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Quantum metrology

- ... as quantum enhanced measurements
- ... according to metrologists

- ... for quantum technologies

Paradigmatic example:
Single-photon Detectors calibration

A coherent European effort: EMN-Quantum
TN

\J.
QUANTUM

D TECHNOLOGIES




N\
Quantum Enhanced Measurement EURAMET

Quantum Metrology, Imaging and Sensing with photons
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Quantum Enhanced Measurement N
Quantum Metrology, Imaging and Sensing with photons EURAMET'
eat

However guantum mechanics predicts existence of quantum states of light which allo
the shot-noise limit

Fock state |N)

Single photon .
source: |1) " . .\

non-classical correlation and entanglement :
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Quantum Enhanced Measurement N
Quantum Metrology, Imaging and Sensing with photons EURAMET

Sub-Shot Noise Imaging
Beating the shot-noise with quantum light
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dominant fluctuating background

Quantum Enhanced Measurement

Quantum Metrology, Imaging and Sensing with photons

N

EURAMET}
N !a

Problem: detection of a partially reflecting target which is immers

Lopaeva et al, PRL 110, 153603 (2013)

0.100
Quantum illumination takes advantage of an 0,080
ancillary beam, quantum correlated /entangled with
the probe, by ajoint measurement of the two. §’§
0.010

v’ Large quantum enhancement!

v Independent of noise and losses!

v Non-classical signature does not survive the
noise

0.005

0.001

SNRTW(M 7)) —e— ‘ CI
SNR_ (M,=1300) —o—
SNR_ (M=57) - - - b
SNRTH(M =1300) - & - * o
50 100 500 1000 5000 1x10*

_Ni i backﬁround thermal ﬁhotons I



P

QU antum I\/Ietrology... according to metrologists EURAMET;;
The New S/ ...

November 2018

26th General Conference on
Weights and Measures (CGPM)
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The SI and its defined units are not static.

The progress in science, in particular in the
area of laser physics, quantum optics, solid-
state physics, and nanotechnology, has now
paved the way for an upcoming fundamental
revision of the SI.

The physics and technology behind the new
Sl definitions and their realization is (mostly)
quantum.

NRIM

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA

World Metrology Day EURAMET

N

Quantum Metrology... according to metrologists EURAMET}

N

www.worldmetrologyday.org

T S Constant evolution

’ " ot OIML B 5' The International System of Units
ures

N/ 20 May 2018
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Quantum I\/Ietrology... according to metrologists EURAMET

The kilogram is defined in terms of the Planck constant

Kibble balance used
to calculate Planck's
constant.

Avogadro sphere (X-ray crystal
density) used to estimate the
Plank’s constant

Optical Atomic clock B\ <
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Quantum Metrology... according to metrologists EURAMET

The Ampere is defined in terms of the electron charge

Quantum metrological

triangle: Ohm's law with I o SET device

the three quantum . _2 ... Q
electrical  effects:  the '

Josephson effect (JE), the —
quantum Hall effect (QHE)
and the single-electron
tunnelling effect (SET)

Single electron

tunneling effect
Q, =ell+e,)

Quantum Hall effect

h
R, =—(1+&,)
I

The Mole is defined in terms of NA /‘\.
The Kelvin is be defined in terms of Boltzmann’s constant \Q ’

The Candela is defined in terms of K_, constant QUANTUM
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Q-Metrology for Q-Communication EURAMET

An Industry Specification Group (ISG) of the European Telecommunicatiefis
Standards Institute (ETSI) has been installed from October 2008 to address
standardization issues in QKD, to support the commercialization of QKD
devices on various levels and stages.

ETSI"ﬁ?.- “ﬁiﬁl
N\ ¥

Quantum Radiometry is necessary to the standardization framework for
providing traceable characterization techniques at single-photon level.
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Q-Metrology for Q-Communication

o
EURAMET

Quantum Radiometry: Effort to create a linkage between the ical
optical power measurement regime of conventional radiometry and the

single-photon counting regime
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Converting metrology to the
counting of natural units: photons

Single Photon
Source

Single Photon WwWp3

Detector
Correlated
photons : . wP2

high stability

~

Predictable]Quantum
Efficiency|Detector
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European Metrology Research Programme
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Q-Metrology for Q-Communication
Projects on single-photon metrology
. Project Coordinator: INRIM

Quantum Candela: radiometric measurements in the natural units, the
number of photons

EMRP Project Coordinator: PTB

;h:EMRPus;oml::nr:;“:yEmTeEMRPpamc-pahngoounlnes S I Q U T E Dete rm i n IStiC a n d effICie nt Si ngle_p h Oton
within EURAMET and the European Union

sources for guantum metrology
e - Project Coordinator: INRIM
;h: E;;F;l;"scpojmtll:; En’:;':yEmTe EMRP participating countries

TiaEieE by Ladadby D e Metrology for Quantum Key Distribution (QKD) in fiber
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Project Coordinator: INRIM

Metrology for free-space QKD and Anti-
”"Quantum-Hacking”

————— _B
Project Coordinator: INRIM L Wﬂmé
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.S]QU.ST ecurity of Q ardware

EMP|R - EURAO Efficient single-photon sources for guantum

The !:MPIH o-funded by the Ew
resear

EMPIR B -

The EMPIH nded by Ihe Eu n 2020
d novation prug amme dlh EAPRP l pl gS ales

n 2020
d ovat prog amme dlh E.iIPRP l pl ;;S ates

technologies and quantum metrology
@) SEQUME

Project Coordinator: PTB

EEEEEEEEEEEE




Detection Probability measurement: N\
Substitution Method EURAMET

Single-Photon Detection Probability
Detection efficiency of the
Single-Photon Detector

fi

|
|
|
¥

attenuators counter

pulse/delay pulsed
-30dB ...-60 dB

generator

r-----

Calibrated Diode

amplifier +

(Transfer Standard) Voltmeter
Issues A~
- Attenuators Calibration From CW to pulsed source Q Y
- Nonlinearity & Deadtimes \ j

- From CW to pulsed source QUANTUM
» e TECHNOLOGIES




Detection Probability measurement: N\
Substitution Method EURAMET

Optical power traceability chain (SI)

0.005 % uncertainty
Primary standard
Cryogenic radiometry

]

visible wavelengths,

0.5 mW,

collimated,

free-space laser radiation

NMI reference detectors

1 |

1% uncertainty or less (k = 2)
Low power ‘
reference o4
~
detector NG 100 pW,

“~ - output from optical fibre —,

\J.
QUANTUM

{
S TECHNOLOGIES




Detection Probability measurement: N
Substitution Method EURAMET

EMPlR B = Pilot comparison on the detection efficiency meas. of single-

”'1. [:MPIH initiative: i5 co-funded by the European Union's Horizon 2020

E e ¢ hoton detectors @850nm and @1550nm

Variable Filter 1

OD =0.2...4
Microscope Beam I Laser
~ objective Filter 3 splitter @ A nm
Si -Diode
Integrating ‘0 | I / _-
Sphere t 1 1
Si-SPAD . Filter 2 Monitor
“f’.f:."l'n‘m pitts " detector
@350 nm S I ) T

@1550 nm
Study in MIQC2
4 NMI: INRIM, PTB, NPL and CMI

EPJ-QT 7, 14 (2020)
APL 118, 174002 (2021)




Detection Probability measurement: N\
Substitution Method EURAMET

Comparison on the detection efficiency meas. of free-
running single-photon detectors @1550nm with

EMPIR H -5

The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Participating States

pulsed laser source T
monitor
detector reference
1550 nm BS 10 detector

puise time-to-digital D
generator converter

| ¢ data for y = 20.5 —model for y = 20.5 ® datafor u=1.5= -model for y=1.5 = data for y=0.79 -**~model for u = 0.19|
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Detection Probability measurement: N\
Substitution Method EURAMET

Comparison on the detection efficiency meas. of free-
running single-photon detectors @1550nm with
pulsed laser source T

monitor
detector I reference l
1550 nm — /10 detectar

EMPIR H -5

The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Participating States

A ‘Ground truth’
0.115 i :
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Detection Probability measurement: ~
Klishko’s technique EURAMET

Detector’s quantum efficiency (77) measurement

77'

Heralded Photon Source:
photon timing = known
wavelength = known
direction = known

N

1] prob. of detecting the heralded photon Q g
[Zeldovich & Klychko, Sov. Phys. JETP Lett. 9, 40 51969H ——
7 TECHNOLOGIES




Detection Probability measurement: ~
Klishko’s technique EURAMET

Detector’s quantum efficiency (77) measurement

Photon - Heralded Photon Source:
Pairs photon timing = known
Source wavelength =» known
direction =» known
TN
1] prob. of detecting the heralded photon Q °'

[Zeldovich & Klychko, Sov. Ph;s. JETP Lett. 9, 40 §1969;| QUANTUM
: TECHNOLOGIES



Detection Probability measurement: ~
Klishko’s technique EURAMET

Detector’s quantum efficiency (77) measurement
n l

Heralded Photon Source:
photon timing = known
wavelength = known

direction => known
4
[ ]
1] prob. of detecting the heralded photon Q '

[Zeldovich & Klychko, Sov. Phys. JETP Lett. 9, 40 31969“ QUANTUM
il TECHNOLOGIES



Detection Probability measurement: —
Klishko’s technique EURAMET

e  First experimental implementation (PDC)
[Burnham & Weinberg, PRL 25, 84 (1970)]

e [International research effort:
[Malygin et al., Sov. J. Quantum Electron. 11 939 (1981); Rarity et. al., Appl. Opt. 26, 4616 (1987);
Penin, et al., Appl. Opt. 30 3582 (1991); Ginzburg et. al., Opt. Eng. 32, 2911 (1993); Kwait et al., Appl.
Opt. 33, 1844 (1994)...]

e First research effort in the metrological community
[Migdall et al., Metrologia 32, 479 (1996)]

Non-idealities to be accounted for

e  Optical losses DUT channel L] e

e  Accidental coincidences A ; N

e  Detectors non-linearity, dark counts, after-pulses | :

¢ WML;“’J "':m P
e

[Polyakov & Migdall, IMO 56, 1045 (2009)] = :
QUANTUM
N TECHNOLOGIES



Detection Probability measurement: ~
Klishko’s technique EURAMET

... already well established radiometric technique

mmmmmmmmmmmmmmmmmmmmmmmmmmmmm

uncertainty
A

X tons R -
o NPLE @
I ﬁg?i%h%lE National Physical Laboratory C - METROSERT
DI RICERCA : T _
Pt I Al Justervesenet = *{ NMAIKES

Ll L} L] 1) L]
103 106 10° 1012 1015  pnotons/s
10735 107312 10°9 10°% 1073 Watt

Lowest relative uncertainties achieved so far: ~¥0.2%
(comparison with a classical technique traceable to a primary standard)
[Polyakov & Migdall, Optics Express 15, 1391 (2007)]

TN

Results confirmed by the Qu-Candela consortium Q ’
(New low-optical power reference detector)
QUANTUM
[Cheung et al., Optics Express 19,2034 72000 TECHNOLOGIES




Detection Probability measurement: ~
Klishko’s technique: Extension 1 EURAMET

TES - Transition Edge Sensor

|
_ 20 pum X 20 pum

Al <«te ‘ /Tl

S1(5004m) < L SIN (0,5 pm)

TESs are based on a superconducting thin film
working as a very sensitive microcalorimeter

@ 40000 T T T T T T T T 1
| otons i

PNR detector "

30000

25000

£ 20000 |

=

o

S 15000
10000
5000 -

Amplitude (V)

[Optics Express 19, 23249 (2011)]: u ’

Absolute technique for measuring quantum efficiency:

N RI M e based on an heralded single photon source ,
LR s — e exploiting the PNR abilitv of the detect

QUANTUM
TECHNOLOGIES




Detection Probability measurement: ~
Klishko’s technique: Extension 1 EURAMET"
L ] P(i)(P(z)) Probability of observing i photohs per

heralding count in the presence/absence of the
heralded photon (i.e. of observing (i-1)/i “accidental”

107\ not-heralded photons at &

10° 100 cou nts)
10° 10°}
1 ph
£ 10° #10'f $OPH g
z10° 510°
C 102l O 102}
10 10 2 ph
10"t 10*
10" e 10° L 7/\
20 0 20 40 60 80 200 0 20 40 60 80
Amplitude (mV) Amplitude (mV)

From each P(7)a value of “Total” Quantum Efficiency can be estimated (Consistency Test)

From the prob. of 0: Vo = P([;}P—{OI;(O}
.\ o P(i) —P(i) N\
From the prob. of /. PG D - PO) bj

NRIM

RIS G D TECHNOLOGIES
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Detection Probability measurement: ~
Klishko’s technique: Extension 2 EURAMET |

Extension of the KT to the calibration of analog (i.e. not operating at single
photon level) detector exploiting twin beam (only in low gain regime)
[JOSAB 23, 2185 (2006)]

Solution: Seeded Twin Beam
Quantum efficiency obtained by measuring C-c " »
uto-correlation
and A-c of the photocurrent (61,30, (1 + 7))
[Optics Expr. 16, 12551 (2008)] Detector :
* <fl>
Cross-correlation

ox )8 (t)di, (e + 7))

Seed beam

Pump beam

Non-linear .
crystal @_‘ i, (1) <z'2>
Detector : :
18 (0)8h (r+ 7)) (61, (1)1, (f.+r)>
m, = E <5£1 (5)5.51 (i.‘ s )> Auto-correlation
Implementation exploiting a 4 WM in Rb hot vapor \u’

[Marino & Lett, IMO 56, 401 (2009)] T
D TECHNOLOGIES



Detection Probability measurement: ~
Klishko’s technique: Extension 3 EURAMETj

[Optics Expr. 18, 20572 (2010); APL 105, 10113 (2014); Opt. Lett. 41, 1841 (2016)]
Bright Multimode Twin-Beams used to calibrate scientific CCD camera

Gaussian ggns-tlg?ear |I|U(q)> — ZCCI(H)|H>5.[||”>S.—I]
o e B ~
o ’»- .3 2
' - : & Simm. Correlations in . _ < 6 N— >
. rfi : o=——
ey ~_Center the far field NRF (M n Ng> _
‘ ) (8°N_) = (8N;) + (8°N;) — 2(8N:8N;)

0.55+-
Corrected NRF ° 0o
- — o) — 4
2 (Ng) 2 1 |
0.3 50 560 1 0'00 1 5IDD ZOI'D(] 25IDD
STUOMIONAE o = (Ns) / (Ni) | (A ) ()
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Detector’s POVM tomography EURAMET

POVM 11,, provides the description of the measurement process

({39}

‘me]\“ \'\fm}\w ,
W‘WW“ Prob. of output ‘N’
W pn = Tr o1l

TN

\J.
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N
Detector’s POVM tomography EURAMET

POVM 11,, provides the description of the measurement process

“y
%WW L, =), W m)(my -IZZ-ZICL_?T:;JEUI‘[‘;T

Y
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N
Detector’s POVM tomography EURAMET

POVM 11,, provides the description of the measurement process

“y
%WW L, =), W m)(my -IZZ-ZICL_?T:;JEUI‘[‘;T

Y
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N
Detector’s POVM tomography EURAMET

POVM 1I,, provides the description of the measurement process

(19}

_n
W WW 11, Z Hnm\mﬂm\ Prob of output “N”’

pn = Tr[olIL,]

Hnm : Prob. of having output “[1”” with M photons as input

N

\J.
QUANTUM
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N
Detector’s POVM tomography EURAMET

POVM 1I,, provides the description of the measurement process

n

“ﬁ%@ %MWM 11, = Zm Hnm\m> (m\ -fPr-oI;:utput “n”

pn = Tr oIl

Hnm : Prob. of having output “[1”” with M photons as input

e Quorum of states

e Ancilla assisted A~

J
QUANTUM
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N

Detector’s POVM tomography EURAMET )
Simplest Solution: el “n",
Fock state source m)(m| ' e

Pn — <m‘Hn‘m>: 1L,

Q @®
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Detector’s POVM tomography EURAMET )
Simplest Solution: el “n",
Fock state source m)(m| ' e

po = (T ) = ([

Q [ ]
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Detector’s POVM tomography EURAMET))

Simplest Solution: e _n,
Fock state source jm){m|
pu = (|l |m) = (@)

Affordable Solution: Coherent source o). j=1....K
[Lundeen et al., Nat. Phys 5, 27 (2009)]

pn; = Trl|ay) (ay|1T,] I, G

T Z ’ Gmj = exp(—pu )y /m!
Hy = \Oc’j\b )




N
Detector’s POVM tomoadraphv EURAMET)

Coherent source : i
W .II | ‘ -.-‘.'I'“I i —_—
L -.‘.'I'l I |
Pulsed laser source BN T
Experiment with a TES
0.20
03 W
— 31 . 87 0.154
= 02 Ho=
300k § 140k - 04 g 0.10
20k ﬂ o1 120 3| A S oesl
2
200 9 00 S, 1ook oo R A
| 0 12 334 85867 8 9 10NN 2 012 3 454617809101
» 80k
2 150k | n »
2 - 3 60k
“ 100k :
40k 1
50k 4 ; 0
6|7|8|9|10 =11
0 1 0 L 7 A g T e
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Amplitude (mV) T,-P' — 5 1 % | Amplitude (mV)
N

NRIM INJP 14, 085001 (2012)] Q ’
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Coherent source
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0.2}

0.0
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80
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Detector’s POVM tomoqraD

@]
Ny EURAMET

iw__n

0.4

0.3

=0.2

0.1

0.0

(c)
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NRIM

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA

Linear detection model

[T, = Y Bun|m)(m|

M=

°
m o / N
Bn.-:fn. = ( . ) ,T]n. (1 o n)m. n \QJ

[NJP 14, 085001 (2012)] —
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Detector’s POVM tomoaqrap

1Y

o
EURAMET

Hn — Z Bn-m‘m> <m‘
m=n
m n S\ m—n
B nm — ( n ) Ui (1 77)

[NJP 14, 085001 (2012)]

N

NRIM @J
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Detector’s POVM tomography EURAMET |
Simplest Solution: mPNR Ideal Detector
Heralded Fock state source I / "

R) = Sy Bl e

m){m

Y
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Detector’s POVM tomography EURAMET |
Simplest Solution: Weal Detector
Heralded Fock state source /

R =Y, Rulm)|m) By \

Y

QUANTUM
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Detector’s POVM tomography EURAMET |
Simplest Solution: PNR Ideal Detector
Heralded Fock state source l /hm

R))= X, Ronlin) ) T P —

Affordable Solution: Tomographer on the ancilla arm

o ~-Tomographer

NRIM

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA
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Detector’s POVM tomography EURAMET |
Simplest Solution: PNR Ideal Detector
Heralded Fock state source l /hm

R)= 5, Rlm)lm) T P —

Affordable Solution: Tomographer on the ancilla arr:

o ~-Tomographer

NRIM

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA
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Detector’s POVM tomography EURAMET |
Simplest Solution: Weal Detector
m
Heralded Fock state source l <~

|R)) = > Bo|m)|m) Im) (m| I, =21

Affordable Solution: Tomographer on the ancilla arm NRIM
I

ISTITUTO NAZIONALE
- -Tomog rapher DI RICERCA METROLOGICA
>

[PRL 108, 253601 (2012)]

Fibre N

R Q
PNR detector \J
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Detector’s POVM tomography EURAMET)

‘R>> — Zm Rm|nl>|ﬁl> 10m09rapher

Tomographer on the ancilla arm
p(n,yes) = ZHnm|Rm|2[1 — (1 —=n)"]

[PRL 108, 253601 (2012)]

p(n.n0) = 3 T Ry (1 =)™

| (a 0.6 PN —_
00s| (@) o] (b) _
g . , 04 | .
s 004 Rl 03 on/off reconstruction
0 021 ]
0.02- |
w B AW | ~
002 004 006 008 010 012 0.0 A -F'*—f—f .
1, m Q
NRiM [PRA 70, 055801 (2004); J. Réhagek et al., PRA 67, 061801 (2003)] o/
|
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Detectors’ Backflash Emission: N
a security threat EURAMETI

PULSE
GENERATOR
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Detectors’ Backflash Emission: A~

a security threat EURAMET |
Single-photon-detector Back-Flashes
J
104§
m1000;
) i
- |
S5 |
O 1005
O
" IS g
s ns

| : [ ]
0 50 100 150 200 Q ’

QUANTUM

Light: S&A 6, €16261 (2017)— TECHNOLOGIES




Detectors’ Backflash Emission: N

a security threat EURAMET |
EVE
Backflashes
.7
N %
J

BOB
ALICE a— -

N\

Single Photons

bl Wbt

t/ns N

L s s s s ! s s s s ! s s s s ! s L] 'y
0 50 100 150 200 Q ’

QUANTUM

Light: S&A 6, €16261 (20_ TECHNOLOGIES




Detectors’ Backflash Emission: N
a security threat EURAMET

10
Time (ns)

QUANTUM

Light: S&A 6, €16261 (2017) g TECHNOLOGIES
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EURAMET EURAMET}

EURAMET is the Regional Metrology Organisation (RMO) of Europe.

Cooperation of National Metrology Institutes (NMI) in Europe Iin
research in metrology, traceability of measurements, international
recognition of Calibration and Measurement Capabilities (CMC);

Knowledge Transfer and cooperation among EURAMET members
EURAMET facilitates the development of the metrology
Infrastructures;

European Metrology Research Programmes (EMRP and EMPIR)
designed to encourage collaboration between European National
Metrology Institutes (NMIs) and partners in industry or academia.

Y

QUANTUM

N TECHNOLOGIES




AN
European Metrology Networks (EMN) EURAMET'

Objective: To create sustainable structures ;
in areas of strategic importance for the
future of European metrology.

The Networks...

* cover an area of major strategic importance, with a European dimension;
« establish close links with a wider stakeholder community; including cooperation with other partnerships;
« strive for scientific excellence;

« develop and coordinate a common metrology strategy & infrastructure to support innovation, public
policy, & regulation.

Q@ i Q *x O T

ey an
4 o

QUANTUM

I TECHNOLOGIES



EMN for Quantum Technologies: N\
EMN-Q EURAMET

Commitment:

» To become the unique contact point to stakeholders interested
in metrology for qguantum technologies (QT) E CENELEC

ddddddddddddddddddd

» To promote the take-up of metrology in the development of QT
» To promote the use of quantum measurement techniques
where advantageous for “classical” technical areas

» To support industrial needs in synergy with the objectives of the
EC Quantum Flagship and national QT programs

EMN-Q Contact Group Q ’
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EMN for Quantum Technologies: EMN-Q
Aalto
Metrosert

By 20 May 2021, CEM

18 EURAMET Members CMI
DFM
and Partners GUM

signed the MoU of EMN-Q INRIM
IPQ
I\,
LNE
LNE-LCM/CNAM
LNE-SYRTE
METAS
VTT-MIKES
NPL
PTB
RISE
UME

https://www.euramet.org/european-metrology-networks/guantum-technologies/quantum-

technoIogies-member-institutes/
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https://www.euramet.org/european-metrology-networks/quantum-technologies/quantum-technologies-member-institutes/

N
EMN-Q: Structure and Organisation EURAMET

EMN-Q: Structure and Organisation

&1 Chair

& & & 3 Vice Chairs = Section Coordinators
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X @ E = Communication
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Computation Q ’
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EMN-Q EURAMET

Quantum Clocks and Atomic Sensors

 New optical clocks and quantum-enhanced
techniques (e.g. QND, entanglement-based)

 EU frequency distribution fiber network, space network
« Certified time and time stamping distribution
« Atomic sensors: gravimeters, gyroscopes, ...

Communication

Simulation A

Sensing/Metrology

Q-Photonics
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EMN-Q EURAMET

Quantum Electronics

« Commercial quantum electrical standards with graphene

 Topological insulators

 Novel guantum devices based on, e.g., superconducting
nanostructures or semiconducting quantum dots for
electrical metrology and sensing

Communication
Simulation

Sensing/Metrology

Q-Electronics ‘
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EMN-Q EURAMET

Quantum Photonics

« Traceability of measurement at single photon level

 Metrology for QKD in fiber and QKD testbeds,
metrology for QKD In space

 Quantum imaging: metrology but also R&D

 Quantum (magnetic, pressure, temperature) sensors
based on colour centers

Communication

Simulation
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Sensing/Metrology

Q-Electronics
Q-Photonics
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19NET02 «EMN-Quantums

EMPIR

Th EMPIR tt o-funded by the European Union's Horizon 2020
t p ogramme and the EMPIR Partici pl gStt
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Thanks for your

attention!
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EMPIR H -~
The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Participating States




