noise
Amp.

Attenuator

Attenuator

30 dB

Port 1 Port 2

VNA

QUAX
         Correlated activities: SUPERGALAX

FET OPEN
SUPERGALAX

CNR (IT, PI, exp)

INRIM (IT, exp)

INFN (IT, axion exp)

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

In a device based on array of qubits 
signal noise is suppressed by √N. 

Zagoskin et al., «Spatially resolved single photon 
detection with a quantum sensor array» SCIENTIFIC 
REPORTS | 3 : 3464 | DOI: 10.1038/srep03464

Develop a single microwave photon detector for axion 
search in QUAX experiment with an array of SC qubits.
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QUAX
Correlated activities: US QT Initiative
Quantum technologies 
Initiative proposed to DOE 
for the creation of a System 
Center

5-6 Centers out of 10 to be 
financed

QUAX PD/LNL Group involved within 
search for Axion Dark Matter
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