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Half-day meeting devoted to the Second 

Joint CCTF-CCU, BIPM Workshop 

“Advanced Time and Frequency Transfer: 
the ultimate frontier for remote 

comparison  methods”

_
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The Second in the Revised SI 

From ArtefactsFrom Artefacts to the Quantum SI to the Quantum SI 

The SI second: 
Cs = 9192631770 Hz
Since 1967

• The first SI
quantum standard 

• The first SI
quantum standard 
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The Second in the Revised SI 

to the Quantum SI to the Quantum SI 

The SI second: 
Cs = 9192631770 Hz
Since 1967

• The first SI
quantum standard 

• The first SI
quantum standard 

• The only one to be 
redefined in the future 

• The only one to be 
redefined in the future 

…for all times and 
civilisations…

…for all times and 
civilisations…

…throughout the 
Universe…

…throughout the 
Universe…
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• generation of atom beams in vacuum
• excellent transverse momentum resolution 
• quantized orientation of angular momentum

→ Molecular beam and microwave
resonance, 1938 (I. I. Rabi)

→ First thermal beam cesium clock: 
NPL (L. Essen and J. V. L. Parry), 1955

Stern‐Gerlach, 1922

Thermal beam cesium clocks
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Cs atom beam

Norman Ramsey,
1915 – 2011 

Nobel prize 1989

distance ~ 1 m

TR ~ 10 ms

2 microwave interactions with TR time separation: Reduced resonance linewidth 

Interference of the two transition 
probability amplitudes yields: 
 P() ~ ½ (1 + cos 2  TR)

 linewidth (FWHM) = ½ TR

Ramsey –
Resonance
Ramsey –
Resonance

PP

00

Ramsey –
Resonance

P

0
 precision limit: ~10-14

Thermal beam cesium clocks
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Thermal beam cesium clocks
 Reduce longitudinal

momentum spread

uncertainty ~ 10-14

PTB-CS2 (1985):
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- 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

uncertainty ~ 10-16

 3D trapping and cooling

The Magneto-Optical Trap (MOT) 
 Atomic fountain clock
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The Magneto-Optical Trap (MOT) 

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

 frequency comb
 traps

The present state of the art of the SI second
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Roy Glauber,
John Hall,

Theodor Hänsch
Nobel prize 2005

PTB’s harmonic
frequency chain lab
(1990) with IR gas 
lasers

• Femtosecond laser as optical frequency comb generator:
→ Measurement of νceo and frep fixes the frequencies of all modes

Frequency chains

Frequency combs
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• Large number of atoms  (n ~ 103)
→ High stability

• Requires laser cooling (T ∽ µK)
• 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 Wolfgang Paul

1913 – 1993

Nobel prize 1989

Atom traps Ion traps

Traps for clocks 
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1 Yb+ ionMulti-ion traps

Keller et al., PRA 99, 1 (2019)

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

• Requires laser cooling (T ∽ µK)
• Optical lattice → Strong confinement
• “Magic” Wavelength
→ Suppress frequency shift of clock transition

Atom traps

Segmented multi-ion traps: >100 ions

Traps for clocks 
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J. Ye, NIST
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J. Ye, NIST • Search for dark matter
• Geodesy: 10 µm; now: 1 cm!

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

When should we 
redefine the second?

…the ultimate 
frontier for remote 

comparison methods
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Cesium-fountainOptical clocks

SFB

MPQ

PTB

St. Peter Ording

NPL

OBSPARIS

HITec

AEI
IQ

UoS

KIT

Helgoland

First agreement of two very distant clockswith 4.710-17 !   world record!
NIST (J.Ye): first laser air link: ~10-18 demonstrated! 

How to compare the clocks 
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…a dream that will come true… 

Proposal to ESA in 2016

Optical clocks at ~10‐19 relative uncertainty in space!

…a multi‐satellite configuration with payload/instruments inclu‐
ding strontium optical atomic clocks, strontium atom interfero‐
meters, satellite‐to‐satellite and satellite‐to‐Earth laser links.
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END



A historic event!
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…for all times and civilisations……for all times and civilisations…
…throughout the Universe……throughout the Universe…
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…for all times and civilisations……for all times and civilisations…
…throughout the Universe……throughout the Universe…
‐ the 2nd Quantum revolution ‐ the 2nd Quantum revolution 
‐ innovation in science & industry‐ innovation in science & industryFrom ArtefactsFrom Artefacts
to underpinto underpin

to the Quantum SI to the Quantum SI 
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22www.bipm.org… for the benefit of mankind!… for the benefit of mankind!



Merkel, Davos 2019: “…there are things that still work…”
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CCTF‐CCU 
Workshop
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1.3 Agenda 
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1.3 Agenda 
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CCTF-CCU Workshop 
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CCTF-CCU Workshop 
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Featured speakers proposed by the CCU

Jian‐Wei Pan of the 
University of Science 
and Technology of 
China in Hefei. 

Nathan Newbury, a 
physicist in NIST PML's 
Quantum Electronics 
and Photonics Division

Prof. Dr. Christoph Günther
(Director of  the Institute of 
Communications and 
Navigation, Oberpfaffenhofen‐
Wessling, Germany )


