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Vetrology - science of measurement and its applications

Why measure?

If you can not measure it, you
can not improve it.

~ Lord Kelvin
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I\/Ietrology - science of measurement and its applications

I Measuring instruments

?
Why measure: I Metrological regulation

If you can not measure it, you
can not improve it.

I Internationally agreed
technical requirements

~ Lord Kelvin
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I\/Ietrology - science of measurement and its applications

h=6,626 070 1% 10-34Jts

h

e
o

Since ancient times mankind was aware Measurements have been based on In 2018, the General Conference on Weight
that there are certain quantities that are artefacts over thousands of years, most and Measures, CGPM, abolished all artefac
measurable, i.e., that can be compared prominently, the international prototype in a revolutionary decision defining the Inter

of the kilogram, the IPK national System of Units, the Sl, by fixing th

numerical values of 7 defining constants
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I\/Ietrology - science of measurement and its applications

Metrology Mission: To assure the accuracyand the traceability of the measurements : |
Essential to fundamental resear§

in Portugal, realizing the Constitutional purpose of sovereign national measuring
standardsand realizing the metrological control of measuring instruments satisfying

the Portuguese industrial and society needs. Highly accurate measurements

/—\

Units of

qasurement J

l Reduced uncertainty

Developing new and better
measurement capabilities

) 2

Scientific progress

Measuring

Qstruments
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IPJs responsibilities as thidational Metrology Institutiondevelops

activities in the fields of:

A Scientific Metrology- assures the realization and

implementation of the Sl units amétional standards

A Applied Metrology- assures theational traceability chainof

measurementeference & industrial standards of accredited

laboratories

A Laboratory- 52 technical domains

A Metrology Department staff 40 people A Legal Metrology-is the national authority to assure and

A 2 200 n? Laboratory Area
A 10 000 n Covered Area

manage the legal metrological control system of the measurir
instruments of current measuremerfigal users: Pattern
Approval,Verification of Speed meters aBdeath analyserand
Qualification and Coordination of Metrological Verification

Entities
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Meter Convention

Portugal signed the

Meter Conventionon

Convention duMétre (1875) _ > — 20 May 1875, in the
Comitéinternacional (@ |t first group of 17
desPoidset Mesures "\ =

Accord deRéglementMutuel

National Metrology Subsystem

signatory countries
(CIPM- MRA) (1999)

National Standards

Interlaboratory Comparisons
Quality Management System
150 CMC(cCalibration and Measurement Capabilitjes

Scientific Applied Legal
Metrology Metrology Metrology

To T T To

1875¢ Convention
NML IPQC NML s du Métre
IPQc LNM Acc_redit_ed IPQ
E:lljlglrg:(l)or?es DR- Autonomous Regions @ 1984- OIML

DI(1IST¢ LMRI) NP ENSO/IEC & (Madeira +Acore$

1705 and I1SO : |
DI(IHG LQPM) al SMM & SCN\pbubiic MetrologyServices) =3 1987c EURAME
DI (UHMC LNEC OVM(MetroIogical Verification Bodigs

R&l(lnstallers & Repairs) I I 1990( WELMEC
1§ WELMEC
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JCGM Publications: Guides in Metrology

www.bipm.org/en/committees/jc/jcagm/publications

VIM: International Vocabulary of GUM: Guide to the Expression of S| Brochure: The International
Metrology Uncertainty in Measurement System of Units (SI)

Le

JCGM 2002012 JcGM 100.2008 S t .
with minor corrections
ysteme
& f . .
RAR By AR and gener\ international
c‘?lr'\'c)epu and associated terms Bl hr o ’ = .
‘ o S T d’unités re-
3rd edition of uncertainty in measurement
2008 version with minor corrections Evaluation des données de mesure — T h e
Guide pour Pexpression de l'incertitude de =
mesure
Vocabulaire international de I nte rn atl on a"

metrologie - Concepts

T e gt System of
3% édition un its

Version 2008 avec corrections mineures

Firs! edton  Seplember 2008
e
© JCGM 2008 f
e .
© JOGM 2012 ﬁp
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| TlcaTion SUMMER SCHOOL Metrology ¢ Basic Concept

International vocabulary of metrology 1 Basic and general concepts and associated terms (VIM)

e
—
2.1 C measurement : process of experimentally obtaining one or more quantity values that can %—‘

reasonably be attributed to a quantity

A Measurement does not apply twominal properties.
A Measurement implies comparison of quantities or counting of entities.

A Measurement presupposes a description of the quantity commensurate with the intended usaedsaurement
result, ameasurement procedurgand a calibratedneasuring systenoperating according to the specified

measurement procedure, including the measuremeonditions.

2.13- measurement accuracy: closeness of agreement between a measured quantity value (( |
and a true quantity value of a Measurand \

A A measurement is said to be more accurate when it offessnaller measurement error.
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International vocabulary of metrology 1 Basic and general concepts and associated terms (VIM) True Value

2.16- measurement error

measured quantity value minus a reference quantity value Error

Indication of Measuring Instrument

2.17 - systematic measurement error < UncertamW>

component of measurement error that in replicate measurements remains constant or varies in

a predictable manner

2.19- random measurement error

component of measurement error that in replicate measurements varies in an unpredictable manner
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International vocabulary of metrology 1 Basic and general concepts and associated terms (VIM)

2.26- measurement uncertainty

non-negative parameter characterizing the dispersion of the quantity values being attributed to a
measurand , based on the information used

0,003% 94,454 % 0,003
‘- | %

49,7 1%

-dT +io

2.9 - measurement result

set of quantity values being attributed to a measurand together with any other
available relevant Information

Y=yxU

mg= (100,021 0,035) g
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International vocabulary of metrology 1 Basic and general concepts and associated terms (VIM)

2.16¢C metrological traceability g ﬁ
ﬁ#

AR\

uncertainty measured quantity value minus a reference quantity value Calibration/
Testing
laboratories

Metrological traceability requires an establishealibration hierarchy Producers/
Manufacturers

property of a measurement result whereby the result can be related to a reference through

a documented unbroken chain of calibrations, each contributing to the measurement

Service providers/
Retailers / Traiders
Traceability chain of reference
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International vocabulary of metrology 1 Basic and general concepts and associated terms (VIM)

2.16¢C metrological traceability

Calibration/
Testing
laboratories

Producers/
Manufacturers

Service providers/
Retailers / Traiders
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The newinternational System of Units (®Xfficially approvedn November 2018ollowing
26" General Conference of Weights and Measures (CGPM), the highest body of the
Convention of which Portugal is a founding signatory (1875adopmtedin 20" May 2019

A New ParadigmChange- new definitionsusedexplicit constant formulation (insteadof
& S E LdzyAAQikécivaliows separatethe definition from the realisation of the units, based

on the physicsequations

A New Sl is called as Quantum-Skinits are defined considering microscopic
properties and considering the quantum nature of phenomena
the previous definition dg ¢ based on an artefact consisting of many atolrhs

IS now replaced by the definition using Planck congtant

A Obijective
More accurate andigorousMeasurement System

A And to Support
Science, Research and Technological Developments
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International System of Unit

International System of Units (Si)system of units used around the world as the preferrédsic language for science, technology,

industry and tradesince it was established 960by a resolution at the M. meeting of the General Conference on Weights and Measure:

(CGPM) of BIPM

¢ It has been periodically updatedto keep up with the science developments and answer the need for more accurate measuremadtsahe

new technical domains;
¢ Unique and Coherent
Ensures the worldwide uniformity of Measurement and Traceability

1889 1960 1971
] I I
S S| S
" 1954 n
kg kg
1948 S 1967
1stCGPM S kg @ Kd
m C
gz}livnition

New
Definition

Evolution of the SI

2018

New Sli¢ 26" CGPM

Definition of units
through fundamental
constants

New
Definition
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¢ But ... the seven base units of the SI, Kgewas still defined
(based) in terms of the mass of an artifactinternational

prototype of the kilogramPK kept in the BIPMwhich is not

stable ....
|PK- international
prototype of the kilogram
(platinum+iridium alloy)
80 official copies Mos. 43 and 47 1946 1991 2014
first calibrated in i b
all ::-th;iinlldﬁéslgdﬁl ,"“"‘-._ J’
60 s - = |
s -
T Official
g 40 o e e e e ’_‘T’,“’,’“:r;,— L TS Copies
~ R -¢ Ki
ot et el - o -7
an - - -
= 20 DA g L -& 8(41)
o o -
- i s ® e : : : :
o 0 | R e s H Drift observed in the six copies of the
E s 3 .- o s 9 . . - 1
0 -20 40 60 80 100 120 14077 international kilogram prototype (comparisons in
-20 1889 1946 1991e 2014) ° 50 ug
_—
-40

years since 1889
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Until November 2018:

Definition of the unit of measure

e.g. International prototype e.g. Triple point of wateg to e.g. ldeal situation to define e.g. Speed of light in vacuum,
of kilogram define thekelvin ampereandcandela C, to define themetre
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International System of Unit

Situation in 2018&; before 26 General Conference on Weights and Measures

- 3 definitions based on fundamental constants

(or conventional valugs
A metre ©)
A ampere ¢o)
A candela Ked)

- 3 definitions based on the properties of

materials
A second $Cs)
A kelvin (HO)
A mole ¢2C)

- 1 definition based on an artifact
A kilogram (IPK)
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UncertaintyValues in2018- before26™ General Conference on Weights and Measures

L metre: speed of light in vacuum 1011 .
+ numerical value of the speed of light
. . y < o
mechanical quantities - -~ m (K)
b kilogram: prototype of iridium platinum 10° @'
* mechanical quantities U ‘@
V4
L second: atomic cesium clock 1ns 4 \‘
5 \
b ampere: implementation of Laplace's law M (2C) 1 \n(ith C9
t magnetic permeability in vacuurm 107
* electrical quantities @ 6
t quantum standards;e Ry 108 " -
/
L kelvin: triple point ofpurewater 1>Y R o
* thermal quantities 4 @ Q .
L mole: number of atoms in 0,012 kgB€C 108 T m

* physicochemical, chemistry, biochemistry, biology

L candela: spectra for human vision 104
* photometric and radiometric quantities
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SinceMay 20, 2019 The International System of Units, the Sl, is the system of units in whilcl:7 constants are chosen in such a way
that any unit of the SI can be writtexither through a defining constant itself or through products or quotients of defining constants

The numerical values of the seven defining constants have no uncertainty! 4@%

kilogram

= SI = 7;2‘,?
Athe Planck constaritis 6,626 070 15 10 33 s B‘ ‘ l
metre ﬁ Athe speed of light in vacuumis 299 792 458 m/s

second ' ‘ Athe unperturbed ground state hyperfine transition frequency of the cesium 133 apen is 9 192 631 770 Hz

ﬁ Athe elementary chargeis 1,602 176 634« 10 1€,

ampere
kelvin

n Athe Boltzmann constarkis 1,380 649 10 2 J/K,

candela Athe luminous efficacy of monochromatic radiation of frequeBdp x 1012 Hz, K, is 683Im/W

mole W Athe Avogadro constaritl, is 6,022 140 76< 1023 mol' !
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Practical Realization of Base Units

kilogram A
metre ﬁ
second ' ‘
ampere ﬁ

kelvin A
candela
mole ﬁ

In the new formulation of the SI,the definitions allow the use of new
methodsfor the practicalrealizationof units - instead of eachdefinition
specifyinga particular condition or physicalstate, which establisheda
fundamentallimit for the accuracyof the realization- it is now possible
choose any equation of physicsthat links the respective fundamental
constantsto the quantity to be measured!

Different Realizations the new definitions are not limited to a single
technique- future developments may allow different ways of realizing
units with better accuracyin principle,there is no limit to the accuracy
with which a unit can be implemented!
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Practical Realization of Base Units

. Quantum Standards
Kibble
kilogram ¢ Balance

metre

second

{ Quantumt
Hall Effect

ampere

kelvin

(2

ERRETER

uantum
- Resistance

candela

mole

Electron
Tunnelling
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Practical Realization of Base Unigilogram

SI

Previous definition

The kilogram is the unit of mass; it is equal to the mass of the international prototype of the kilg§&)rit follows that the mass of the
international prototype of the kilogram is always 1 kilogram exaot(i) = 1 kg.

(34 CGPM1901)

26" CGPM 2018

The kilogram, symbdg, is the Sl unit of mass. It is defined by taking the fixed numerical value of the Planck chisthe6,626 070 15 10° °When
expressed in the unit J s, which is equakgan? s> , Where themetre and the second are defined in termsadndn A,

h=6,626 070 15 1CF © kg n¥ s?

- 1 c o G opwtug Yo - eprn ey
op mOT ohaxm@p ™ @wgopxm A T

Thenumberchosenfor the numericalvalueof the Planckconstantin this definition is suchthat at the time of its
adoption, the kilogram was equal to the massof the international prototype, m(K) = 1 kg, with a relative

standarduncertaintyof 1 x 10/ (whichwas the beststandarduncertaintyof the combinedbest uncertaintiesof the
Planckconstant)
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Practical Realization of Base Unigilogram

o S I
A
.

The primary realization of the kilogram can be performed using any physics equation that relatePlaradss

; 1\"7‘;’,\‘:
constant, the speed of light in a vacuum and the frequency transition of*fus atom

- kilogram
o &
=

In the past fewdecades, significant efforts have been made to link the
unit of mass to a fundamental constant of physics with high accuracy:

Kibble balance
(to measured Planck constant h

x-ray crystal density techn
(to determine Avogadro constant,N
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Practical Realization of Base Unigilogram

SI

Electrical Powet) Mechanical Power

Two Phases

A Static phaseweighing of the artefact
(that we want to determine the respective mass)

A Dynamic phase: determinatiosf a movement

BIPM relative standard uncertainty for realizing tieawv
kilogram definitiorusing Kibble balance53 10®
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Practical Realization of Base Unigilogram Sl

Static phaseweighing of the artefact

In a perfect alignment of the system
- Balance between

A Laplace forcéa coil of lengttLin
which flows a currentwhen the coill
is immersed in a magnetield B)

B / E m
<— | A Gravitationalforce (weightm - g of a

standard massn
subject to a gravitational acceleratiag)

VI*QIZILB E=mgvy

- horizontal and circular coil
- horizontaland radial magnetic field

mg=ILB
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Practical Realization of Base Unigilogram ©

SI

Dynamic phasadetermination of a movement

Equality of Mechanical and

mg=1IB Electrical Power o
Josephson junctions' array
SINISsupercondutor isolador-

U=nLB U I = Mm g \/ metal normal- isoladorg

supercondutor)

U=hf/2e- Josephsortffect
< %%;‘ U R=h/e? - Quantum Hall Effet
Y
v U=B] v UZ . n .I: @
O - GaAs AIGaASE

- . . Heterostructures™ &
the coil is moved at a vertical velocityin the same R gV | _ Graphene sample@obel
magnetic field B

Prize Physics 2010
U=nLB
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Josephson Effeat observed in 1962 by Brian Josephson (Nobel Prize in Physics in aB@®¥ to base the representation
of the volt in terms of fundamental constants

SIS Nb/AlLO, /Nb

ASuperconducting electrodes are separated by a tiny gap or insulating (dayey) - Josephson junction I
ACooled below their transition temperatuie- 4,2 K) (:l:D é

AExposed to microwave radiation with a frequeri@nda bias! applied &perconductorf
(metal)

Tunnd
barrier
(Isolator)

ASuperconducting stat¥ formation of pairs of electrong Cooper pairs

Y responsible for the existence of a superconducting current
Superconductor

@ (metal)
o mvVv

| = seneae4£e Oﬁ/ dtg
u

f& 70 GHz

L, ] A changing the polarization curreivt | ; synchronizes witH

= - A cuantized @2t G 3S RS@PSt 2L | ONRPaa GKS 2dzyOiAz2y

\7 Al <1,Y zero voltage in the junction terminals

o

Continuous Josephson Effect

wl >1.Y voltageV in the junction terminals and a current

oscillation of electron pairk; at frequencyf
I R AlternateJosephson Effect

Current (mA)

3001500 150 300
Voltage (LV)




LWWM S ThenewSl¢ Josephson Effec

Quantizedvoltage- voltage steps for multiple integers
of V - proportional to the frequency of the radiation

CurveV /|

h_ nf
e KJ-QO

V()_nf

f = 75 GHz difference between two adjacent voltage

KJ-9O = %e :(483 597,9 © 0,2 )GHZ/V steps® 155 pV

Typicaluncertainty © 1010
Josephson constantl990 18 CGPM
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Quantum Hall Effect discovered 1980 by Klaus von KlitzfNgbel Prize in Physics in 1985pllows to base the
representation of the ohm in terms of fundamental constants

E 2 DEG existinig the interface semiconductesemiconductor or in the semiconductisolator
Sic MOSFET dieterostructuresGaAs / Ga Al As

E Low temperatures®( 1 K)

VH
E Highmagnetic field® 10 tesla) B @ 5 X
E DC Current pA e g
VXX @ _'l- gl Ok /
Hectrical Resistance y ) &= ,.-""#
Vxx = > f‘ ,
R, = N
Hall resistance - 4
VH _ RK 90 S @ lsp h
R, (1) = | Re.00 = — = (25812,807 0,005) W

von KilitzingConstant
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Hall resistance R, (1=1)=R 4, =(25812,807 0,005 q
R, ()=Va =Reo = N R, (2) = 129064045
I | e _ _ R, (3)= 86042699
Typicaluncertainty © 10°
R, (4)= 64532029
1.600E+04 3.500E+03
R, 0scila em funcédo dB? ,\ i=2 R (6)= 43021345
1.400E+04 1 OscilagBes de Shubnikde-Hass &y 3.000E+03
1.200E+04 2.500E+03
1.000E+04 2.000E+03

Ry (W)

8.000E+03

6.000E+03

1.500E+03

1.000E+03

(M) >

Ratio ofR, in 2 followed steps :

4.000E+03 5.000E+02
Ru (N) _
2.000E+03 T -1 0.000E+00 -
R, (N-1) N
0.000E+00 -5.000E+02

0 2 4 6 8 10 12
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881 33 L 3
IOO{ T T
In 1982,Tsuj Stormer e Laughlin T=150mK
75
E usingGaAs/AlGa_As heterostructures -
G
E with highmobility values 7
E¢ F am&Em fY Hn ¢ o r
E observed new step dflallresistance 3 xR, (i =1/3) (\
o]

Limitations:

Pxx(k‘Q'/D)

The accuracy d&,in the fractional steps is still very low for

2.5\ \f 1
metrological applications ‘*(M\J l_j U U

L

. . S0 I(l)O 150 200
(fori= 1/3 the accuracy i some parts 18, withB=20T BLKED
T=0,15K&8>5T R corresponding to a
e T=150mK Landau fill levels far= 1/3, 2/5, 3/5, 2/3,

4/3 e 5/3
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ASic MOSFET

Substrate Si, doped tyge(impurities- holes), allows the isolation of volta
The contact area desgurce S and drain D) is strongly doped type n+ (electrons), promoting
the formation of ohmic contact to 2DEG.

AuGeNi
contacts

AGaAs /AIGaAdeterostructures z ¢

o ————

2 DEGs located in the inversion layer formed at the interface ¢ nm T Gaks | T

. ) 400nm T~ = 77 [ n-AlGaAs
between two semiconductorsAlGaAss an insulator lf U s M ——————— 2DEG
mm )-GaAs

/ FALELELL,
350-500 mm / Substrato
GaAs

AQHARS Quantum Hall Array Resistance Standard

series or in parallg] increasing the range of ohmic values by a single
Hall sample

PTB flipchip encapsulation of a
graphenebased electric
quantum reS|stance standard

V between1l00We 10 MWV

V allowing to use higher current values

AGraphene samplesobelprize Physics 2050

Two-dimensional carbon crystal8y means of flizhip technology, the grapheAgased quantum resistance standards (from PTB)
can be sealed to maintain constant properties even in changing environments and over long periods of time.
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Previous definition

The ampere is that constant current which, if maintained in two straight parallel conductors of infinite length, of SI
negligible circular crossection, and placed thetre apart in vacuum, would produce between these conductors a p
force equal ta2 x 107 newton permetre of length.

(9" CGPM, 1948)

26 CGPM 2018
The ampere, symbol A, is the Sl unit of electric current. It is defined by taking the fixed numerical value of the elementary
chargeeto be 1,602 17&34x10° ™ When expressed in the unit C, which is equaltg where the second is defined in terms

ofpn &

’ e=1,602 176 634 10°A s

. . P o
A ( _ ) | 2 V. Q
h 9 (wp wQopXxMplw g x pop Py °

h 3 Yh.m
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Sy

L ampere Singleelectrontransport (SET) © © ¢ SI
160 I N | N 1 v I 1

SET devices 190 - — 300 MHz sine wave -
- allows the most direct unit realization of ampere using fgsical I e R e j
definition of current and tacount individual electrons with a tiny device = e )

& 100 | -

SET tft2¢a (02 O2yiNRf GKS OKI NBS {NJ E wf [ {J” j i
o= A, & 1n G & st ([ AN/ -_

f- frequency 2‘”:— J [‘)J J

N =1 or 2 (1 electron/ Coppelpair)

=20

0.0 0.1 0.2 0.3 0.4
Qy - estimateof the elementarychargee Applied gate amplitude (V)

TypicaResults Y fmaxD 1 GHzy | D 160pA

Metrology needsl D 1 >A
Limitations- low current values and high uncertainfy £ 107)
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The combination of three electrical quantum effedts QHEC SETis called Quantum Metrological

Trianglex - provides the accuracy of three quantum standards in the electrical domain
Josephson Effect: Vyys=n @,/ K;

Quantum Hall Effect: Ronr= R/ |

Single Electron Tunnellinggg= Qf

Quantum

Singleelectron
Hall Effect

transport

Ohm'slaw V =R |

n, f, R .f

1 f inte [
. _ ger numbers and frequencies
—_— QS fS J —J K RKQS — nJ I — - 1 guantities that can be quantified
K 3 | f 2 fS experimentally with very high accuracy
\ J
|
=1
Experimental realization of QMT Evaluates the consistency of the constalfts R - Qy
D..,- the deviation f lt
1 1 _|_D exp £ uexp exp e deviation from equality

uexp - associated standard uncertainty
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The new SINobel Prizes in Physi

1972- John 19852 Klaus 20102 Andre In 2018- 26" General

Barden, Leon o Geim Conference on Weights and

Cooper, John von Klitzing Konstantin Measures set the exact value o
Schrieffer BCS (Quantum Hall Novoselov h=6.,626 070 1510 3Ji s

Theory? 1957) Effect* 1980) (Graphen w

h

S 19882 D. Tsui, 20122 D.
rian H. Stormer, R. Win6|ands.
19182 Max Planc Josephson Laughlin Haroche S ‘
(Theory of Energ (Josephson (Fractional (Measur/ Manipul

Quanta 1900) Effect2 1962) Quantum Hall Individual
Effect? 1982) Quantum Systen)g

1st step towards the:
A quantum computer
A optical clocks
(redefinition of

In 1900 Max Planck introduced the second in 20307)

0 KS2 NE 2-Fadiggipndzbnyisisl a
of quanta with specific energies
determined bya new fundamental
constantnow calledPlanck's constant
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von Klitzing Konstantin Measures set the exact value o

Schrieffer BCS (Quantum Hall Novoselov h=6,626 070 1% 10-34Jt s

Theory? 1957) Effect* 1980) (Graphen

19182 Max Planc
(Theory of Energ
Quanta 1900)

. 1900.

ANNALEN DER PHYSIK.
: VIERTE FOLGE. BAND 1.

irreversible Strahlungsvorgdinge;
von Max Planck.

bemerken, dass mit Zuhiilfenahme der beiden in dem A
druck (41) der Strahlungsentropie auftretenden Constantel
und & die Moglichkeit gegeben ist, Einheiten fiir Linge, Ma:
Zeit und Temperatur aufzustellen, welche, unabhingig
speciellen Kérpern oder Substanzen, ihre Bedeutung fiir
Zeiten und fiir alle, auch ausserirdische und aussermenschli
Culturen notwendig behalten und welche daher als ,nat
liche Maasseinheiten* bezeichnet werden kénnen.

M1,

em gegeniiber diirfte es nicht ohne Interesse sein zi a

\ ¢ 4

h
_ 19882 D. Tsuli, 20122 D.
19732 Brian H. Stormer, R. WinelangdsS. ‘
Josephson Laughlin Haroche

(Josephson (Fractional (Measur/ Manipul

Effectz 1962) Quantum Hall Individual
Effect? 1982) Quantum Systemn)g

1st step towards the:

A quantum computer

A optical clocks
(redefinition of
second in 20307?)

aX with the help of the two constantsa e b, it is possible
to establishunits of length, mass,time and temperature,
independentof bodiesor specialsubstancesvhichremain
valid for all times and for everyone and which can
thereforebe called"naturalunitsof Y S I & dzZNB Y Sy (i &
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A The Strategic Research Agenda for Metrology in Euidgrified a requirement for further

metrology in this area and seve@ogrammesand initiatives are underway:

0 QuantumFlagship OQUANTUM

FLAGSHIP

European Metrology =

U European Metrology Network (EMN) for Quantum technologie

Network for Quantu

Technologies

i Metrology R&Programmes EMPIR B E"RAU EUROPEAN PARTNERSHIP [ b tiivien  paRTNERSHIP | EURAMET )

o-funded by th E ropean Uni »—nmrzuzn
n programme and the BWPIR Part ting Stat

‘



https://www.euramet.org/Media/news/G-GNP-STR-003_SRA_web.pdf
https://www.euramet.org/european-metrology-networks/quantum-technologies/?L=0
https://www.euramet.org/research-innovation
https://qt.eu/
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| TlcaTion SUMMER SCHOO[ R&D Activities in Quantum Metroloc

i QuantumFlagship QUANTUM The Quantum_FIagsh_lp: One qf the most ambitious lelegm o
research and innovation initiatives of the European Commissiol

FLAGSHIP

The Flagship works closely withandardisationrand Metrology Institutes(EURAMET) and the European committees for standardisation (e.(
CENCENELEC and EES8topeanTelecommunicationStandarddnstitute ) to drive standardisation of quantum technologies.

TheQuantumFlagships alargescaleinitiative fundedat the 1 6 develon a 10-yeartimescale

V Coherentset of ResearctandInnovationProjectsselectedthrougha peer-review process

V Callsfor Projects- issuedbasedon the C{ | 3 HtategidRasearchAgenda,ensuringthat all actorsare alignedin the pursue of the
Cf I 3 gdals LIQA

V Goal- to consolidateand expandEuropeanscientificleadershipand excellencdn this researcharea,to kick-start a competitive European
industryin QuantumTechnologieandto make Europea dynamicand attractive regionfor innovativeresearch businessand investments
in this field;

V >5000Researchersesidngin all EUandassociatecountriesinvolved

V 140ResearcltandInnovationActionsproposalssubmittedin responseof the first QuantumFlagshigcall


https://qt.eu/
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i QuantumFlagship QUANTUM The Quantum_FIagsh_lp: One qf the most ambitious lelegm o
research and innovation initiatives of the European Commissiol

FLAGSHIP

Quantum Communicationdt has some of the most mature quantum technologies in quantum key distribution (QKD) and quantun
random number generators (QRNG) as well as facing some of the most demanding challenges for quantum technologies, slogings

a panEuropean quantum communication network, even a global netwQrkantum Key Distribution; Quantum Repeaters; Quantum
Teleportation)

QuantumComputing Quantum computation is among the mostfaaching and challenging goals of quantum technologies exploits

guantum mechanicghhenomena(qubit (quantum bits) Basicunit of informationin quantum computing that can be zero and one “1}
at the same timeand instantaneous correlations across the device) ‘ >

QuantumSensing & Metrologytn guantumoptical metrology and quantum imaging, quantum effects of light, and in particular
guantum entanglement, are exploited to improve the sensitivity in phase measurements or the spatial resolution of opéice aysia
new generation of quantum enhanced optical clocknow emerging showing significaniiyproved accuracy with respect to the present
atomic clocks

Quantum Simulations:Quantum simulators based on the laws of quantum physics will allow us to overcome the
shortcomings of supercomputers and to simulate materials or chemical compounds, as well as to solve equations in
areas, like higlenergy physics.


https://qt.eu/
https://en.wikipedia.org/wiki/Qubit
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i QuantumFlagship EEG‘?EFTUM The Quantum_FIagsh_lp: One qf the most ambitious lelegm o
| research and innovation initiatives of the European Commissiol

National Project PTQCI - Portuguese Quantum Communication Infrastructure
(www.ptqci.pt)

A First quantum network in Portugal ¢ first terrestrial segmentof the EuropeanQuantum
Communicatiorinfrastructure(EuroQQl

A Representshe first steptowardsthe integrationin the Europearinfrastructure

TCII11NI:

A Obijective deployingsecurecommunicationinfrastructures and technologyprovisionand
shall allow the deploymentof highly secure, scalable,and resilient networks based on
QuantumKeyDistribution (QKD )betweendifferent publicauthoritiesin Lisbonaswell asa
testbednetwork involvingacademicand private stakeholders

A Consortium 12 participants

deimos A O\ 2T e reeam ONS @ ISEL V.. gmnideaFET _IPG, [



http://www.ptqci.pt/
https://qt.eu/
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OUANTUM The Quantum Flagship: One of the most ambitious lelegm

U QuantumFlagship _ LT .
FLAGSHIP research and innovation initiatives of the European Commissiot

National Project PTQCI - Portuguese Quantum Communication Infrastructure
(www.ptaci.pt)

IPO, D

NMI Activity - Securetime transfer ¢

U Toprovidea platform for the testingand developmentof a systemthat providessecuretime transfer
TheQKDsolutionprovidesreliabletiming that isresistantto spoofingattacks,one of the mostsignificantdisadvantagesf GNSSystems

U Ensurea reliable and traceabletime transfer to all entities that require timestamps- financialtransactionsand stock exchangemarkets-
takingadvantageof the existingopticalfiber infrastructureof the consortium

FIBER OPTIC CABLE "
Precise time source O Secure timesignal
e
IRIGB code, 1 PPS
Measure
Alice Bob A Uncertainty
Y A Stability
:L TIC J A Traceability



http://www.ptqci.pt/
https://qt.eu/
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U European Metrology Network (EMN) for Quantum technologsasce July 2019) Cuopsn

Network for Quantu

establish globally accepted measurement services for quantum technologies and dé¥icesles active coordination of European measurement SRS 4
WWW. euramet org

science researcto maintain competitiveness in the field of quantum technologies by promoting and facilitetiogledge sharinggollaborationand

the uptake of measurement science in the development of quantum technology

Strategic Research Agendat is expected future developments, considering needs from stakeholders in science and technology,
industry, economy and society, regarding electrical quarhased metrology

. Promote the inclusion of metrology (Measurement Science) in the development o
<+ quantum technologiesg accuracytraceabilityand comparabilityof measurements,
~ globally accepted measurement services for quantum technologies and devices.

A Quantum Electronics ’ — : :
- Develop new measurement capabilities and dedicated services to meet the

A Quantum Clocks and _' “requirements of industry and R&D institutions.

Atomic Sensors

A Quantum Photonics £ 3 i, Contribute to the development of Standards, Regulation and Certification for
= -7 quantum technologies.

Support the needs of industry in conjunction with the technological objectives of

TEC Quantum Flagship and national quantum technolpgygrammes



https://www.euramet.org/european-metrology-networks/quantum-technologies/?L=0
http://www.euramet.org/
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Quantum
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Quantum
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Ultra-sensitive quantum
electromagnetic sensors and
guantumbasedhigh
precisiorthigh-accuracy
electrical measurements

Metrology will contribute to
quantum measurement science,
Sl traceabilityand efficient
G0Sad LINY OGAOSE
system, fofTest + Validation +
Standardization

Triggers &
Needs

aSUuUNRft23e

Targets

Metrological

Application

_Experimental _

Y SRIea!éadtZN\P Y oV

Enabling
Science &
Technology

R&D Activities in Quantum Metroloc

EUR;AM@

European Metrology ¢

Network for Quantu

Technologies | M i

1.3 Industry & economy
1.2 Society
1.1 Science & technology

Fy R

Instrumentation manufacturers, measurement and calibration services, trade harmonization
Medical & life sciences, consumer protection, environmental protection
Foundations of quantum physics, Sl traceability and fundamental consistency tests

2.5 Wessurement . caltation sericesfor G industry and prodics
2. Standaduationof QI products and relstedmetrloqy |

2.3 Technology transfer & commwdai!ﬂhi
I 23 Advanced measurement science to support QT developme

| 2.1 Sl unit realization & dissemination

.. AsFundamental metrology experiments I

5.3 Basic engineering Performance electronics, cryogenic and magnet technologies

5.2 Materials & fabrication Materials science and engineering, nano-scale device and circuit fabrication technologies

