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Le unita di misura, un sistema internazionale tra costanti della
natura e tecnologia in costante evoluzione
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La Convenzione del Metro

Trattato Diplomatico

BIPM ]Sﬁ |
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187 5-20025 | Organo Politico (Governi
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|
ISTITUTI
NAZIONALI

DI METROLOGIA

D. Calonico - MIMIT, Roma 06 giugno 2025

CONVENZIONE DEL METRO, Parigi 1875
ITALIA: CO-FONDATRICE

CGPM: CONFERENZA GENERALE
DEI PESI E DELLE MISURE, ogni 4
anni, delegati degli stati membri

i
CIPM: COMITATO INTERNAZIONALE
DEl PESI E DELLE MISURE, 18
membri, supervisione del BIPM

|

BIPM - BUREAU INTERNATIONAL
DES POIDS ET DES MESURES
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Le Systeme

international d'unités

The International | v\ @
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System
of Units _ o
s |l S| delle Unita di Misure e
basato sulla scelta di 7 unita ben
Le . . e .
Systéme definite, per definizione

international dimensionalmente indipendenti
d’unités e -
P The *Tutte le alter sono derivate
Ll International combinando le 7 fper
2R System of moltiplicazione di differenti
e el Units P
de s Comention potenze.
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http://www.bipm.org/en/publications/si-brochure/



La torre di Babele

. 2025: nessuna soluzione al problema della Torre di Babele
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alas
«Grande Torre di Babele» di Pieter Bruegel il Vecchio, 1563, Kunsthistorisches Museum, Vienna
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Il linguaggio universale del SI
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Un linguaggio comune dal 1875

..ammetendo alcuni dialetti (tipicamente anglosassoni)
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Il Sistema Internazionale oggi

. The General Conference on Weights and Measures (CGPM),
at its 26th meeting, decides that, effective from 20 May 2019,
the International System of Units, the Sl, is the system of
units in which:

= the unperturbed ground state hyperfine transition frequency
of the caesium 133 atom Av is 9 192 631 770 Hz,

» the speed of light in vacuum c is 299 792 458 m/s,

= the Planck constant his 6.626 070 15 x 10734 J s,

= the elementary charge e is 1.602 176 634 x 1019 C,

= the Boltzmann constant k is 1.380 649 x 1023 J/K,

= the Avogadro constant N, is 6.022 140 76 x 102 mol-1,

» the luminous efficacy of monochromatic radiation of
frequency 540 x 10'2 Hz, K, is 683 Im/W

where the hertz, joule, coulomb, lumen, and watt, with unit symbols Hz, J, C, Im, and W, respectively, are related to
the units second, metre, kilogram, ampere, kelvin, mole, and candela, with unit symbols s, m, kg, A, K, mol, and cd,
respectively, accordingto Hz=s', J=kgm?s2, C=As,Im=cd m?m2 =cd sr,and W = kg m? s~3




Il Sistema Internazionale oggi

The General Conference on Weights and Measures (CGPM), at its 26th meeting,
decides that, effective from 20 May 2019, the International System of Units, the
Sl, is the system of units in which:

DEFINING CONSTANTS VALUE

Hyperfine transition frequency of Cs (Av.,) 9 192631 770 Hz,

Speed of light in vacuum © 299 792 458 m/s, -
Planck constant (h) 6.626 070 15 x 1034 J s,

Elementary charge (e) 1.602 176 634 x 10-1° C, S I &
Boltzmann constant (k) 1.380 649 x 10-23 J/K, .
Avogadro constant (NA) 6.022 140 76 x 1023 mol-,

Luminous efficacy (Kcd) 683 Im/W
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metre, m

The metre is the length of the path travelled by light in vacuum during a time interval of 1/299
792 458 of a second.

kilogram, kg

The kilogram is the unit of mass; it is equal to the mass of the international prototype of the
kilogram.

second, s

The second is the duration of 9 192 631 770 periods of the radiation corresponding to the
transition between the two hyperfine levels of the ground state of the caesium 133 atom.

ampere, A

The ampere is that constant current which, if maintained in two straight parallel conductors of
infinite length, of negligible circular cross-section, and placed 1 m apart in vacuum, would
produce between these conductors a force equal to 2 x 10-7 newton per metre of length.

kelvin, K

The kelvin, unit of thermodynamic temperature, is the fraction 1/273.16 of the thermodynamic
temperature of the triple point of water.

mole, mol

The mole is the amount of substance of a system which contains as many elementary entities as
there are atoms in 0.012 kilogram of carbon 12.

When the mole is used, the elementary entities must be specified and may be atoms,
molecules, ions, electrons, other particles, or specified groups of such particles.

candela, cd

The candela is the luminous intensity, in a given direction, of a source that emits
monochromatic radiation of frequency 540 x 1012 hertz and that has a radiant intensity in that
direction of 1/683 watt per steradian.



http://www.bipm.org/en/publications/si-brochure/metre.html
http://www.bipm.org/en/publications/si-brochure/kilogram.html
http://www.bipm.org/en/publications/si-brochure/second.html
http://www.bipm.org/en/publications/si-brochure/ampere.html
http://www.bipm.org/en/publications/si-brochure/kelvin.html
http://www.bipm.org/en/publications/si-brochure/mole.html
http://www.bipm.org/en/publications/si-brochure/candela.html

A tous les temps, a tous les peuples

Medaglione « A tous les temps, a tous les peuples », proposto dalla Convenzione del Metro per mostrare
I"universalita dell’SI, 1837




L’evoluzione di Sl: desiderata

Quali caratteristiche dovrebbe avere |l
sistema Internazionale delle Unita?

. Universalita

. Perennita

. Reproducibilita

. La migliore accuratezza e stabilita
. «Pragmatismo»

. Capacita di evolvere

. Capacita di evitare paradossi

N O Ok WODN -
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Un S| basato sulle costanti della natura

» Dagli ARTEFATTI, dove la definizione E’ la realizzazione
con il rischio di perdere, danneggiare o instabilita, e poca universalita)

» A SPECIFICI STATI FISICI (es il punto triplo dell'acqua per il kelvin), O PARTICOLARI
PRESCRIZIONI SPERIMENTALI ('ampere dei cavi infiniti, la candela, il metro della
lampada al krypton)

che si possono realizzare ovunque (universalita)

ma che limitano il miglioramento dell’accuratezza (e quindi frenano lo sviluppo
tecnologico) per via delle loro specificita

> Alle COSTANTI DI NATURA

Universali, immutabili e che possono avere realizzazioni in costante miglioramento
SENZA ridefinire, dunque senza frenare lo sviluppo della societa

D. Calonico - MIMIT, Roma 06 giugno 2025



Gli artefatti

Gli artefatti sono un modo pratico,
pragmatico, ma certamente non
esente da problemi e certamente
non universale

D. Calonic®
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Problemi con 'uso di artefatti
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Confronto tra kilogrammo
BIPM e campioni nazionali:
tutti aumentano di massa...o |l
Kilogrammo campione
dimagrisce?

Problema: la stabilita di un
artefatto (e la sua universalita:
unico, in un luogo solo...)




Evoluzione Sl: dagli artefatti alle costanti fondamentali,
100 anni di lezione del Metro 1889 - 1983

Definition Year Relatl\_/e Comments
uncertainty
Platinum-iridium bar at melting point of ice (1st CGPM) 1889 1077 Poor universality
1,650,763.73 wavelengths of light from a specified transition e . .
in krypton-86 (11th CGPM) 1960 10 Better Universality
-10 ini
Length of the path travelled by light in a vacuum in FEHEGERL N deﬁrpng
1 of a second (17th CGPM) 1983 present accuracy of constant (high
299,792,458 the second universality)

BLREAU INTERNATIONAL :
DES POIDS CTQN~1EbbRCS S NCE

Velocita della luce
c = 299792458 m/s

1875~ cower\mow DU Mﬁmc- 1975

" " STITUTO NAZICNAL
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https://en.wikipedia.org/wiki/CGPM
https://en.wikipedia.org/wiki/Krypton-86

Sl in evoluzione: e tempo di ridefinire il tempo?

« Until 1960: Solar Mean Time

The second is the fraction 1 /86 400 of the solar mean day . _ .
Ma che cos’é l'universalita?

« From 1960 to 1967: Ephemeris Time Un atomo € piu universale della
The second is the fraction 1/31 556 925,9747 of the tropic rotazione terrestre?

year relative to January, 1° 1900, at 12 UT
Di certo, la definizione basata

« From 1967to 2019: Atomic Time sugli atomi & molto migliore per

The second is the duration of 9 192 631 770 periods of the accuratezza e stabilita

radiation corresponding to the frequency of hyperfine ground

transiton in Cs 133 Quindi, serve meglio la societa
moderna

« Atomic Time (since 1967)
The unperturbed ground state hyperfine transition frequency of
the caesium 133 atom AvCs is 9 192 631 770 Hz,

D. Calonico - MIMIT, Roma 06 giugno 2025



Evoluzione dell'accuratezza degli orologi

~10-°
10 s at 1 day

Quartz oscillator

1950 - 1970
- : Galilelo’s
Earth Rotation
\ ‘B Pendolum
1 ]?l | about1650

}
l

J

~2.10-16
1 s in 60 milion yrs

1sat30yrs

~10-13

1's at 300.000 yrs

15 =
Cs Beam Clock
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Atomic Frequency Standards: accuratezza

4 First Cs clock
& (1955)

Atomic
clocks
on a chip

Optical Clocks
(today)

KEY APPLICATIONS: KEY TECHNOLOGIES:
I NOSTRIPC E
L’ELETTRONICA OGGI
LASER COOLING
ELETTRONICA L J
AVANZATA

OPTICAL FREQUENCY

TELECOMUNICAZIONI

NAVIGAZIONE ULTRASTABLE [
SATELLITARE
CLOCKS ON A CHIP
GEODESIA,

ESPLORAZIONE SPAZIALE,
QUANTUM COMPUTERS

VERSO LA

RIDEFINIZIONE DEL ' M
SECONDO! BT ECk Mt s
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Orologi Atomici dell'INRIM

© INRIM

Cs fountain

Accuracy: 1.7-10°%6 Stability: 1.5-103 @ 1 s
F. Levi, et al., Metrologia, 51, 270 (2014)

Yb clock

Accuracy: 2-10°Y Stability: 2- 10> @ 1°s

M. Pizzocaro, et al., Nature Phys 17, 2 (2021)

Sr clock

Accuracy: 1-10-14 Stability: 8: 10 @ 1 s
Barbiero, M et al. , IEEE Trans I&M, 71, 1501509 (2022)




Conclusione: tre contributi notevoli dell’ltalia

. DEFINING CONSTANTS VALUE

Hyperfine transition frequency of Cs (Av.,) 9192631 770 Hz,
Boltzmann constant (k) 1.380 649 x 10-23 J/K,
Avogadro constant (NA) 6.022 140 76 x 1023 mol-,
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Orologio a fontana atomica di Cesio Sfera di Silicio per la misura dei Risonatore acustico/microonde per la

con raffreddamento laser: una delle (5) parametri necessari a definire la misura della velocita del suono nei gas:

migliori realizzazioni internazionali del Costante di Avogadro: una delle uno dei migliori contributi alla

secondo al mondo migliori misure che hanno definizione della Costante di Boltzmann
determinato il valore stabilito per la termometria primaria
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cooled caesium fountain 635 64 645 65 655 66
Filippo Levi', Davide Calonico!, Claudio E Calosso!, Aldo Godane!, [&/( 10_23 J/K)-1.380]1 1 04
Salvatore Micalizio' and Giovanni A Costanzo’ -
week ending 10P Publishing | Bureau Intemnational des Poids et Mesures Metrologia
PRL 106, 030801 (201 ]) PHYSICAL REVIEW LETTERS 21 JANUARY %01 1 Metrologia 52 (2015) 5274-5304 doi:10.1088/0026-1394/52/5/S274

s A determination of the molar gas constant

Determination of the Avogadro Constant by Counting the Atoms in a 2Si Crystal . . .
R by acoustic thermometry in helium
B. Andreas,! Y. Azuma,” G. Bartl,! P. Becker,' H. Bettin,! M. Borys,' L. Busch,' M. Gray.? P. Fuchs,* K. Fujii,?

H. Fujimoto,” E. Kessler,” M. Krumrey,' U. Kuetgens,' N. Kuramoto,” G. Mana,® P. Manson,” E. Massa,® S. Mizushima,’

. . .. . . R M Gavioso',D M Ripa, PP M 1, iser’, D Ti 3,
A. Nlcolaus,l A. P1card,7 A. Pramann,] 0. Rleml:z,1 D. Schlel,l S. Valklers,8 and A. Waseda® Gavioso adonna Ripa Steur,, C Gaiser fuong

C Guianvarc’h?, P Tarizzo', F M Stuart’ and R Dematteis'



CELEBRATING

Buoni 150 anni

a tutti!

La Mole Antonelliana di Torino
celebra il 150° della Convenzione
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Towards the redefinition of the second

. Uncertainty

<2x10%® In 2022 the CCTF proposed a roadmap toward a redefinition

with clear criteria and quantitative conditions

Regular contribution

@ 21 e GOAL: Redefinition by 2030

Continuity with the definition 1.The 2022 and 2023 campaigns in Europe demonstrated
based on Cs <3 x 107 the maturity of the comparison process
2. In 2023, first involvement of a transportable optical clock in
intercontinenal comparisons
Validation of frequency ratios 3. Given 6 years 2024-2030: 2 campaigns/yr means 12
<5x107*° campaigns
4. This should a very good pace for demonstrating solid
numbers (i.e. consistency)

Access to the realization
of the new definition

N. Dimarcq et al., arXiv preprint arXiv:2307.14141 (2023) D. Calonico - MIMIT, Roma 06 giugno 2025



https://arxiv.org/abs/2307.14141
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