
Het nieuwe SI:
le Système International nouveau est arrivé

Klaasjan van Druten, Viva Fysica, 24 januari 2020

SI: Système International (d'unités)
International System of Units
Internationale Stelsel van Eenheden



May 20, 2019: the new SI 

1983-2019 From May 20, 2019

(Convention du Mètre: Paris May 20, 1875)



(21 novembre 2019)



SI in BINAS
Tabel 7A (de eerste natuurkunde tabel):



Meten, maten en eenheden

• Meten is weten
• Precisie is van belang, ook in de praktijk

Hoe meet je eigenlijk? ….



Early length standard

© somewhere on the internet



Length standard 1893-1960: Pt:Ir bar

© wikipedia



SI: Système Internationale

Time (since 1967):

Length (since 1983): c ⌘ 299 792 458m/s
<latexit sha1_base64="siiSZ1ZmNySvWkuRoCkSnJSJfAQ=">AAACDXicbVA9SwNBEN2L3/ErammzGAWLEO9OJUkn2lhGMEbIhbC3mZglu3fn7pwYjvwBG/+KjYUitvZ2/hsvH4UaHww83pthZp4fSWHQtr+szMzs3PzC4lJ2eWV1bT23sXllwlhzqPFQhvraZwakCKCGAiVcRxqY8iXU/d7Z0K/fgTYiDC6xH0FTsZtAdARnmEqt3C734DYWd9StVLxCqeJ6haPjslfwEO5Rq0QdmEG2lcvbRXsEOk2cCcmTCaqt3KfXDnmsIEAumTENx46wmTCNgksYZL3YQMR4j91AI6UBU2CayeibAd1LlTbthDqtAOlI/TmRMGVMX/lpp2LYNX+9ofif14ixU24mIohihICPF3ViSTGkw2hoW2jgKPspYVyL9FbKu0wzjmmAwxCcvy9Pkyu36BwW3Yuj/MnpJI5Fsk12yD5xSImckHNSJTXCyQN5Ii/k1Xq0nq03633cmrEmM1vkF6yPbxfPmbA=</latexit>

�⌫Cs ⌘ 9 192 631 770Hz
<latexit sha1_base64="+hOWrSQiklqJ3jnURhS5+ND6ej4="></latexit>

Cesium atomic clock (ground-state hyperfine transition frequency) as primary time standard

Mass: since 1889:



Le Grand K (1889-2019)

© BIPM



Relative drift of mass standards

Metrologica 31, 317 (1994)



The defining constants of the new SI

http://physics.nist.gov/constants



Josephson voltage standard

• AC Josephson effect:
(voltage across a tunneling junction, 
an insulator between two superconductors)

• Josephson constant:

• Since 1990:

• New SI:

V =
h⌫

2e
<latexit sha1_base64="gPbzDBsE0sJIOIbmh623MLe1myI=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIq6EUoevFYwX5AE8pmu2mXbjZhd6OUmJ/ixYMiXv0l3vw3btsctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t25WDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8c3U7zxQqVgs7vUkoX6Eh4KFjGBtpL5daV95ocQkG3kizbM6zft21ak5M6Bl4hakCgWaffvLG8QkjajQhGOleq6TaD/DUjPCaV72UkUTTMZ4SHuGChxR5Wez03N0YpQBCmNpSmg0U39PZDhSahIFpjPCeqQWvan4n9dLdXjpZ0wkqaaCzBeFKUc6RtMc0IBJSjSfGIKJZOZWREbYJKFNWmUTgrv48jJp12vuWa1+d15tXBdxlOAIjuEUXLiABtxCE1pA4BGe4RXerCfrxXq3PuatK1Yxcwh/YH3+AF2dlBI=</latexit>

KJ =
2e

h
<latexit sha1_base64="so0RvPGX9DM+TjToWy6EO/oazbg=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkV9CIUvYheKtgPaEPYbCft0s0m7G4KJeSfePGgiFf/iTf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2yWtsrbO7t7+/bBYUvFqaTQpDGPZScgCjgT0NRMc+gkEkgUcGgHo9up3x6DVCwWT3qSgBeRgWAho0QbybftB//+uhdKQrMa5Nkw9+2KU3VmwMvELUgFFWj49levH9M0AqEpJ0p1XSfRXkakZpRDXu6lChJCR2QAXUMFiUB52ezyHJ8apY/DWJoSGs/U3xMZiZSaRIHpjIgeqkVvKv7ndVMdXnkZE0mqQdD5ojDlWMd4GgPuMwlU84khhEpmbsV0SEwM2oRVNiG4iy8vk1at6p5Xa48XlfpNEUcJHaMTdIZcdInq6A41UBNRNEbP6BW9WZn1Yr1bH/PWFauYOUJ/YH3+ADrmk2c=</latexit>

KJ ⌘ 483 597.848 4 . . . GHz/V
<latexit sha1_base64="o0fyth8uFJEIMNJv5iEWBYIiL8E="></latexit>

KJ-90 ⌘ 483 597.9GHz/V
<latexit sha1_base64="g9HRo/ZFKYKBtmrHZPenuPYLY5Y=">AAACGnicbVDLTgJBEJzFN75Qj14mEhMPiruAAW5GDxK9YCJIwhIyOzQ4cfbhTC8RN3yHF3/FiweN8Wa8+DcuiImvSjqpVHWnu8sJpNBomu9GYmJyanpmdi45v7C4tJxaWa1pP1QcqtyXvqo7TIMUHlRRoIR6oIC5joRz5/Jw6J/3QGnhe2fYD6Dpsq4nOoIzjKVWyjpp2QjXqNzoeKdkDmy4CkWP5os5e3uvVMiU7O0v/6h8s1sbJFuptJkxR6B/iTUmaTJGpZV6tds+D13wkEumdcMyA2xGTKHgEgZJO9QQMH7JutCIqcdc0M1o9NqAbsZKm3Z8FZeHdKR+n4iYq3XfdeJOl+GF/u0Nxf+8RoidYjMSXhAiePxzUSeUFH06zIm2hQKOsh8TxpWIb6X8ginGMU5zGIL1++W/pJbNWLlM9jSf3j8YxzFL1skG2SIWKZB9UiYVUiWc3JJ78kiejDvjwXg2Xj5bE8Z4Zo38gPH2ASernww=</latexit>

© wikipedia



Quantum Hall effect as a reference
• Integer quantum Hall effect:
(Hall conductance of 2DEG in strong magnetic field)

• Von Klitzing constant:

• Since 1990:

• New SI:

� =
Ichannel
VHall

= n
e2

h
<latexit sha1_base64="nuO7oL7KUtI3tRlOMzQSPtj+Hes=">AAACKXicbVDLSgMxFM34tr6qLt0MFsFVmamCboSim7qrYKvQqSWT3mmDSWZI7ohlmN9x46+4UVDUrT9i+kB8HQgczjmXm3vCRHCDnvfmTE3PzM7NLywWlpZXVteK6xtNE6eaQYPFItaXITUguIIGchRwmWigMhRwEV6fDP2LG9CGx+ocBwm0Je0pHnFG0UqdYjUwvCfpURBpyrLTToBwi1pmrE+VApHnWfNLq1FhhSM1zsJVJc/6eadY8sreCO5f4k9IiUxQ7xSfgm7MUgkKmaDGtHwvwXZGNXImIC8EqYGEsmvag5alikow7Wx0ae7uWKXrRrG2T6E7Ur9PZFQaM5ChTUqKffPbG4r/ea0Uo8N2xlWSIig2XhSlwsXYHdbmdrkGhmJgCWWa27+6tiLbA9pyC7YE//fJf0mzUvb3ypWz/VL1eFLHAtki22SX+OSAVEmN1EmDMHJHHsgzeXHunUfn1XkfR6ecycwm+QHn4xOt5KlY</latexit>

RK =
h

e2
<latexit sha1_base64="3A8Gqfhn0DRnaQGhbaPwTviWcZA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmqoBuh6EZwU8U+oI1hMp20QycPZiZKifkUNy4UceuXuPNvnLZZaOuBC4dz7uXee7yYM6ks69soLC2vrK4V10sbm1vbO2Z5tyWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3uhy4rcfqJAsCu/UOKZOgAch8xnBSkuuWb51r897vsAkHWYpva9lrlmxqtYUaJHYOalAjoZrfvX6EUkCGirCsZRd24qVk2KhGOE0K/USSWNMRnhAu5qGOKDSSaenZ+hQK33kR0JXqNBU/T2R4kDKceDpzgCroZz3JuJ/XjdR/pmTsjBOFA3JbJGfcKQiNMkB9ZmgRPGxJpgIpm9FZIh1DkqnVdIh2PMvL5JWrWofV2s3J5X6RR5HEfbhAI7AhlOowxU0oAkEHuEZXuHNeDJejHfjY9ZaMPKZPfgD4/MHAleT1w==</latexit>

RK ⌘ 25 812.807 45 . . .⌦
<latexit sha1_base64="F2MIVOY5hzmerHHBLtrnii24xV4=">AAACDnicbVC7TgJBFJ3FF+ILtbSZSEgsCNlFCJREGxML0cgjYTdkdrjAhNmHM7MkZMMX2PgrNhYaY2tt5984PAoFT3KTk3Puzb33uCFnUpnmt5FYW9/Y3Epup3Z29/YP0odHDRlEgkKdBjwQLZdI4MyHumKKQysUQDyXQ9MdXk795giEZIF/r8YhOB7p+6zHKFFa6qSzd51rGx4iNsKFkp2rWIV8xSzbuWLJ5t1ASfvGgz7ppDNm3pwBrxJrQTJogVon/WV3Axp54CvKiZRtywyVExOhGOUwSdmRhJDQIelDW1OfeCCdePbOBGe10sW9QOjyFZ6pvydi4kk59lzd6RE1kMveVPzPa0eqV3Fi5oeRAp/OF/UijlWAp9ngLhNAFR9rQqhg+lZMB0QQqnSCKR2CtfzyKmkU8tZ5vnBbzFQvFnEk0Qk6RWfIQmVURVeohuqIokf0jF7Rm/FkvBjvxse8NWEsZo7RHxifP2Y1mdI=</latexit>

RK-90 ⌘ 25 812.807⌦
<latexit sha1_base64="p/RUdA6ORsxOMOLvfUY/CmXrpek=">AAACE3icbVDJSgNBEO1xjXEb9eilMQgiMcxExXgLehE8uGAWyITQ06nExu6ZsbtGDEP+wYu/4sWDIl69ePNvnMQc3B4UPN6roqqeH0lh0HE+rLHxicmp6cxMdnZufmHRXlqumjDWHCo8lKGu+8yAFAFUUKCEeqSBKV9Czb86HPi1G9BGhMEF9iJoKtYNREdwhqnUsjfPWx7CLWqVHG/tO30PrmNxQ4u7Xr7kFgslZ8/LeycKuizbsnNOwRmC/iXuiOTICKct+91rhzxWECCXzJiG60TYTJhGwSX0s15sIGL8inWhkdKAKTDNZPhTn66nSpt2Qp1WgHSofp9ImDKmp/y0UzG8NL+9gfif14ixU2omIohihIB/LerEkmJIBwHRttDAUfZSwrgW6a2UXzLNOKYxDkJwf7/8l1SLBXe7UDzbyZUPRnFkyCpZIxvEJXukTI7IKakQTu7IA3kiz9a99Wi9WK9frWPWaGaF/ID19gkIjJux</latexit>

© Nobel Foundation



The electromagnetic constants

c =
1

p
✏0µ0

<latexit sha1_base64="pZyE6l9d6roJX9vG+VtTcktzUek=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiRV0I1QdOOygn1AE8JkOmmHzkzizEQoIXs3/oobF4q49Qfc+TdO2yy09cCFwzn3cu89YcKo0o7zbZVWVtfWN8qbla3tnd09e/+go+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vp763QciFY3FnZ4kxOdoKGhEMdJGCuwqvvQiiXDm5pmn7qXOPJIoyozneDwNnDwP7JpTd2aAy8QtSA0UaAX2lzeIccqJ0Jghpfquk2g/Q1JTzEhe8VJFEoTHaEj6hgrEifKz2S85PDbKAEaxNCU0nKm/JzLElZrw0HRypEdq0ZuK/3n9VEcXfkZFkmoi8HxRlDKoYzgNBg6oJFiziSEIS2puhXiETDTaxFcxIbiLLy+TTqPuntYbt2e15lURRxkcgSo4AS44B01wA1qgDTB4BM/gFbxZT9aL9W59zFtLVjFzCP7A+vwB1I6bjA==</latexit>

Maxwell:

Old SI:
µ0 ⌘ 4⇡ ⇥ 10�7 N/A2

<latexit sha1_base64="YTkcGkYcz0DJxD/3CN6RKzDl4Dg="></latexit>

c ⌘ 299 792 458m/s
<latexit sha1_base64="siiSZ1ZmNySvWkuRoCkSnJSJfAQ=">AAACDXicbVA9SwNBEN2L3/ErammzGAWLEO9OJUkn2lhGMEbIhbC3mZglu3fn7pwYjvwBG/+KjYUitvZ2/hsvH4UaHww83pthZp4fSWHQtr+szMzs3PzC4lJ2eWV1bT23sXllwlhzqPFQhvraZwakCKCGAiVcRxqY8iXU/d7Z0K/fgTYiDC6xH0FTsZtAdARnmEqt3C734DYWd9StVLxCqeJ6haPjslfwEO5Rq0QdmEG2lcvbRXsEOk2cCcmTCaqt3KfXDnmsIEAumTENx46wmTCNgksYZL3YQMR4j91AI6UBU2CayeibAd1LlTbthDqtAOlI/TmRMGVMX/lpp2LYNX+9ofif14ixU24mIohihICPF3ViSTGkw2hoW2jgKPspYVyL9FbKu0wzjmmAwxCcvy9Pkyu36BwW3Yuj/MnpJI5Fsk12yD5xSImckHNSJTXCyQN5Ii/k1Xq0nq03633cmrEmM1vkF6yPbxfPmbA=</latexit>

) ✏0 ⌘ 8.854 . . .⇥ 10�12 F/m
<latexit sha1_base64="9gS1H3wz1ORZMOsbfyFYsNX+av4="></latexit>



The electromagnetic constants

c =
1

p
✏0µ0

<latexit sha1_base64="pZyE6l9d6roJX9vG+VtTcktzUek=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiRV0I1QdOOygn1AE8JkOmmHzkzizEQoIXs3/oobF4q49Qfc+TdO2yy09cCFwzn3cu89YcKo0o7zbZVWVtfWN8qbla3tnd09e/+go+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vp763QciFY3FnZ4kxOdoKGhEMdJGCuwqvvQiiXDm5pmn7qXOPJIoyozneDwNnDwP7JpTd2aAy8QtSA0UaAX2lzeIccqJ0Jghpfquk2g/Q1JTzEhe8VJFEoTHaEj6hgrEifKz2S85PDbKAEaxNCU0nKm/JzLElZrw0HRypEdq0ZuK/3n9VEcXfkZFkmoi8HxRlDKoYzgNBg6oJFiziSEIS2puhXiETDTaxFcxIbiLLy+TTqPuntYbt2e15lURRxkcgSo4AS44B01wA1qgDTB4BM/gFbxZT9aL9W59zFtLVjFzCP7A+vwB1I6bjA==</latexit>

Maxwell:

New SI:   e, h, c defined

) µ0 = 1.256 637 062 12(19)⇥ 10�6 N/A2
<latexit sha1_base64="1hdGhLhwbEsj3Q3DGhm6nz3ADPs="></latexit>

✏0 ⌘ e2

2↵

1

hc
= 8.854 187 8128(13)⇥ 10�12 F/m

<latexit sha1_base64="DuR13+wpVhUSvVbiUVlY4SuDUuk="></latexit>

4⇡ ⇥ 10�7 = 1.256 637 061 435 . . .⇥ 10�6
<latexit sha1_base64="rlJ4Db6FrqxbTbkRVk8zH98bfpE="></latexit>



The defining constants of the new SI

http://physics.nist.gov/constants



A tous les temps, à tous les peuples

© JASON STOUGHTON/NIST



Progress in atomic clocks

C. R. Phys. 16, 506 (2015)

■: primary Cs atomic clocks  (µwave)

●, ●: Optical frequency  standards 



Optical atomic clocks

In fact already suggested by Maxwell (according to Lord Kelvin)



Gravitational redshift

• Equivalence principle:
locally, gravitational field equivalent to acceleration

• Gravitational redshift: �⌫

⌫
=

g�h

c2
<latexit sha1_base64="Ghrs9BoJnQ8nk+BWqXIni55xc3c="></latexit>

g

c2
⇡ 1.1⇥ 10�16 m�1

<latexit sha1_base64="4JG1q9nbBcIXvbeUoRj0yalYyog="></latexit>

Numerical value:



iqClock EU quantum flagship consortium

Lab tours!



Samenvattend

Nieuwe SI (sinds 20 mei 2019) 
• Gebaseerd op natuurconstanten
• Nieuwe methoden en verschijnselen
• Praktischer en preciezer
• BINAS moet herzien worden

De toekomst van ‘tijd’: 
• Verschillende (optische) atoomklokken in de race
• De tijd zal het leren….



Vragen?

1983-2019 May 20, 2019



Links

• Nieuwe SI:
– https://en.wikipedia.org/wiki/2019_redefinition_of_the_SI_base_units
– IUPAP Public Session (ICAP 2018)

https://youtu.be/JsAPW27CeVY

• Nieuwste waarden van natuurconstantes:
– http://physics.nist.gov/constants

• Sr bij UvA: 
– www.strontiumbec.com
– http://iop.uva.nl/qgqi (en lab tours!)

• Precieze metingen bij VU:
– http://www.nat.vu.nl/en/research/atoms_molecules_lasers/index.aspx

• iqClock (EU project geleid door UvA):
– www.iqClock.eu
– Folia:  https://youtu.be/ryV922Jfqbg

https://en.wikipedia.org/wiki/2019_redefinition_of_the_SI_base_units
https://youtu.be/JsAPW27CeVY
http://physics.nist.gov/constants
http://www.strontiumbec.com/
http://iop.uva.nl/qgqi
http://www.nat.vu.nl/en/research/atoms_molecules_lasers/index.aspx
http://www.iqclock.eu/
https://youtu.be/ryV922Jfqbg

