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Coincidence technique

Quartz clocks
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Quantum Hall resistance

Quantum Mechanics: Max Planck
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Some early highlights
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The Metre ConventionThe Metre Convention

Meter Convention: 1875Meter Convention: 1875

CCs:  Consultative CommitteesCCs:  Consultative Committees

CCU: Consultative Committee for UnitsCCU: Consultative Committee for Units

CGPM: General Conference of Weights and MeasuresCGPM: General Conference of Weights and Measures

CIPM:  International Committee of Weights and MeasuresCIPM:  International Committee of Weights and Measures

BIPM:  International Bureau of Weights and MeasuresBIPM:  International Bureau of Weights and Measures



CCU: Consultative Committee for Units 

23nd meeting of the CCU (2017)

1st meeting of the CCU (1967)

• provide advice about units of measurement

• develop the International System of Units (SI) 

• prepare the SI Brochure



electric currenttemperature

amount of

substance

luminous

intensity

length

mass

time

Base unitsBase unitsEstablished in 1960: CGPMEstablished 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 unitsBase units



Derived units

Dimensions of quantities

The International System of Units: SI 

Base unitsBase 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

Member participating in the CIPM MRA

Associate participating in the CIPM MRA

� Basis and condition sine qua  

non for world wide trade

� Basis and condition sine qua  

non for world wide trade

� 97.6 %  of the world economy� 97.6 %  of the world economy

: CIPM-MRA signed by

� The cornerstone of international

quality infrastructure (QI)

� The cornerstone of international

quality infrastructure (QI)

: CIPM-MRA

The International System of Units: SI 

• 101 member and associate states

• 4 International Organization

• Covering 153 Designated Institutes (DI)
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t =  55.4  s

m = 10.1 kg

(1)

(2)

Quantities and Measurement Units 

Measurement units

Q = {Q} [Q]quantity

number

unit

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

constant 

of nature

artefact

1 s = 
9 192 631 770

∆ν (133Cs)hfs

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

uncertainty

material property 

measurem. prescription

defining constant

J. C. Maxwell 1870

(6)



1 s = 
9 192 631 770

∆ν (133Cs)hfs

electr. current

amount of

substance

length

luminous

intensity

mass

time

c

∆νhfs

arte-
fact
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fact

1 m = 
c

299 792 458
s

enters the
definition of 

enters the
definition of 

IPK

The mass of IPK might drift � an unsatisfactory situation!The mass of IPK might drift � an unsatisfactory situation!
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1967: ~10-142016: ~2×10-16

triggering a revolutiontriggering a revolution

isolated,….isolated,….

The International System of Units: SI 

We can never be better!We can never be better!
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The International System of Units: SI 
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Quantum EffectsQuantum Effects

The QHE  has revolutionised electrical metrology

with tremendous effects: industry & innovation

The QHE  has revolutionised electrical metrology

with tremendous effects: industry & innovation

advanced

manufacturing technologylow pass filter

Josephson contacts

Josephson arbitrary wave

form analyser

ultra-low current amplifier

� QH in graphene at low B-fields

� QH in topological insulators
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The International System of Units: SI 

isolatedisolatedisolatedisolated

material propertymaterial property

temperature

enters the
definition of 

enters the
definition of 

Quantum EffectsQuantum Effects



luminous

intensity

amount of

substance

electr. current 

lengthlength

temperature

mass

time

arte-
fact
arte-
fact

…not an ideal 

situation!

The International System of Units: SI 



length

luminous

intensity

amount of

substance

electr. current temperature

mass

time

arte-
fact
arte-
fact

…not an ideal 

situation!

tremendous 

benefits of

quantum-based units

↔

The International System of Units: SI 

Built a coherent and consistent quantum-based system of units
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4. Are the constants constant?

2. Motivation for revision of the SI…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…



…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……for all times and civilisations…
…throughout the Universe……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

{ }IURK
h

vgm ⋅⋅⋅=⋅⋅ 90-K 

2

90-J
4

    



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 The Silicon Route: Avogadro Collaboration 

..count the number of atoms in

a crystal sphere of enriched 28Si
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Deviation in sphere radius: 35 nm (peak to valley)Deviation in sphere radius: 35 nm (peak to valley)

The Silicon RouteThe Silicon Route

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

2 m peak-to-valley2 m peak-to-valley

≅ 6000 km

atomhydrogenthe

oftheoryquantum

atomhydrogenthe

oftheoryquantum



• The most precise measurement in chemistry• The most precise measurement in chemistry

• The most advanced surface technologies• The most advanced surface technologies

• The most advanced length interferometers• The most advanced length interferometers

The Silicon Route: high-tech and innovationThe Silicon Route: high-tech and innovation



The Silicon RouteThe Silicon RouteThe Silicon Route: high-tech and innovationThe Silicon Route: high-tech and innovation

• The most precise measurement in chemistry• The most precise measurement in chemistry

• The most advanced surface technologies• The most advanced surface technologies

• The most advanced length interferometers• The most advanced length interferometers

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 BalancesCommercial Kibble Balances

• “self-calibrating”

• high precision

• industrial application: E1, E2

• “off-the-shelve” components

• connected to the IoT

• “self-calibrating”

• high precision

• industrial application: E1, E2

• “off-the-shelve” components

• connected to the IoT



� 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
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atomphoton

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

Revised International System of Units

A concept improved fundamentally!



� 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!

AGT

CVGT

SRT
Noise

25 mK @ 693 K…800 K (NIST)

↔realisation via fix points

commercialize…!?

triggers innovation

goal: new project at PTB

� Innovation: research & industry

Revised International System of Units

See also: Qu et al., 

Metrologia 52 242, 2015

<U2(T,R,df)>t ≈ 4 R kBT ∆f



� Base units are only a convention

� Electric units are “back in the SI”
• Consistency check of the whole system: 

- Si-kilogram � Watt balance

- Quantum metrological triangle, …

� Realisation everywhere  (Universe…)

� Throughout  the entire scale

� Different realisations

� A set of “defining constants” 

establish the units in general

� Guarantees long-time stability

� Innovation: research & industry

Revised International System of Units

A concept improved fundamentally!

connected by the

equations of physics



A concept improved fundamentally!

� Better experiment � better realization

� Base units are only a convention

� Electric units are “back in the SI”

� Throughout  the entire scale

� Different realisations

� A set of “defining constants” 

establish the units in general

� Guarantees long-time stability

� Realisation everywhere  (Universe…)

� Innovation: research & industry

Revised International System of Units

urel(A) = 2⋅10-7urel(A) = 2⋅10-7

Tremendous benefits:

a “huge” change… 

but “no” change!

Ensure continuity, harmonization, stability…towards quantum electronics!!! …towards quantum electronics!!! 
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Establish the constants

Revised International System of Units

A concept improved fundamentally!

� Base units are only a convention

� Electric units are “back in the SI”

� Throughout  the entire scale

� Different realisations

� A set of “defining constants” 

establish the units in general

� Guarantees long-time stability

� Realisation everywhere  (Universe…)

� Innovation: research & industry

� Better experiment � better realization

Ensure continuity, harmonization, stability

2017CODATA 2017CODATA



Establish the constants A concept improved fundamentally!

� Base units are only a convention

� Electric units are “back in the SI”

� Throughout  the entire scale

� Different realisations

� A set of “defining constants” 

establish the units in general

� Guarantees long-time stability

� Realisation everywhere  (Universe…)

� Innovation: research & industry

Ensure continuity and practicabilityEnsure continuity, harmonization, stability

� Better experiment � better realization

Revised International System of Units

2017CODATA 2017CODATA

• Consistent • 2 independent methods: < 3⋅10-6
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Revised International System of Units

Establish the constants A concept improved fundamentally!

� Base units are only a convention

� Electric units are “back in the SI”

� Throughout  the entire scale

� Different realisations

� A set of “defining constants” 

establish the units in general

� Guarantees long-time stability

� Realisation everywhere  (Universe…)

� Innovation: research & industry

� Better experiment � better realization

Ensure continuity, harmonization, stability2017CODATA 2017CODATA

Expansion factor 1.7

• Inconsistent

• Consistent

• Two: ≤ 2⋅10-8

• Five: ≤ 5⋅10-8

• Two different methods

The CCM criteria are fulfilled!

� recommendation: Redefinition 2018

Plus recommendations by:

CCT, CCQM, CCEM, CCPR,…

CCU recommends: Redefinition in 2018 � CIPM 2018

Guaranteeing:

- long-time stability

- realization everywhere

- with ever-increasing accuracy as technology proceeds

- thus triggering innovation in science, industry and technology
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2. Motivation for revision of the SI



Are the constants constant?

Discover Mag., A. Guth

Need a very sensitive detector

Ideal for testing: unit-less constant!



Sind die Konstanten konstant?

Discover Mag., A. Guth

Sommerfeld’s fine structure constant!

Ideal for testing: unit-less constant!



Are the constants constant?

Take care of relativistic effects in atoms

Arnold Sommerfeld

Balmer-

seriesSommerfeld’s fine structure constant!

Ideal for testing: unit-less constant!



Are the constants constant?

Arnold Sommerfeld

Balmer-

series

fine-structure constant (cgs)

energy levels in hydrogen



Are the constants constant?

Determine frequency relative to ∆νCshfs („SI-second“)…

fine-structure constant (cgs)

Balmer-

Reihe

Lea, Rep. Prog. Phys. 70, 1473 (2007)

Optical clocks



Are the constants constant?

PTB  

NIST NIST 

NPL  NPL  

LNE  LNE  

uBuB

2,9⋅10−16

1,5⋅10−161,5⋅10−16

2,1⋅10−162,1⋅10−16

2,8⋅10−162,8⋅10−16

INRIMINRIM 1,8⋅10−161,8⋅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: groundstationACES: groundstation

PTB: PTB: 
coordination of
Galileo system time

Yb+Yb+here: single ion

�Systematic uncertainty:  1.0⋅10-18

Optical clocks



here: single ion

Are the constants constant?

PTB  

NIST NIST 

NPL  NPL  

LNE  LNE  

uBuB

2,9⋅10−16

1,5⋅10−161,5⋅10−16

2,1⋅10−162,1⋅10−16

2,8⋅10−162,8⋅10−16

INRIMINRIM 1,8⋅10−161,8⋅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: groundstationACES: groundstation

PTB: PTB: 
coordination of
Galileo system time

Yb+Yb+

Optical clocks

How to connect the clocks?

SFB

�Systematic uncertainty:  1.0⋅10-18
First agreement of two very distant clocks 

with 4.7⋅10-17 !  � world record!



Are the constants constant?

3×10⁻17 resolution in 
1000 s averaging time

relative frequency deviation:
SrPTB/SrSYRTE − 1 = 4.7(50)×10⁻17

First agreement of two very distant clocks on 

the level of 10-17 !  � world record!

date of measurement (MJD-57092)
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Are the constants constant?

Enhancement: 0…10 000 

∆f/f ~ 10-19

∆α/α < 10-20 /a

∆f/f ~ 10-19

∆α/α < 10-20 /a

Nuclear Transition

Enhancement: ~< 100 

∆f/f ~ 10-19

∆α/α < 10-20 /a

∆f/f ~ 10-19

∆α/α < 10-20 /a

Highly Charged Ions



229Th: Nuclear clock & fundamental tests

Th-229 has an isomeric state at about 8 eV

Excitation energy.

• Bridge between atomic and nuclear physics

• Reference for an ultra-precise optical clock

• Unique properties for fundamental tests with 

clocks (Standard Model, strong interaction) GSI

• So far hardly any data on the 
properties of the Isomer 

• So far hardly any data on the 
properties of the Isomer 

• So far no laser excitation, 
since transition energy is not 
known well enough  

• So far no laser excitation, 
since transition energy is not 
known well enough  



Th-229 Quelle und Ionenfalle LasersystemeCooperation between PTB, LMU München, 

Uni Mainz und GSI:

Laser hyperfine spectroscopy of trapped 
229Th2+ recoil ions from the α-decay of 233U.

HFS Resonances:
• Nuclear ground state
• Isomeric state

229Th: Nuclear clock & fundamental tests

• First optical detection of the isomer • First optical detection of the isomer 

• Nuclear moments of the isomer • Nuclear moments of the isomer 

• Charge radius of the isomer • Charge radius of the isomer 



Are the constants constant?

Enhancement: ~< 100 Enhancement: 0…10 000 

∆f/f ~ 10-19

∆α/α < 10-20 /a

∆f/f ~ 10-19

∆α/α < 10-20 /a

Nuclear Transition

∆f/f ~ 10-19

∆α/α < 10-20 /a

∆f/f ~ 10-19

∆α/α < 10-20 /a

Highly Charged Ions

E
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Madelung
Coulomb

Charge state

J. C. Berengut et. al.PRA 86 022517 (2012) 



MPIK-PTB-Collaboration

Highly charged ions: Optical transitions



mini EBIT

Linear

Paul trap

Machine room Laser Laboratory

W
a

ll

PTB-EBIT
Electrostatic

deflector

Electrodynamic

deceleration and

pre-cooling

Kicker electrode

for q/m selection

Time-of-flight

q/m separation

Cryogenic

system

Challenges of CryPTEx II:

• Cryogenic & room temperature

• Low vibrations

• Low magnetic field variations

• High trap frequencies (MHz)

• Excellent optical ports

HCI yield on 2nd detector

cicker-electrode on

Next goals (PTB):

- Quantum logic spectroscopy on Ar13+-fine structure

- Absolute frequency measurement with a resolution 

close to the natural linewidth (16 Hz)

Next goals (PTB):

- Quantum logic spectroscopy on Ar13+-fine structure

- Absolute frequency measurement with a resolution 

close to the natural linewidth (16 Hz)

Highly charged ions: Optical transitions

Ir17+

„clock ion“

Be+

„logic ion“

recoilrecoil

� single photons interact with single ions� single photons interact with single ions

� highly efficient quantum logic readout� highly efficient quantum logic readout
Nobel Price 2012: Dave Wineland (NIST)
“for ground-breaking experimental methods to mani-

pulate and investigate individual quantum systems”

Guaranteeing:

- long-time stability

- realization everywhere

- with ever-increasing accuracy as technology proceeds

- thus triggering innovation in science, industry and technology
Coming in force: World Metrology Day 2019

For all times?
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The Future of the Second

10
-22

10
-20 • Search for dark matter

• Gravitational wave detection

• Geodesy: 10 µm

• Lorentz Invariance,….





Are the Constants Constant?

Enhancement: ~< 100 Enhancement: 0…10 000 

∆f/f ~ 10-19

∆α/α < 10-20 /a

∆f/f ~ 10-19

∆α/α < 10-20 /a

Nuclear Transition

∆f/f ~ 10-19

∆α/α < 10-20 /a

∆f/f ~ 10-19

∆α/α < 10-20 /a

Highly Charged Ions

• First optical detection of the isomer • First optical detection of the isomer 

• Nuclear moments of the isomer • Nuclear moments of the isomer 

• Charge radius of the isomer • Charge radius of the isomer 

Ar13+

Berlyllium ion crystal

• Absolute frequency at a resolution 
close to the natural linewidth (16 Hz)

• Absolute frequency at a resolution 
close to the natural linewidth (16 Hz)

• Quantum logic spectroscopy:  Ar13+• Quantum logic spectroscopy:  Ar13+

Next goals:Next goals:
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W
a

ll

PTB-EBIT
Electrostatic

deflector

Electrodynamic

deceleration and

pre-cooling

Kicker electrode

for q/m selection

Time-of-flight

q/m separation

Cryogenic

system

Challenges of CryPTEx II:

• Cryogenic & room temperature

• Low vibrations

• Low magnetic field variations

• High trap frequencies (MHz)

• Excellent optical ports

HCI yield on 2nd detector

cicker-electrode on

Next goals (PTB):

- Quantum logic spectroscopy on Ar13+-fine structure

- Absolute frequency measurement with a resolution 

close to the natural linewidth (16 Hz)

Next goals (PTB):

- Quantum logic spectroscopy on Ar13+-fine structure

- Absolute frequency measurement with a resolution 

close to the natural linewidth (16 Hz)

Highly charged ions: Optical transitions



Peik et al., EPL 61 (2003) 181

Campbell et al.,  PRL 86 (2012) 120180

Flambaum, PRL 97 (2006) 092502

∆f/f ~ 10-19

∆α/α < 10-20

∆f/f ~ 10-19

∆α/α < 10-20

HCI:HCI:

Are the constants constant?

∆f/f ~ 10-19 

∆α/α < 10-20

∆f/f ~ 10-19 

∆α/α < 10-20

229Th:229Th:



Peik et al., EPL 61 (2003) 181

Campbell et al.,  PRL 86 (2012) 120180

Flambaum, PRL 97 (2006) 092502

∆f/f ~ 10-19

∆α/α < 10-20

∆f/f ~ 10-19

∆α/α < 10-20

HCI:HCI:

Are the constants constant?

∆f/f ~ 10-19 

∆α/α < 10-20

∆f/f ~ 10-19 

∆α/α < 10-20

229Th:229Th:



Highly Charged Ions

Produced in an electron beam ion trap (EBIT)Produced in an electron beam ion trap (EBIT)…make it smaller (L. Smöger, J. Crespo, MPIK)…make it smaller (L. Smöger, J. Crespo, MPIK)



� 4 K : reduced BBR� 4 K : reduced BBR

� 15 ports� 15 ports

� 10-15 mbar: τ ≈ 30 h� 10-15 mbar: τ ≈ 30 h

Cooled Highly Charged Ions

HCI 
EBIT
HCI 
EBIT

34 µm34 µm

� achromatic optics: imaging 1 – 104 ions� achromatic optics: imaging 1 – 104 ions

A cryogenic trap for cold highly charged ionsA cryogenic trap for cold highly charged ions



34 µm34 µm

A cryogenic trap for cold highly charged ionsA cryogenic trap for cold highly charged ions

Cooled Highly Charged Ions



34 µm34 µm

A cryogenic trap for cold highly charged ionsA cryogenic trap for cold highly charged ions

Ir17+

„clock ion“

Be+

„logic ion“

� single photons interact with single ions� single photons interact with single ions

� highly efficient quantum logic readout� highly efficient quantum logic readout

recoilrecoil

Nobel Price 2012: Dave Wineland (NIST)
“for ground-breaking experimental methods to mani-

pulate and investigate individual quantum systems”

Cooled Highly Charged Ions



Maria Schwarz         Lisa Schmöger

Cooled Highly Charged Ions



Are the FCs changing with time?Are the FCs changing with time?

one cold Ar13+ ion in the Be+ crystal



Are the FCs changing with time?Are the FCs changing with time?

one cold Ar13+ ion in the Be+ crystal

1 Ar13+ and 4 Be+ ions

weighted mean of 

8 CCD images:

� evidence for Ar13+���� � ��. 
� � 
. ��

� conventional laser spectroscopy: MPIK

� Quantum logic spectroscopy: PTB

Guaranteeing:

- long-time stability

- realization everywhere

- with ever-increasing accuracy as technology proceeds

- thus triggering innovation in science, industry and technology

Coming in force: World Metrology Day 2019

Awareness rising Task Group established



here: single ion

PTB  

NIST NIST 

NPL  NPL  

LNE  LNE  

uBuB

2,9⋅10−16

1,5⋅10−161,5⋅10−16

2,1⋅10−162,1⋅10−16

2,8⋅10−162,8⋅10−16

INRIMINRIM 1,8⋅10−161,8⋅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: groundstationACES: groundstation

PTB: PTB: 
coordination of
Galileo system time

Yb+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

First agreement of two very distant clocks 

with 4.7⋅10-17 !  � world record!

NIST (J.Ye): first laser air link: ~10-18 demonstrated! 

The Future of the Second





Linking the International System of Units

to Fundamental Constants 

Linking the International System of Units

to Fundamental Constants 

1. Metre Convention: Cornerstone of global QI

2. Motivation for revision of the SI

3. Linking the SI to defining constants

4. Are the constants constant?

1. Metre Convention: Cornerstone of global QI

3. Linking the SI to defining constants

4. Are the constants constant?

2. Motivation for revision of the SI

light absorption from distant quasars:
(Keck, Hawaii, and later VLT, Chile, telescope data)
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light absorption from distant quasars:
(Keck, Hawaii, and later VLT, Chile, telescope data)
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Are the FCs changing with time?

Triggered quite some theory…Triggered quite some theory… Berengut and Flambaum

EPL 97 (2012) 2006

~10-19 y-1~10-19 y-1

Yearly variation

∆f/f ~ 10-19 

∆α/α < 10-20

∆f/f ~ 10-19 

∆α/α < 10-20

229Th:229Th:

Dzuba et al.,  PRA 86 (2012) 054502

Peik et al., EPL 61 (2003) 181

Campbell et al.,  PRL 86 (2012) 120180

Flambaum, PRL 97 (2006) 092502

…to be improved 
by a factor of 10…
…to be improved 
by a factor of 10… ∆f/f ~ 10-19

∆α/α < 10-20

∆f/f ~ 10-19

∆α/α < 10-20

N. Huntemann et al., 

Phys. Rev. Lett. 113,210802 (2014) 

HCI:HCI:



71www.bipm.org

Joint CCM & CCU roadmap to 2018



72

« Prediction » of the timeline for redefinition

Uncertainties ~ two orders of magnitude better than Cs

Independent measurements of the same optical

clock in different institutes

Continuity with present definition: independent

measurements wrt three independent Cs primary clocks

Measurement reports covering at least ten days

Frequency ratios

CCTF Strategy Document, Annex 1 (Towards a new definition of the 

second in the SI, F. Riehle)



A fundamentally improved concept!

� 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

� Realisation everywhere  (Universe…)

AGT

CVGT

SRT
Noise

25 mK @ 693 K…800 K (NIST)

↔realisation via fix points

commercialize…!?

triggers innovation

Revised International System of Units

25 mK @ 693 K…800 K (NIST)

goal: new project at PTB

� Innovation: research & industry
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� 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!

Revised International System of Units

• Acoustic gas thermometry

• Dielectric constant gas thermometry

• Doppler thermometry

• Noise thermometry

• Radiation thermometry 

c0 ≈ (γ kB T / m)1/2

Speed of sound in 

a resonator



• Acoustic gas thermometry

• Dielectric constant gas thermometry

• Doppler thermometry

• Noise thermometry

• Radiation thermometry 

Revised International System of Units

R

U

Ttbd
U

ADC

ADC

U2

Uref Thermal noise in a resistor

(Johnson/Nyquist, 1928)

<U2(T,R,df)>t ≈ 4 R kBT ∆f

Johnson Voltage Standard



• Acoustic gas thermometry

• Dielectric constant gas thermometry

• Doppler thermometry

• Noise thermometry

• Radiation thermometry 

Revised International System of Units

(Johnson/Nyquist, 1928)

<U2(T,R,df)>t ≈ 4 R kBT ∆f

www.nist.gov

See also: Qu et al., Metrologia 52 242 (2015)

Thermal noise in a resistor



• Acoustic gas thermometry

• Dielectric constant gas thermometry

• Doppler thermometry

• Noise thermometry

• Radiation thermometry 

Revised International System of Units
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p  ≈ kB T (ε-ε0)/α0

Measure Capacity C(p)

See also:

Gaiser et al., Metrologia 52 217 (2015)



• Acoustic gas thermometry

• Dielectric constant gas thermometry

• Doppler thermometry

• Noise thermometry

• Radiation thermometry 

Revised International System of Units

See also:

Gaiser et al., Metrologia 52 217 (2015)

p  ≈ kB T (ε-ε0)/α0



Present SI (D. Newell)



Future SI (D. Newell)



Future SI (D. Newell)



Are the FCs changing with time?

~6⋅103 ions~6⋅103 ions

MgH+: dark states MgH+: dark states 

A cryogenic trap for cold HCI / molecular ionsA cryogenic trap for cold HCI / molecular ions

� me / mp� me / mp

+ H2+ H2



Are the FCs changing with time?

~6⋅103 ions~6⋅103 ions

A cryogenic trap for cold HCI / molecular ionsA cryogenic trap for cold HCI / molecular ions

+ H2+ H2

MgH+: dark states MgH+: dark states 

� A very simple & general scheme� A very simple & general scheme



Are the FCs changing with time?

� state preparation: ~ 80% in |ν=0,J=0〉X � state preparation: ~ 80% in |ν=0,J=0〉X 

� rotational temperature:                    kelvin� rotational temperature:                    kelvin�. ��
.�
�
.
�. ��
.�
�
.


� quantum logic demonstrated� quantum logic demonstrated

� me / mp� me / mp



research goes on…research goes on…

Yeah…
well... ok, at least 
it‘s pretty small…

� �
��

��

Are the constants constant?

Guaranteeing:

- long-time stability

- realization everywhere

- with ever-increasing accuracy as technology proceeds

- thus triggering innovation in science, industry and technology

Coming in force: World Metrology Day 2019

Awareness rising Task Group established


