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Properties of
• artefacts
• substances 
• and phenomena
can be measured 

Great Pyramid of Chephren
(built ~4600 years ago)

quantity = value · unit 

ancient Egyptian royal cubit

Babylonian weights

artefact© geni [CC BY-SA 4.0]

ancient Chinese volume units

https://roundrobin.ch/pyramide-online/

© Bakha [CC BY-SA 3.0]



ppt-folie-vorlage

Same quantity –
different units

„technical obstacle“ for trade and manufacturing

Germany until the 19th century:
 More than 40 different cubits

57.07 cm (Braunschweig) and 81 cm (Regensburg)



Musée de la Poste

Same unit –
different value

~250 000 different units
(e.g. length units: ligne, pouce, pied, toise, perche, lieue de poste, lieue

metrique, lieue commune, lieue marine,…)

In France

Assure that measurements are
invariable by making use of a 

standard borrowed from a 
natural phenomenon, a universal 

standard that will allow the 
adhesion of all nations



The French revolution, 1789

For all times, for all civilisations!

Lagrange
Laplace
Borda
Monge
Condorcet

© https://www.multicollection.fr/
IMG/jpg/timbre-le-systeme-metrique.jpg

Based on
• the decimal system
• the properties of the earth

Pierre-François Méchain & 
Jean-Baptiste Delambre

© Terra X – Jagd nach dem Urmeter
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One week: 10 working days!

© AFP/Lucas Barioulet - https://www.deutschlandfunk.de/



The Metre Convention
Meter Convention: 1875

The Artefacts - 1889

Signed by 17 states One of the first international organisations

© BIPM

Metre
© AFP

Kilo     gram

Second

Take the properties of our Earth!
(under the auspices of astronomers)

James Clark Maxwell (1870):
Definitions of the units are no true invariants since “….the 
properties of our planet can change and it would still be 
our planet, but if the properties of an atom were to change 
it would no longer be the same atom”

Understand “atoms”  Quantum Mechanics!
Physikalisches Kolloquium Heidelberg, 31/01/2020



Physikalisch-Technische Reichsanstalt

Hermann v. Helmholtz Werner Siemens

Science Industry
Wilhelm Foerster

Verification

Founded in 1887The birthplace of Quantum Mechanics

Physikalisches Kolloquium Heidelberg, 31/01/2020
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Otto Lummer, PTR Max Planck

T

The discovery of quantum mechanics
Black body radiation

𝑬𝑬 = 𝒉𝒉 � 𝝂𝝂

“esoteric” metrology
underpins > 60 % of
the world economy

Physikalisches Kolloquium Heidelberg, 31/01/2020



1. The international system of units: SI
2. Defining constants for the revised SI
3. About the future of time

Linking the International System of
Units to Fundamental Constants

Physikalisches Kolloquium Heidelberg, 31/01/2020



electric currenttemperature

amount of
substance

luminous
intensity

length

mass

time

Base unitsEstablished in 1960: CGPM

The International System of Units: SI 



Derived units
[v] = m s-1

[c] = mol m-3

Derived units with special names

Dimensions of quantities

 A set of coherent SI units

The International System of Units: SI 
Base units



Derived units

Dimensions of quantities

The International System of Units: SI 
Base units

• Intensity of light from an LED
• CO2 concentration in the air
• Creatinine concentration in blood serum
• Dose equivalent outside nuclear reactors
• ….

 A set of coherent SI units

 A global measurement infrastructure
 Valid world wide



 A global measurement infrastructure
 Valid world wide

 Basis and condition sine qua  
non for world wide trade

 97.6 %  of the world economy
: CIPM-MRA signed by

 The cornerstone of international
quality infrastructure (QI)

: CIPM-MRA

The International System of Units: SI 

• 102 member and associate states
• 4 International Organization
• Covering 153 Designated Institutes (DI)

Member participating in the CIPM MRA
Associate participating in the CIPM MRA



Quantities and measurement units

Q = {Q} [Q]

t =  55.4     s

∆ν (133Cs)hfs =   9 192 631 770. 5     s-1

m = 10.1     kg

Constant 
of nature 1 s = 9 192 631 770

∆ν (133Cs)hfs

Define a unit by fixing the numerical value of a constant of nature

uncertainty

(1)
(2)

(6)

Value of a 
quantity

number
unit
artefact

J. C. Maxwell 1870

s-1
“Take properties 

of atoms,
not those of the 

Earth”

© PTB/BIPM



1. The international system of units: SI
2. Defining constants for the revised SI
3. About the future of time

Precision Experiments for the Revised SI
- and the Future of Time

Physikalisches Kolloquium Heidelberg, 31/01/2020

…with the help of fundamental constants we have 
the possibility of establishing units of  length, 

time, mass, and temperature, which necessarily 
retain their validity for all times and civilisations, 

even extraterrestrial and nonhuman…
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…with the help of fundamental constants we have 
the possibility of establishing units of  length, 

time, mass, and temperature, which necessarily 
retain their validity for all times and civilisations, 

even extraterrestrial and nonhuman…
…for all times and civilisations…
…throughout the Universe…



Revised International System of Units

A consistent 

based on our present understanding of nature
and coherent set: 



Revised International System of Units
A concept improved fundamentally!
 Guarantees long-time stability



Revised International System of Units
A concept improved fundamentally!

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability



Revised International System of Units
A concept improved fundamentally!

 Different realisations

“Silicon crystal”               “Watt balance”

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability
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Revised International System of Units
A concept improved fundamentally!

 Different realisations

“Silicon crystal”               “Watt balance”

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability

The Silicon Route: Avogadro Collaboration 

..count the number of atoms in
a crystal sphere of enriched 28Si



number of atoms electron mass
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Deviation in sphere radius: 35 nm (peak-to-valley)

The Silicon Route

Deviation in sphere radius: 16 nm (peak-to-valley)

© Houdini Tech Blog

2 m peak-to-valley

≅ 6000 km

atomhydrogenthe
oftheoryquantum



• The most precise measurement in chemistry
• The most advanced surface technologies
• The most advanced length interferometers

The Silicon Route: high-tech and innovation



Expansion factor 1.7

• Inconsistent

• Consistent
• Two: ≤ 2⋅10-8

• Five: ≤ 5⋅10-8

• Two different methods

OIML R111 for E1: 8,3⋅10-8

Revised International System of Units

𝑢𝑢𝑟𝑟𝑟𝑟𝑟𝑟(ℎ,𝑁𝑁𝑁𝑁) = 1.0 ⋅ 10−8



 Different realisations
• Key comparisons: safer, less correlation 
• Atomic masses 

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability

 Realisation everywhere  (Universe…)

)/( atomatom

atomatom

atomphoton

vhm
vmk

pp

⋅=
⋅=⋅

=

λ


“Silicon crystal”               “Watt balance”“De Broglie” “Photon recoil”

A concept improved fundamentally!

Revised International System of Units



Revised International System of Units

 Realisation everywhere  (Universe…)
 Throughout  the entire scale

• Acoustic gas thermometry
• Dielectric constant gas thermometry
• Doppler thermometry
• Noise thermometry
• Radiation thermometry 

 Different realisations

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability
A concept improved fundamentally!



• Consistent • 2 independent methods: < 3⋅10-6

7107.3)( −⋅=kurel

2017CODATA

Revised International System of Units



Revised International System of Units

 Realisation everywhere  (Universe…)
 Throughout  the entire scale

 Different realisations

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability
A concept improved fundamentally!

 Electrical units are back in the SI



 Base units are only a convention
 Innovation: research & industry

 Realisation everywhere  (Universe…)
 Throughout  the entire scale

 Different realisations

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability

Revised International System of Units
A concept improved fundamentally!

 Electrical units are back in the SI

•
• Johnson noise thermometry
•
• QH in graphene, QHE in topological insulators

Single Electron Tunneling devices

Commercial Watt balance



Version Mass range MPE
OIML R111-1

Ur ≤ 1/3∙MPE
k=2

Environment

PB 2 (E2) 1 mg…100 g 16∙10-7 5.3∙10-7 Air
PB 1 (E1) 1 mg…1 kg 5∙10-7 1.7∙10-7 High Vacuum

Commercial Kibble Balances

• “self-calibrating”
• high precision
• industrial application: E1, E2
• “off-the-shelve” components
• connected to the IoT

Commercial Watt balance: Planck Balance



 Base units are only a convention
 Innovation: research & industry

 Realisation everywhere  (Universe…)
 Throughout  the entire scale

 Different realisations

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability

Revised International System of Units
A concept improved fundamentally!

 Electrical units are back in the SI

•
•
•
• QH in graphene, QHE in topological insulators

Single Electron Tunneling devices

Commercial Watt balance
Johnson noise thermometry



Future applications
Shot-noise-free electronics
Quantum (spin)electronics 
Photonic technologies
Quantum information

single-electron 
detection

+e

-e

Self-referenced noise-free electrical current

Single Electron Tunneling devices

single-electron 
pump

urel(A) = 2⋅10-7



 Base units are only a convention
 Innovation: research & industry

 Realisation everywhere  (Universe…)
 Throughout  the entire scale

 Different realisations

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability

Revised International System of Units
A concept improved fundamentally!

 Electrical units are back in the SI

•
•
•
• QH in graphene, QHE in topological insulators

Single Electron Tunneling devices

Commercial Watt balance
Johnson noise thermometry



 Electrical units are back in the SI

A concept improved fundamentally!

 Better experiment  better realization

 Base units are only a convention

 Throughout  the entire scale

 Different realisations

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability

 Realisation everywhere  (Universe…)

urel(A) = 2⋅10-7

Tremendous benefits:

a “huge” change… 
but “no” change!

Ensure continuity, harmonization, stability

 Innovation: research & industry

Revised International System of Units



Revised International System of Units

 Electrical units are back in the SI
 Throughout  the entire scale

URSI AP-RASC 2019, New Delhi, 9 – 14 March, 2019 

Establish the constants

urel(e) = 5.2⋅10-9

urel(k) = 3.7⋅10-7

urel(h,NA) = 1.0⋅10-8

CODATA 2017  Base units are only a convention

 Different realisations

 A set of “defining constants” 
establish the units in general

 Guarantees long-time stability

 Realisation everywhere  (Universe…)

Ensure continuity, harmonization, stability

A concept improved fundamentally!

 Better experiment  better realization
 Innovation: research & industry

Guaranteeing:
- long-time stability
- realization everywhere
- with ever-increasing accuracy as technology proceeds
- thus triggering innovation in science, industry and technology



A historic event!

26th CGPM Meeting, Versailles, 16.11.18



26th CGPM Meeting, Versailles, 16.11.18

World metrology day celebration

37
In force since: World Metrology Day 2019



…approaching the most
abstract definition of units...  



For all times and cultures

And what 
about the 
second?

Throughout the Universe….  



1. The international system of units: SI
2. Defining constants for the revised SI
3. About the future of time

Linking the International System of
Units to Fundamental Constants

© Salvador Dalí, Gala-Salvador Dalí Foundation/ARS, New York. 
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About the future of time

 Reduce longitudinal
momentum spread

uncertainty ~ 10-14

PTB-CS2 (1985):



© Wynands et al. (2005). Metrologica 42(3).

The Magneto-Optical Trap (MOT)  

- 3 orthogonal pairs of counter-propagating 
laser beams 

- a spherical quadrupole magnetic field
(pair of anti-Helmholtz coils)

→ harmonic potential for trapping the atoms

figure from F. Riehle, 
Frequency Standards, Wiley-VCH

 Atomic fountain clock

uncertainty ~ 10-16

 3D trapping and cooling



1960 1970 1980 1990 2000 201010-18

10-16

10-14

10-12

10
-10 Essen's clock

Cs-based redefinition of the second

Cs fountain clocks

Mikrowellen Standard
Optischer Standard

ν ≈ 9.2 GHz

ν ≈ 500 THz

Jahr

R
el

at
iv

e 
U

ns
ic

he
rh

ei
t

Microwave Standards
Optical Standards

R
el

at
iv

e 
U

nc
er

ta
in

ty
About the future of time

How to reduce uncertainty further?
• Higher frequencies 
• Longer interrogation times 

 frequency comb
 traps



• Large number of atoms  (n ~ 103 - 105)
→ High stability

• Optical lattice → Strong confinement
• “Magic” Wavelength

→ Suppress frequency shift of 
clock transition

• Uses RF-quadrupole-fields
• trap with electric fields

→ Charged particles interact
strongly with environment

• large trap depth: 
→ storage times:  days/months

Ponderomotive Potential

© Nobel Foundation archive

Traps for clocks

Wolfgang Paul

1913 – 1993

Nobel prize 1989

Atom traps Ion traps






• Large number of atoms  (n ~ 103 - 105)
→ High stability

• Optical lattice → Strong confinement
• “Magic” Wavelength

→ Suppress frequency shift of 
clock transition

Traps for clocks
Atom traps Ion trapsMulti-ion traps 1 Yb+ ion

Coulomb crystal of 37 Yb+ ions

“Controlling systematic frequency uncertainties  at the 10−19 

level in linear Coulomb crystals“,  Keller et al., PRA 99, 1 (2019)

Segmented multi-ion traps: >100 ions

 Entangled ions in multi-ion traps…

Further challenges: 
“manipulate and measure a many-

body quantum system”



About the future of time at PTB

Yb+here: single ion

 Systematic uncertainty:  2.7×10-18

Optical clocks

How to connect the clocks? From: Sanner et al. (2019). Nature 567, 204.



here: single ion

PTB  

NIST 

NPL  

LNE  

uB

2,9⋅10−16

1,5⋅10−16

2,1⋅10−16

2,8⋅10−16

INRIM 1,8⋅10−16

uges zu TAI 

3,3⋅10−16

5,1⋅10−16

3,6⋅10−16

3,8⋅10−16

4,8⋅10−16

Cesium-fountain

ACES: groundstation

PTB: 
coordination of
Galileo system time

Yb+

Optical clocks

Systematic uncertainty:  3.3⋅10-18

How to connect the clocks?

SFB

MPQ

PTB

St. Peter Ording

NPL

OBSPARIS

HITec

AEI
IQ

UoS

KIT

Helgoland

green: in operation
yellow: commissioning

red: planned

About the future of time

First agreement of two very distant clocks 
with 4.7⋅10-17 !   world record!

NIST (J. Ye): first laser air link: ~10-18 demonstrated! 
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About the future of time



…and Beyond: Future Redefinition of s

J. Ye, NIST

Microwave Standards
Optical Standards

 

Year

10-22

10-20

• Search for dark matter
• Geodesy: 10 µm; now: 1 cm!



…and Beyond: Future Redefinition of s
• Search for dark matter With a distributed network the time-

delays between signals appearing across 
network nodes must be consistent with 
the passing of a galactic-speed transient.

 no evidence for dark matter in  
the form of topological defects

a scalar field, that has quadratic inter-
actions with standard model particles
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vg

© Derevianko et al. (2014). Nature Physics 10, 933-936.



…and Beyond: Future Redefinition of s

J. Ye, NIST

Microwave Standards
Optical Standards

 

Year

10-22

10-20

• Search for dark matter
• Geodesy: 10 µm; now: 1 cm!

• Lorentz invariance,….



…and Beyond: Future Redefinition of s
• Lorentz invariance,….

Lorentz-symmetry for electrons

Two Yb ion clocks

one full rotation in  23,9345 hours

• Frequency comparison over more than 1000 h. 
• No relative change for periods of few min - 80 h. 

 relative frequency deviation: < 3 × 10–18

Ch. Sanner, N. Huntemann, R. Lange, Ch. 
Tamm, E. Peik, Marianna S. Safronova, S. G. 
Porsev
2 0 4 | N A T U R E | VO L  5 6 7 |
1 4  M A R C H 2 0 1 9



…and Beyond: Future Redefinition of s

J. Ye, NIST

Microwave Standards
Optical Standards

 

Year

10-22

10-20 • Search for dark matter
• Geodesy: 10 µm; now: 1 cm!

• Lorentz invariance,….
• Gravitational wave detection
• Are the constants constant?



𝜇𝜇 =
𝑚𝑚𝑒𝑒
𝑚𝑚𝑃𝑃

 

𝛼𝛼 =
𝑒𝑒2

4𝜋𝜋𝜀𝜀0ℏ𝑐𝑐

Are the constants constant?

Can we do even better?

|𝑎𝑎⟩

|𝑏𝑏⟩𝛼𝛼
Increase sensitivity



Are the constants constant?

Enhancement: 0…10 000 

Nuclear Transition

∆f/f ~ 10-19

∆α/α < 10-20 /a • First optical detection of the isomer 
• Nuclear moments of the isomer 
• Charge radius of the isomer 

HFS Resonances:
• Nuclear ground state
• Isomeric state

© Düllmann, JGU Mainz



Are the constants constant?

Enhancement: ~< 100 Enhancement: 0…10 000 

Nuclear Transition

∆f/f ~ 10-19

∆α/α < 10-20 /a
∆f/f ~ 10-19

∆α/α < 10-20 /a

Highly Charged Ions

© Düllmann, JGU Mainz



URSI AP-RASC 2019, New Delhi, 9 – 14 March, 2019 

Quantum logic spectroscopy
Highly Charged Ions: Optical Transitions

Ar13+

recoil

Nobel Price 2012: Dave Wineland & Serge Haroche
“for ground-breaking experimental methods to mani-
pulate and investigate individual quantum systems”

Ar13+
„clock ion“

Be+
„logic ion“

© Nobel Foundation archive

linewidth: 
320 Hz, 
Fourier-
limited

MPIK – PTB
collaboration



new Penning trap
measurement [S. 
Sturm et al. (MPIK), to
be published]

current resolution:
~𝟓𝟓𝟓𝟓 Hz

projected 
uncertainty:~𝟏𝟏 Hz

2P1/2

2P3/2
441 nm

History of Ar13+ Frequency Measurements

- Spectroscopy of 
highly-charged ions

Goals:

- Explore fundamental 
questions of physics

- Build a better clock?



…approaching the most
abstract definition of units...  

© B. Josephson [CC BY 3.0]

© MPI Stuttgart
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