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- Strong relationship Academia and Industry
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- Located in Turin, Pavia, and Florence




Quantum Metrology: shortest hystory
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1967:
Time is the first SI unit
guantum-based

\_ /

1975-1990:

Electrical units go
guantum: Josephson
effect, Hall effect, single-
electron tunnelling

\_ /

1990-2020:

Laser cooling and
quantum optics: game
changers for the
measurements accuracy.

Nanostructured
materials open new
opportunities

Today:
Nanophotonics,
Entanglement,
Atoms-on-a-chip
Metamaterials and
nanostructures are the
game changers in
metrology and sensing

o
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Quantum Metrology and Nanotechnology
Division
Physics Chemistry and Nanotechnology
Quantum Electronics

Quantum Optics & Photometry
Time and Frequency

INRIM IN A NUTSHELL

ITALIAN QUANTUM BACKBONE — 1850 Km

QKD IN-FIELD: first implementations

1. Fest in-fiekd Turin Santhid mter MAN
' (100 kom, -30 dA):
¥ Already done

2. MAN Florence (17 km, -10 it}
Ongoing - Collaboration CHR
(50 Zavatta's talk]

3. BAAN In Turin Area In progress
4. Intevapeation

Space-Ground in Matesa in progress
{collaboration with as1)

5. Submaring arvironment: Malta-Sicily
Dane, follow up

* Quantum Technologies
*  Radicastronomy
* Ultracold atoms Physics

OQTAVO study for EuroQCI

A consortium of European digital pla
design the future EU quantum intern

The Eurcpean Commission has selected a consorti
companies and research institutes to study the desid
European quantum communcation netwaork, EuroQ
cormmunication infrastructure). I will enatde uia-se
communication between crilical infrasiructures and)
institutions across the Europaan Union.

Atomic Clocks

A complete platform for
(0] {b)
Components
Methods
Metrology and Standardisation
In-field Test
Implementation Security of QKD

Euroqqy;
European Quanty )
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Infrastryet Munication

ure Initiatiye

The future
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FEIECG

QKD Metrology Quantum Electronics / Nanotech

& single-photon tech

* Dovelop sitabls metrics for
= single photen sources
* photon rounting despctors

P iwelon  methods and meamement  faclines for
charactoring non-clasial propseties of light:
* astibenching
- shatiity

Characterisation of optical
components in QKD system
Single-Photon sources
Single Photon detectors

Quantum hacking coutermeasures,
Q-encoders and Q-RNG
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EURAMET EMN for Quantum Technologies: EMN-Q
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International Metrology and EURAMET

. National Metrology Institutes (NMis)

e ...develop and maintain metrology infrastructure
worldwide in response to the needs from science, industry
and society. Their core mission includes

— cutting-edge measurement research, and

— sustainable capabilities for measurement, calibration,
testing and conformity assessment.

e ... harmonise and quality-assure their capabilities under the
Metre Convention:
International treaty, established in 1875 to ensure
measurement conformity between countries
(initially 17, now more than 60).




International Metrology and EURAMET_{

EURAMET, the Regional Metrology Organisation (RMO) of Europe

38 National Metrology Institutes (Members)

77 Designated Institutes (Associates)

16 international Liaison Organisations (e.g. 5‘
|AEA, BIPM, WMO, EA, Eurachem, Eurolab)

Providing stakeholders with world-leading
measurement solutions and standards

Securing world-wide trust and acceptance of
measurements, for all aspects of business and
society

Implementing Metrology Research
Programmes



EMN for Quantum Technologies: EMN-Q,

EMN-Q Strategic Agenda (22 Oct. 2020)

Rationale

e To align with industrial requirements, those of the EC Quantum
Technologies Flagship, national and inter-governmental quantum
technology (QT) programmes, and of any relevant stakeholders;

e to contribute to QT developments
through NMl’s and DI’s research and innovation activities;

e to give inputinto the standardisation & certification of QT,;
e to promote of the benefits of metrology to the stakeholders.
Vision

EMN-Q aims at being the recognised European unique reference

point representing European metrology for Quantum Technologies.

Today, EMN-Q has 18 EURAMET Members and Partners from 15 countries.
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Quantum Optics with Spatial Resolving Detector @ INRIM
- ... with CCD

- ... with Single-photon confocal microscope

- ... with SPAD arrays @

QUANTUM
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Quantum Optics Group @INRIM

Since 1998 ...
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https://quantum-optics.inrim.ithome-page
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The Shot-Noise L

Quantum Enhanced Measurement

—

= phase

-Interferometry

-GW detectors

= Displacement:

— -lithography

-beams, particles tracking

. ) 4
= Absorption/reflection: £
£
-Imaging 5
g
-microscopy g
a8
1

| -Target recognition

—Increasing Optical Resolution—=
Microscope Optical System i
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Quantum Enhanced Measurement

. However quantum mechanics predicts existence of quantum states of light which allow to beat
the shot-noise limit

Fock state |N)

. ~ (0O
Single photon M i v AN ~ O
source : |1) .\
non-classical correlation and entanglement :
Twin beam: wj";‘”"f”)) — 1_[ [Z Ci() |nk)A|n_k)B]
k n
Ny(t) Var(N; — N'; .
() = VNN \C_}j
N;(t) (N; +N';)
Ns (1 S
e 3
N ()
QUANTUM




Quantum Enhanced Measurement

B
»
Plane wave . D
_A .
--------- _A-— -. x
> ~
qo =10 »
[
[

e Parametric Down Conversion: spontaneous decay of a pump photonin a photon
pair (energy and momentum conservation).
* Transverse momentum conservation o = q;+ q, implies photon pairs

. . ..

propagate along correlated directions. Q y

* |Inthe Far Field plane waves are focused in points = Two point-like detectors \j

would detect perfect two-modes quantum correlation (both in low and high gain e
regl me) TECHNOLOGIES

Var(N; — N,)

o= —1-n<1 » NON-
(N1 +N3) CLASSICAL
INFN




CCD camera calibration

[Optics Expr. 18, 20572 (2010); APL 105, 10113 (2014); Opt. Lett. 41, 1841 (2016)]

Bright Multimode Twin-Beams used to calibrate scientific CCD camera

Non-linear

Gaussian

ZC )|n)iqln)s.—q

Y T d- N N, (x)
J Simm. Correlations in - _ < 6 M_ >
. Center the far field NREF: c=_ "~/
¥ (N; + Ny) )
N, (—x) {32,:?\.-"_} = {62,:“\"” — { 5 '\.'” 2‘:5:"&'}5:\.‘}}

0.6 = %8 Q :
Corrected NRF - %
< 32 o Nt) > l 0.45 }\\‘\E TECHNOLOGIES
o = — — 0.4k B :
Ou 2<M> 2(1‘|‘{I) s e S SR S NRiM

o= (N (N T e e e e



Sub-Shot-Noise Imaging

Sub-Shot Noise Imaging

Beating the shot-noise with quantum light

2 Zoa

0.08
0.06
0.04

0.02
0
-0.02

Photonics 4, 227 (2010)
Wide-Field Sub-Shot Noise Microscope

300 shots average
SRR 0.01

400 uym

QUANTUM
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5 um resolution

Light S&A 6, e17005 (2017)



Quantum lllumination

. Problem: detection of a partially reflecting target which is immersed in a
dominant fluctuating background

Quantum illumination takes advantage of an
ancillary beam, quantum correlated /entangled

with the probe, by a joint measurement of the
two 0.050 e~ 10

0.100

g||x e 7 %

v' Large quantum enhancement! S Q o

v Independent of noise and losses! 0.010 \J
SNR““r [Mb=5?) ——

v" Non-classical signature does not survive the 0.005| |SNR , (M,=1300) ——

: SNR (M=57) = - -
noise SNR, (M =1300) - # -
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Lopaeva et al, PRL 110, 153603 (2013) N, (background thermal photons)
b



Quantum lllumination

Problem detectlon of a partially reflecting target which

is immersed

in a

Arecchi
disk

Beam 1 | Beam 2 (c)

Pump:
A=355nm
| t=5ns,F=10Hz

Arecchi
disk

(d)

15000 (e)
10000

5000

t al, PRL 110, 153603 (2013)
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Lopaeva et al, PRL 110, 153603 (2013)
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N, (background thermal photons)



Quantum lllumination

. Problem: detection of a partially reflecting target which is immersed in a

10.00 ¢ TW (M =57) ——=—¢
' TW (M,=1300) ——|
TH M=57) — — —|
TH (M =1300) — & —|

Classical Bound

Pump:
A=355nm

-
LYes
b

0 5000 10000 15000 20000
Ny

| 1 r - ISTITUTO NAZIONALE
D RICERCA METROLODGICA

Lopaeva et al, PRL 110, 153603 (2013) N, (background thermal photons)




Quantum Conformance Test (Reading)

Quantum Hypothesis Testing
Physical process P,. producing a quantum object (the SUT & + )

The process P described by the ensemble {gm (7-)’ 57}
gz (T) probability distribution defines the SUT &

The conformance test consists in ruling whether an unknown process should be labeled

- “reference” process P,
- “defective” process P,

e False negative P10: asuT produced by a conform process (x = 0) is labeled as defective (y = 19
An economic loss for a manufacturer when a conform process is considered defective. We will Q}

e False positive P01 : a SUT produced by a defective process (x = 1) is labeled as conform (Y =dmm
This outcome represents a risk since possibly unsafe products are released. TECHNOLOGIES

Dorr = (p01 + o1 O) / ), Ortolano et al., Sci. Adv.7, eabm3093 (2021) 'NRI M

Ortolano et al., Sci. Adv.7, eabc7796 (2021)



Po =

P1 =

Quantum Conformance Test (Reading)

Transmitter 8-,— Receiver
|
M (signal)
Input state POVM
DP
p L (idler) | 11
I

Ep,[(E: ® Z)p| — reference process

Ep [(E:® I)p] — defective process

7z

D(po, p1) = llpo — p1ll/2 is the trace distance

Perr = %(1 - D(p[}:pl))

Ortolano et al., Sci. Adv.7, eabm3093 (2021)
Ortolano et al., Sci. Adv.7, eabc7796 (2021)

N

Y
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Quantum Conformance Test (Reading)

N

L E
Parameter distribution Classical discrimination Quantum discrimination
- < <
Q Q
0.94 0.96 0.98 1.00 4600 4800 5000 4600 4800 5000
T n n
B D F
o < ()
Q Q N
Q}
0.97 0.98  0.99 1.00 4700 4800 4900 5000 5100 4700 4800 4900 5000 5100 QUANTUM
T n n

TECHNOLOGIES

Ortolano et al., Sci. Adv.7, eabm3093 (2021)

Ortolano et al., Sci. Adv.7, eabc7796 (2021)

NRIM

ISTITUTO NAZIOMALE
DI RICERCA METROLOGICA




BBO

Quantum Conforma

nce Test (Reading)

CCD

155

> 13

0.5+

0.4 -

0.21

0.14

i

0 998

1. 000

0.994

Ortolano et al., Sci. Adv.7, eabm3093 (2021)
Ortolano et al., Sci. Adv.7, eabc7796 (2021)

0.996

To

0.998

N

Y

QUANTUM

TECHNOLOGIES

AETROLOGICA
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Color centers in diamond

5.5 eV energy gap can host several defects with optical transitions

Defects emitting in the visible spectrum: color centers
Point defects: individual optical transitions - single-photon emission
Operation at room temperature; stable (no photobleaching) fluorescence

‘;.J__’__,.Iaser source SPAD detectors
4x objective

multi-mode fiber

achromatic doublet

100x objective

3 beam-splitter

dichroic mirror pinhole

& SP-sensitive Confocal-Microsc. A~
__ N — Off-resonant excitation: (Solid state diode Qj
NN Y, lasers) —

TECHNOLOGIES

— Fibre Detection: coupled APD
Perkin Elmer SPCM-AQR

— Air and oil objectives
(NA=0.9 and 1.3 resp.)




g’ norm.

g(t)

3

4,0-
3,5-
3,0-
2,5-
2,0-
1,5-
1,0-
0,5-

0,04

Color-centers as SPSs

Non-NV colour centres vs NV centers

> 500 kCp

S

v Narrow emission (< 5 nm, upper limit) 1.0
v’ Shorter lifetime (0.7 — 3 ns) —~ 08-
S
5 0.6
Z
0.4+ .
oo
0.2
0.0-

0.045

0 100 200 300 400 500
Delay time (ns)

0.040 4
0_035-:
0.030-:
0_025-'-

0.020 4

0.015 4

0.010 4

0.005

I Campione pulito con H SO HNO, 9:1 pre-impiantazione

impiantato con fluenza F=5+10" onilom’ limit angle for total internal reflection ->

High diamond refractive index implies small

pulizia post-annealing standard con H,S0, e soluzione piranha

small amount of light collected

g?=0.085

'l 1 L
160 260 360 400
Time [ns]

! |
550 600 650 700 7
Wavelength (nm)

'I

50

N-V: Metrologia 49, S156 (2012)
Native NIR: NJP 16, 053005 (2014)
Sn: ACS photonics 4, 2580 (2017)

He: App.Phys.Lett. 111, 111105 (2017)
Pb: ACS Photonics 5, 4864 (2018)
N-V: P.R.App. 10, 014024 (2018)

F: Sci.Rep. 10, 1 (2020)

Pb: NJP 23, 063032 (2021)

Mg: arxiv.org/abs/2206.08670 (2022)

UNIVERSITA
DI TORINO

—
1 246"

1JQI 12, 1560011 (2014)

QUANTUM
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Solid immersion lens FIB (30 keV Ga* FIB)
5x collection increase

NRIM

ISTITUTO N

DI RICERCA M
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Confocal microscope

beamsplitter

Confocal microscopy: imaging technique able to
increase optical resolution and contrast of a
micrograph by using point illumination and a
spatial pinhole to eliminate out-of-focus light in
specimens that are thicker than the focal plane. It
enables the reconstruction of 3D structures from
the obtained images.

& UNIVERSITA
& DI TORINO

QUANTUM
TECHNOLOGIES

AETROLOGICA




Confocal microscope

focal
M 1
beamsplitter Le" .. plane
_-" e
- -
AP

Confocal microscopy: imaging technique able to
increase optical resolution and contrast of a
micrograph by using point illumination and a
spatial pinhole to eliminate out-of-focus light in
specimens that are thicker than the focal plane. It
enables the reconstruction of 3D structures from
the obtained images.

Single-photon confocal
microscope

QUANTUM
TECHNOLOGIES

DI RICERCA METROLOGICA




Abbe diffraction limit

The observation of sub-wavelength structures with microscopes is difficult
because of the Abbe diffraction limit.
The maximum obtainable imaging resolution in classical far-field microscopy is

p 0.61 4
NA
. . . e e UNIVERSITA
Beating the Abbe diffraction limit & D TORINO
- Near-field microscopy: plasmonic nanoantennas, nanosized tip ... INFN
- Far-field microscopy:
- Optical patterning + Nonlinear response (e.g. STED, SIM, ...) N
- Single molecule imaging by photoactivation or photoswitching (e.g. Qj

GSD, STORM, PALM, ...)

QUANTUM
TECHNOLOGIES




Abbe diffraction limit

3014 NOBEL PRIZE IN CHEMISTRY

The o f.ric Betzig
WS Stefan W. Hell

... — /8 with microscopes is difficult
1l E. Moerner
The William

classical far-field microscopy is

H 57 “% UNIVERSITA
Beatii | | ! | &) DI TORINO
) AL ALY — . .

Eea; Eimehed. © Nobel Media 2014 . as, nanosized tip ... INFN
- ar-Ti e ln
obel Priz
- C %,(})1141‘111\1811 e.g. STED, SIM, ...) Q/\
- S € Iy n or photoswitching (e.g.
G The Nobel Prize in Chemistry 2014 was ‘ g gleg
ded iointly to Eric Betzig, Stefan W. Hell c——

awar J L} TECHNOLOGIES

and William E. Moerner for the

development of super-resofved fluorescence

,. \RM
microscopy - IR CERCA METR 'i:[.l:-;,-'



Beating the Abbe diffraction limit with SPSs

P(x) isessentially the PSF generated by the point-size SPS
(Probability of detecting a photon at the image position X from a single-photon source)

Reducing the size of PSF: [P(il?)]k

FWHM® ~ w

‘]' UNIVERSITA
DI TORINO

QUANTUM
TECHNOLOGIES

PRL 113, 143602 (2014)



Beating the Abbe diffraction limit with SPSs
4

P(x) isessentially the PSF generated by the point-size SPS
(Probability of detecting a photon at the image position X from a single-photon source)

1O0F’

k il
Reducing the size of PSF: [P(-TL‘)]
®
FWHM® ~ FWHMY .
& *’ UNIVERSITA
ool : ¥ DI TORINO
The fluorescence signal from n SPS at the position X: S(z) o Z Po(z) INFN
Sk (ZE) a=1

QUANTUM
TECHNOLOGIES

 '2(2014)



Beating the Abbe diffraction limit with SPSs
_

To improve the resolution: n

Sk (x) S(x) x 3 Pala)

UNIVERSITA
DI TORINO

QUANTUM
TECHNOLOGIES

‘ ISTITUTO HAZIONALE
DI RICERCA METROLOGICA

PRL 113, 143602 (2014)



Beating the Abbe diffraction limit with SPSs

To improve the resolution: n
x) S(x) ZPa(a:)
a=1

22 UNIVERSITA
DI TORINO

QUANTUM
TECHNOLOGIES

‘ ISTITUTO HAZIONALE
DI RICERCA METROLOGICA

PRL 113, 143602 (2014)



Beating the Abbe diffraction limit with SPSs

To improve the resolution: n
x) S(x) ZPa(w)
a=1

S*(z) o Zn:[Pa(a:)]k +cp. | > Z[Pa(a:)]k

?"1 UNIVERSITA
w99 D| TORINO

QUANTUM
TECHNOLOGIES

' ISTITUTO HAZIONALE
DI RICERCA METROLOGICA

PRL 113, 143602 (2014)



Beating the Abbe diffraction limit with SPSs

To improve the resolution: n
x) S(x) ZPa(w)
a=1

S*(z) o Zn:[Pa(a;‘)]k JX | > Z[Pa(a:)]k

1 UNIVERSITA
DI TORINO

QUANTUM
TECHNOLOGIES

2
' ISTITUTO HAZIONALE
DI RICERCA METROLOGICA

PRL 113, 143602 (2014)



Beating the Abbe diffraction limit with SPSs
4

MODEL N
To obtain the resolution enhancement: Z [ch (33)];’C
a=1

We exploit the Glauber’s autocorrelation functions, e.g.

k=2 S [Pa(@)]? = (K)%[1 — g@))
a=1
- 3 7\ 3 3 (2) 1 (3) TR UNIVERSITA
k=3 Z[Pa(x)] = (N)°[1 - 29 T 59 )] &Y DI TORINO
a=1 Z
_ - 1 _ A @ Lo, 2 o 1 o INEN
k=4 D [Pa(@)]t = (N)H{1-2¢ 5l 9 =59
a=1
& - 5 5 5 5 5 1 S
_ NP = (51— 2@ £ 21@2 1 2 5 . _ 5w, L e .
k=5 ;[P (@)” = (N)" {1 = 597 + 719™] + 59 129 9 SYEAMREEYTAN, \Qj
QUANTUM

TECHNOLOGIES

ISTITUTO HAZIONALE
D RICERCA METROLOGICA

PRL 113, 143602 (2014)



Beating the Abbe diffraction limit with SPSs

EXPERIMENTAL SETUP & RESULTS

PRL 113, 143602 (2014)

Excitation: @ 532 nm

(Solid state diode laser)

XYZ closed-loop piezo stage
Detection A> 570 nm

Fibre coupled SPCMs in a Detector
Tree configuration.

100X oil objective (NA=1.3)

’wn{i__‘.;, .
‘( AR UNIVERSITA
RE. ¥ DI TORINO

QUANTUM
TECHNOLOGIES



Beating the Abbe diffraction limit with SPSs

EXPERIMENTAL SETUP & RESULTS

(Elementsix...

electronic-grade Polycristallyne diamond

(a)&(b) typical photoluminescence maps of NV
centers

UNIVERSITA

(c) 9¥ map DI TORING
(d) 9(3) map @I_:?\I
(e) Super-resolved map (k = 2) :)
(f) Super-resolved map (k = 3) e
NRIM

I ITLu?ﬂP AZIONALE
L"E HOLOGICA

PRL 113, 143602 (2014)



Beating the Abbe diffraction limit with SPSs

EXPERIMENTAL SETUP & RESULTS

(aementsix..

electra

(a)&(b) typical p

centers

e S

C map

(d) g(?’)map INFN

N

(e) Super-resolve o

(f) SUpGF-FGSOlVEd map TEgl-lljf?gIngllEs
NRIM

| ITL.!nr
'L'.'i IHI|| A

PRL 113, 143602 (2014)



Beating the Abbe diffraction limit with SPSs

—
_
EXPERIMENTAL SETUP & RESULTS
(a) photoluminescence maps of NV i) | e 125
centers
(b) g(z) map
(c) Super-resolved map (k = 2)
(N)?[1 —g®))]
o) )

UNIVERSITA

(d) Super-resolved map (k = 3) D TRRING
o 3 1,
(W11 - 390 4 39 INFN
(e) Super-resolved map (k = 4) o1 o7 N
A\ l{l '_2.'," E 1(/ X 1 / L } z’-”) \Q ’

QUANTUM
TECHNOLOGIES

NRIM

TI'I'LIII'_'EH'J UWLE
Dl RICER( ROLOGICA

(f) Super-resolved map (k = 5)

J ) J DARE)

) R 22"
N "{1 — ;_r/'“ - —_'f;‘“'_“ - 7‘,"‘ +
)

&7



Beating the Abbe diffraction limit with SPSs

EXPERIMENTAL SETUP & RESULTS
(a) photoluminescence maps of NV acos] | s e
centers
(b) 92 map
(c) Super-resolved map (k = 2)
(N>2[]‘ o 9(2))] 255
g(3) =0 .
| — UNIVERSITA
(d) Super-resolved map (k = 3) B amiNe
(B[~ 29 + MO INFN
(e) Super-resolved map (k = 4) o7 N
V)4{1-20® + 1 [g ) . \Qj
(f) Super-resolved map (k = 5) TECHNOOGIES
- 3 3 A NRIM

TI'I'LIII'_'EH'J UWLE
Dl RICER( ROLOGICA

&7



Beating the Abbe diffraction limit with SPSs

=

1.E5

(a) photoluminescence maps of NV
centers

(b) ) map

(c) Super-resolved map (k = 2)
(N)?*[1 =g

PO

(d) Super-resolved map (k = 3)
3

(F3[1 - 5g® + X))

(e) Super-resolved map (k = 4)
: 1
(R {1 -20 + S [ + X~ M)
(f) Super-resolved map (k = 5)
(NY5{1 — 2 (2)+5[ (2))2 +X3)+

- %) %(4) %(5)}

EXPERIMENTAL SETUP & RESULTS
mi i,

UNIVERSITA
DI TORINO

QUANTUM
TECHNOLOGIES

NRIM

Is TITLIIﬂHﬁ ’NJ‘ILE
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Traditional “sharp” measurement in QM

Standard "sharp" measurement:

A=Y Al Ta=a)Wal  Te[Ap] = 30, A, Tr[L, )

Single projective measurement: Wave function collapse

.3
p = lr)  Prob(yylp) = Tr[ll;p)

Non-commuting

observables can’t be
Joint/sequential projective measurements: simultaneously measured!

~~

11, I,
F— ) — e TR ~
Q)

QUANTUM
TECHNOLOGIES
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Weak measurements

. Weak measurements [Aharonov et al., PRL 60 (1988)]: little information is extracted from
a single measurement event, but the state does NOT collapse.

<E>w _ (?,bflle?,b?:) Pre-selected state:  |¢i)

Weak value:
(Vi) Post-selected state:  |¢4)

[Von Neumann coupling between an observable

A and a pointer observable P : U= ewp(-igde P) J

[ Projective measurement (post-selection on |1 )): ﬁf = |z,bf)(¢f|]

‘ )fi‘;andlB
N

canonically

Wour) = ;U W,) = T;T) @ [)) conjugared ()

QUANTUM
TECHNOLOGIES

Weak interaction approximation: ‘ <)/f> = (out X[ ¥our) =g Re[(zz[)w] NRIM

(s |1y [;)




Weak measurements

. Some interesting properties: A — rlAlY:)
(A)u (Vglhi)
(A),, is a complex number _ S
U = exp(—igA ® P)
Re[(A),,] is unbounded! T, = o) ()

Interpretation of weak values:

o~

Re[(A)«] conditioned average in the limit of 0 disturbance [Dressel et al., PRL 104 (2010)]

Im[(ﬂ)w} arising from disturbance related to the von Neumann coupling

[Dressel and Jordan, PRA 85 (2012)] N

* Expectation values as averages of weak values [Aharonov and Botero, PRA 72 (2005)] Q’

<A>?’ — Zf ‘<r¢)1’|wf>|2 <A>w QUANTUM

NRI

ISTITUTO HAZIONALE

DI RICERCA METROLOGICA

« POVMs can be realized as a sequence of weak values [Oreshkov and Brun, PRL 95 (2005




Weak measurements with photons

Initial state: [1;) = cos0;|H) + sin6;|V) polarization component

Vin) = i) ® |¢m>~*‘¢,r> — 1

oV 27

.2
[ dxe” 357 |x) spatial (Gaussian) component

/ Birefringent Polarizer
crystal

i)

g Qj
k 1 —s Ty = V)(V] / \J

We measure the position observable X , canonically <)’5>
coniugated to the transverse momentum P




Joint and sequential weak measurements

Weak values «challenge one of the canonical dicta of QM: that non commuting
observables cannot be simultaneously measured»

«the fact that one hardly disturbs the systems in making WM means that one can in
principle measure different variables in succession» [Mitchison, Jozsa and Popescu, PRA 76

(2007)]

/ Joint weak measurement \

Resch et al., PRL 92, 130402 (2004)

S~ ~~

/Sequential weak measurement\

Mitchinson et al., PRA 76, 062105 (2007)

ﬁy — CXp(—igyE ® ﬁy)

N

Q .
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Sequential weak measurements

B —s Ty = [v)(¥] @
1)) = cosO|H) + sinf|V) ; ()
L
Linearly polarized pre- and post-selection
states ‘w%% ‘¢f>
[ (R) = g(TTy)

=z Vi : Optic axis /Q-\.

< <Y> - gy <Hv>w . QUANTUM

TECHNOLOGIES

NRIM

TITUTO N
Plll

(XY) = 24,9, ((H@bﬂv)w + (Hw>w<HV)w)
Piacentini et al., PRL 117, 170402 (2016)




Sequential weak measurements

’ \Lx-

TypeILrIO3 __ Ti:Sa NWIL Laser

" Gating

702nm 4

| SPAD LY &Y]
4 % SPAD
SMF Array
y QWP HWP PBS HWP Cy HWP BCy HWP HWP PBS
—H m ++e@ 9
u QUANTUM
W—/ — ~N —/ - S —~ TECHNOLOGIES
Pre-selectlon | weak Il weak Post-selection NR M
measurement measurement o ,J

Piacentini et al., PRL 117, 170402 (2016) DI RICERCA HTROLoGICA



Sequential weak measurements

32x32
N Y \\DM SPAD+TDC camera

Features »
¢ Multi-modality: photon-counting, -

2D imaging

3D time-of-flight ranging,

TCSPC  (time-correlated

single-photon counting)
Image dimension:  32x32 (1024) pixels
In-pixel counter: 6 bit (photon-counting)
In-pixel TDC: 10 bit (photon-timing)
Max frame rate: 100,000 fps (burst) and

10,000 fps (continuous)
Timing resolution: 312 ps—0.9 ns
Full scale range: 320 ns—0.92 ps
Hal‘dware interface: USB 2.0 Fig. 1: SPADAwmeru for 2D imaging, 3D ranging and TCSPC photon-
Software interface: Matlab e

F. Villa et al., CMOS imager with 1024 SPADs and TDCs 474 for single-
zﬂ'rllgfacﬁylco photon timing and 3-D time-of-flight,
IEEE J. Sel. 475 Top. Quantum Electron. 20, 364 (2014).

N

Y
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Sequential weak measurements

Measured weak values (data points) compared with the theoretical predictions (curves)

Ty = [V)(V] My = [¥)w]  (|¢) = cosO]H) +sinf|V))
;) = 0.588|H) +0.809|V')  |¢y) = |H) — ~
(Iv)w = 0.03(3)
’,.»"" et .. /<ﬁu >u <1;Il/)>/iﬂ a 144(4)
. , Iy ), = 0.69(15
1R ) A Ly )
l,” \\:s{\ (HV ) u iflf
A P S . e, (Iy )y = —0.04(3)
- R (L) (4) Q)
o RNt Ty ) = 0.35
(a) <H1, H't >wﬁ k""% _____ o ~ \j
| . <H1/)HV>:U — _046(10) QUANTUM
T T 3_;;[ T TECHNOLOGIES
4 2 4

Piacentini et al., PRL 117, 170402 (2016)



Sequential weak measurements

Measured weak values (data points) compared with the theoretical predictions (curves)

Iy = [V)(V] 1Ly = [) (] ([¢) = cosO|H) +sind|V))
i) = 0.509|H) +0.861|V) | ____ N e PSR |
y) = —0.307|H) +0.018]V) 1} ] R .
M) " \ SN
y{:::/, <H1a"|f' HV >‘H \\\\ \i\ .~
(ITy/ ), = 1.40(4) 0"‘:::" /\‘
<ﬁq/)>w — —024(3) (b) <H’u')>u
(I, Iy )y = 0.28(10) —1t . l |
I
6 (rad)

Piacentini et al., PRL 117

, 170402 (2016)
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Genetic Quantum Measurement
oy Estimating an expectation value by measuring a single photon

«Classical»-Coin-Tossing
Task: Investigation on the coins «fairness» produced by a mint
(all coins are identical)

Probability of «<head» in a single toss: 3
In N trails the probability of having n «head» is: B(n | N)

The “fairness” of the mint production

~
)
L Estimation of (3 = %)

QUANTUM
TECHNOLOGIES

Uncertainty in the Estimation: Ug = \/ B(@ﬁ) ‘NRIM




Genetic Quantum Measurement
y Estimating an expectation value by measuring a single photon

Quantum-Coin-Tossing

Task: Investigation on the Q-coins «fairness» produced by a Q-mint

Q-mint
\ O 777 41D

State Filter 1)) = cos 0| H) + sin 0]V)

~
H’J) — W)Mw‘ Qj
The “fairness” of the Q-mint production: P = |H)(H| — |V )(V]| —ouatn
sin(26
upps(P) = /(P?) — (P)? = | ) RV

Equ:valent to “classical” coin tossing Nature Phys. 13, 1191 (2017)



https://www.nature.com/nphys

Genetic Quantum Measurement
y Estimating an expectation value by measuring a single photon

Quantum-Coin-Tossing

Task: Investigation on the Q-coins «fairness» produced by a Q-mint

Q-mint .

—

\dH V777 41D

State Filter 1)) = cos 0| H) + sin 0]V) S
Quantum “weirdness” may help? Qj
The Quantum-Cramer-Rao Bound: UQCR(P) > @  QuANTUM
-Fj ion: __ 1
Q-Fisher Information: ‘7 — S 0)

o o H ” - H Ji RICERC
Equlvalc.ent to “classical” coin tossing Nature Phys. 13, 1101 (2017)

-r


https://www.nature.com/nphys

Genetic Quantum Measurement

y Estimating an expectation value by measuring a single photon

GQM: a sequence of identical steps consisting of a interaction-interference stage and a
selection measurement (equiv. state preparation)

State N | Interiction Mutiltion
Preparation Selection Interference Selection Crossover Selection
V) %) V) [¥) V) 1)
|H) ) 1) 1) [ V) 1)
1) ) Vo) %)
) 1)

Q ’.
1T H%D IL,D
Y 4

S
U = exp(igY @ Ig) P P
L -) Group of Selective components (Q-mints) assumed identical
th — W)(W ) P ) . .p ( ) NR M
-) Storage cavity with a single Q-mint (e.g. PRL 103,163602) l

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA

) ... Nature Phys. 13, 1191 (2017)
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Genetic Quantum Measurement
y Estimating an expectation value by measuring a single photon

4 4 4 4 I]
\ )\ I
- — - — ' '
Step 1 Step 2 Step (K- Step K [Wou) = (0)" i)
Tin) = [) ©f2) 1)

The “fairness” of the Q-mint(s) production can be estimated by measuring the
expected value of the position of the detected photons: K
— g
(x) = B2 (P)

2

with uncertainty y(P) = u(x) Klg P = [H)(H| - [V)(V]|

scaling with the number M of detected photons as: M -1/2

w(@) = /e(z2) — e(z)? e(z") = [do " Fg ()

Nature Phys. 13, 1191 (2017)
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Genetic Quantum Measurement

y Estimating an expectation value by measuring a single photon

Comparison between the uncertainty on P with the GQM approach (u(P)) and the
one given by projective measurement (Upg(P)) with the same number of initial
photons, i.e. M detected photons for the GQM; corresponding to M pg, (K) !

initial photons both in t

__ upps(P)
R ==
N
Blue K=100 &Y

QUANTUM
TECHNOLOGIES

1) = cosB|H) + sin 0| V)
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Genetic Quantum Measurement
y Estimating an expectation value by measuring a single photon

(cos@)®  ,, ©2

Where this extraordinary superiority of GQM vs projective

measurement saturating QCR bound comes from? ’

1) The uncertainty in GOM scales as (N K) Y2, while the e F
number of initial photon used are N/p,(K) oy T :
S
2) Q-CR Bound. Fisher information associated NEE{- 3
to the POVM associated to the estimation of A 20} 1/psur(K) g
d;, tr (I1 : 1of :"‘ ,
FX@) = fdv [ At (i_[ (x);@)] The optimal estimation saturates //
rOD) 300 @ Ry < Ty T E W LW v e

We are outside this framework since our POVM depends on the e

parameter to be estimate Ilg) ; because of the selection:

DI RICERC
Nature Phys. 13, 1191 (2017)
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Genetic Quantum Measurement
Estimating an expectation value by measuring a single photon

y\LX
Type |l LilO SHG

crystal J [ g@®= (0.13 +0.01) ] Ti:Sa ML Laser
702 nm 220 nm
q‘iil ‘iii’ (:;Ertjr\i; .31Z><Ey).
SMF SPAD
4 L
' SMF S LT e e e T T T P T PP T PP P TP TP PP TP PR TP
pBs HWP
= ~
- Q)

QUANTUM

Birefringent crystal . Polarising plate TECHNOLOGIES

‘NRIM

0 RICERC
Nature Phys. 13, 1191 (2017)

() = cosO|H) + sinf|V)
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Genetic Quantum Measurement
Estimating an expectation value by measuring a single photon

y\LX
Type |l LilO SHG

crystal J [ g@®= (0.13 +0.01) ] Ti:Sa ML Laser
702 nm 220 nm
/' SMF SPAD
# % S Arvay
SMF S LT e e e T T T P T PP T PP P TP TP PP TP PR TP
pBs HWP
B o 20 IR e =
- Q)

Birefringent crystal . Polarising plate h . TECHNOLOGIES
Protection!!!

I !r.Zl ERCA
Nature Phys. 13, 1191 (2017)

() = cosO|H) + sinf|V)
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Genetic Quantum Measurement
Estimating an expectation value by measuring a single photon

”\L
Type | LilO SHG

crystal J [g®P=(0.13 +0.01) ] Ti:Sa ML \Laser
702 nm 920 nm
‘SMF SPAD
x rx | x | | x | x u x | 6.
Birefringent crystal . Polarising plate TECHNOLOGIES

) = cosB|H) + sinO|V)

‘NRIM

0 RICERC
Nature Phys. 13, 1191 (2017)
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Genetic Quantum Measurement
y Estimating an expectation value by measuring a single photon

N\

Ti:Sa ML \Laser

Gating 3232
Q)

SPAD
QUANTUM

Array
' Polarising p\ﬂtﬁ TECHNOLOGIES

NRIM

ISTITUTD N AZIOMALE
METROLOGICA

1)) = cosO|H) + sind|V)
Nature Phys. 13, 1191 (2017)
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Genetic Quantum Measurement

|sir) = 0,629|H) + 0,777 |V)

{P)}er, = —0,208
Project. @&
~10
Meas. i
5 10 16 20 25 30
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B 1 ||
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Genetic Quantum Measurement

upps(P)

_ UaQM (P)
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Nature Phys. 13, 1191 (2017)

Yz) = 0.924|H) +0.383|V') [$z) = 0.629|H) + 0.777|V)
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Robust Weak Measurement _,
y Weak values with a single measurement event

Robust Weak Measurement: iterative measurement protocol able to extract the weak value of an

observable from a single (post-selected) quantum system.

e 1T IR 10

step 1 step K

Pre-selection Weak Post-selection Light: Sci. & Appl. 10, 106 (2021)
;) interaction U £)

N

Anomalous weak value: Q A

QUANTUM
TECHNOLOGIES

NRIM
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—a a Light: S&A 10, 106 (2021)




Robust Weak Measurement

y Weak values with a single measurement event

Robust Weak Measurement: iterative measurement protocol able to extract the weak value of an

observable from a single (post-selected) quantum system.

e I I . 10

Light: Sci. & Appl. 10, 106 (2021)

— Equivalent scheme:

I K particles, each coupled
E— only once to the
measuring device TN

====

NRIM

I ITLJHP AZIOMALE
't'-'i ROLOGICA

Light: S&A 10, 106 (2021)




Robust Weak Measurement

y Weak values with a single measurement event
1) = cosa|H) + sina|V) o 0'25;_ 18.7
_ : S 0.20°F
f) = cos B|H) +sin 5|V) S : exp
S os (73)57 = 1852 09)
a | 0.62 N 5
g 0.17 2 0.05} ﬂj
b)) I
(0-3 )w 187 OOO ........... PO o N PO P
-20 -10 0 20 30
3
Q)
Our single click yields an anomalous TECHNOLOGIES
1 click value with a three standard deviations
) =21.4x45 distance from the closest eigenvalue N R I M
Light: S&A 10, 106 (2021)




... and this is not all ...
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... but 1t Is enough for
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Thanks for your attention!
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Thanks for your attention!
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