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Motivation
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What is an atomic clock?
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Time and Frequency missions of 

LTE (Laboratoire Temps-Espace)

• Build and exploit primary and secondary

frequency standards

• Realize and brodacast the national time

reference UTC(OP), base of the French

legal time



What is an atomic clock?

whose frequency 𝜈ℓ(𝑡) is
adjustable

e.g.: Microwave source (1010 Hz)

Laser source (1015 Hz)

Atomic transition 
(frequency 𝜈0) with
high quality factor 

(hyperfine, 
intercombination or 

nuclear)
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An atomic clock is the 
combination of:

OSCILLATOR+
DISCRIMINATOR

It provides a 
FREQUENCY

reference



Why do we need clocks?

Search for Dark
matter

Earth Sciences (Chronometric
Geodesy)

Possible drift of 
fundamental constants ?

𝜹 𝝂𝑺𝒓/𝝂𝑪𝒔
𝝂𝑺𝒓/𝝂𝑪𝒔

= −𝟐. 𝟕𝟕
𝜹𝜶

𝜶
−
𝜹𝝁

𝝁
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Tests of Lorentz 
invariance

On 
Earth

Between Earth
and space

Use the sensitivity
of clocks to turn it

into a detector

Test theories of 
fundamental Physics

Metrology: distribute
frequency references, 

steer timescales

Clocks Timescales

UTC

UTC(k)

TAI

EAL



Chronometric geodesy
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 Gravitational time dilation was predicted by Einstein in 1907

 The rate at which the time runs depends on the referential the 

clock is in

 The referential is different between two different heights 

because of the geopotential

 Therefore two clocks at different heights will have a different 

frequency when they are compared one to the other:

Geodesy – study of the Earth’s 
shape and gravity field

Image credit: ESA



Principle of 

Atomic clocks

June 23 2026, Paris EUREF 2026
7



Caesium is the base of the present definition of the second
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 Narrow atomic transition in the microwave or optical domain

There is a list of systematic effects 
shifting the clock frequency 

(magnetic field effect, collisions …) 

The uncertainty on 𝜀 is the 
uncertainty of the clock

    tyt   10

Noise on the measurement  of the frequency

Stability of the clock = says how the noise 
averages (or not) with time

Atomic structure 
of Caesium



A few examples of systematic effects?
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 The Zeeman effect is the displacement of atomic levels under the influence of a magnetic field:

In this case, the trick is to either probe or alternate between and of opposite signs

 The collision effect corresponds to a dependency of the frequency on the atomic density

In this case, measured at various allow extrapolating to 

Landé factorsZeeman quantum 
numbers

Bohr magneton

Planck’s constant



The first atomic clocks

Microwave clocks ( )

 Based on an hyperfine transition (9.2 GHz for Cs, 6.8 GHz for Rb)

 Best microwave clocks feature an accuracy of 

FO2 dual fountain,
LTE
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State-of-the-art atomic primary frequency standards
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Corrections (in 
10-16)

Uncertainty (in 10-16)

Quadratic Zeeman shift -1915.9 0.3

Collisions and cavity pulling 112.0 1.2

Spectral purity (spurious sidebands), 
leakage, synchronous phase modulation

0 <0.5

Raby and Ramsey pulling 0 <0.1

Background collisions 0 1.0

Black-body radiation shift 168.0 0.6

Distributed cavity phase shift
(=Residual 1st order Doppler)

-0.9 0.9

Microwave lensing (=microwave recoil) -0.7 0.7

Second order Doppler shift 0 0.1

Total -1637.5 2.1

Accuracy budget of the FO2 fountain :

Guéna et al., Progress in Atomic Fountains at LNE-SYRTE,IEEE Transactions on 
Ultrasonics, Ferroelectrics and Frequency Control, vol. 59, pages 391-420 (2012)

The systematic effects can be classified 
in 3 categories:

Effects independent 
of the frequency

 Effects depending 
on the frequency

Effect tightly connected 
to the full atomic structure



Why go optical? (~1015 Hz)

 Because state-of-the art optical oscillators (lasers) are more stable than

microwave sources

 Best lasers have a linewidth of 5-10 mHz

 D. Lee et al., arXiv:2509,13503

 D. G. Matei et al., PRL 118, 263202 (2017)

 Because of the availability of very narrow atomic transitions, that can be (nearly) 

resolved by the best optical oscillators

 1 mHz large in neutral Sr 87

 10 mHz large in neutral Yb 171

 Because atoms are less sensitive in relative value to most external perturbations.

 Example: the Zeeman first order shift is:
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Quadratic Zeeman shift

Collisions and cavity pulling

Spectral purity (spurious sidebands), 
leakage, synchronous phase modulation

Raby and Ramsey pulling

Background collisions

Black-body radiation shift

Distributed cavity phase shift
(=Residual 1st order Doppler)

Microwave lensing (=microwave recoil)

Second order Doppler shift

Total



Optical clocks: why oh why?

1. Necessity to reach the 

Lamb-Dicke regime

 Ion clocks: strong confinement 

mastered already in the 80’s

 With neutral atoms … it took 

until 2003 to find a solution

Yb+ clock NPL (courtesy of 
Rachel Godun)

Multi ion clock @PTB
(courtesy of Tanja Mehlstaeubler)

Sounds easy peasy but … 2 main difficulties:

1. Necessity to reach the Lamb-Dicke regime

2. Necessity to be able to measure the frequency in ‘Caesium Hertz’

Wolfgang Paul

Hans Dehmelt
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Optical clocks: why oh why?

Sounds easy peasy but … 2 main difficulties:

1. Necessity to reach the Lamb-Dicke regime

2. Necessity to be able to measure the frequency in ‘Caesium Hertz’

1. Necessity to reach the 

Lamb-Dicke regime

 Ion clocks: strong confinement 

mastered already in the 80’s

 With neutral atoms … it took 

until 2003 to find a solution

Hidetoshi 
Katori
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Optical clocks: why oh why?

Sounds easy peasy but … 2 main difficulties:

1. Necessity to reach the Lamb-Dicke regime

2. Necessity to be able to measure the frequency in ‘Caesium Hertz’

2. Necessity to 

measure simply 

frequency ratios 

optical vs microwave

𝜈𝑁 = 𝑁𝑓rep + 𝑓0

Advent of
frequency combs

(2000)

Both measurable
vs microwave standards
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Which atoms do feature a narrow optical transition?

16
June 23 2026, Paris EUREF 2026



Progress of optical clocks
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Practical Operation

of Atomic clocks
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Optical clock: example of ytterbium (isotope 171)

PROS

 Clocks based on a transition

(Almost) forbidden transition: natural quality factor 
in the or even range!

Very little sensitive to magnetic fields

 Magic optical traps + spherical orbitals, very 
little sensitive to the polarization of the trap

 Heavy atoms, favorable for the BBR shift

CONS

 Cooling is necessary to precool neutral atoms
(neutrals are at a speed of ~400 m/s at the 
output of an oven heated to 500°C)

 Both for ion and neutrals: cooling in the trap is
necessary to reach the motional ground state of 
the trapping potential

 5 or 6 different wavelengths necessary to 
manipulate the internal state of the atoms
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Levels scheme of Yb 171
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Capture atoms with magneto-optical traps

Magneto-Optical trapping
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Optical lattices to reach the Lamb-Dicke regime
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 Coupling occurs via the polarisability 𝛼𝑔:

Trapping potential = −
1

2
𝛼𝑔𝐼 Ԧ𝑟

Under certain conditions, if caught in an intense light beam
(intensity 𝐼 Ԧ𝑟 ), atoms will seek the maximum of intensity

 Problem: results in possibly very large light shift on every
energy level

𝜈measured = 𝜈0 −
1

2ℎ
𝛼𝑒 − 𝛼𝑔 𝐼 Ԧ𝑟 + higher orders

 But there are ‘magic’ crossings where the first-order shift is
identical for both 1𝑆0 and 3𝑃0



Vacuum systems
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We assemble vacuum systems able to reach vacuum as low as 10-10 mbar
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High finesse optical cavities
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Exemple de perturbation : champ magnétique du métro de Paris

24
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 Drastic change night/day
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Exemple de perturbation : champ magnétique du métro de Paris
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June 23 2026, Paris

 La fréquence de l’horloge dépend 
(légèrement !) du champ magnétique

 Flux gate

magnetometer

𝐸2 − 𝐸1

Exemple de perturbation : champ magnétique du métro de Paris

EUREF 2026
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Applications of 

Atomic clocks
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Why do we need clocks?

Search for Dark
matter

Earth Sciences (Chronometric
Geodesy)

Possible drift of 
fundamental constants ?

𝜹 𝝂𝑺𝒓/𝝂𝑪𝒔
𝝂𝑺𝒓/𝝂𝑪𝒔

= −𝟐. 𝟕𝟕
𝜹𝜶

𝜶
−
𝜹𝝁

𝝁
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Tests of Lorentz 
invariance

On 
Earth

Between Earth
and space

Use the sensitivity
of clocks to turn it

into a detector

Test theories of 
fundamental Physics

Metrology: distribute
frequency references, 

steer timescales

Clocks Timescales

UTC

UTC(k)

TAI

EAL



Next definition of the second?
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 Absolute frequencies are still 
measured in units of Hz, i.e. 
relative to Cs (primary frequency 
standards)

 Some transition are obviously 
better controlled than the best 
realizations of the current SI 
second

 Time to choose a new definition !



What’s the plan?
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 International metrology community is targeting 2030 for an optical 
redefinition

 Series of milestones to meet before redefinition, including: 

 Improve systematic uncertainty budgets

 Verify performance by comparing optical clocks globally

 Have more optical clocks contributing to the international time 
scale

 Choose which atom or atoms to include in the new definition

~ 10-16

uncertainty

< 10-18

uncertainty

Slide provided by Rachel Godun, NPL, UK



Chronometric geodesy
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 Gravitational time dilation was predicted by Einstein in 1907

 The rate at which the time runs depends on the referential the 

clock is in

 The referential is different between two different heights 

because of the geopotential

 Therefore two clocks at different heights will have a different 

frequency when they are compared one to the other:

Geodesy – study of the Earth’s 
shape and gravity field

Image credit: ESA



Chronometric geodesy

 Remote comparisons between clocks provides a 

direct access to 𝜟𝒉

 Clocks measure directly the potential ∝ Τ1 𝑟 , 

complementary to measurements performed by 

gravimeters (meaure of the field, ∝ Τ1 𝑟2)

 𝟏𝟎−𝟏𝟖 corresponds to 𝜟𝒉=1 cm 

 Competitive with traditional leveling techniques

 LTE started a transportbal Yb clock in 2021, meant

to be connected to the relevant of the ~60 outputs 

of the REFIMEVE+ infrastructure to compare 

remotely to the ~12 European stationary optical 

clocks.
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Construction of two apparatus in parallel

ROYMAGE

(hoRloge Optique à Ytterbium Mobile 
Appliquée à l’exploration GEodésique)

RAZPOUTYNE

(RAlentisseur Zeeman et Piège 
magnéto-Optique Unifiés pour 

capTurer l’Ytterbium NEutre)
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First cold atoms on ROYMAGE

 First 3D 399 nm Yb MOT in March 2025

Loading time estimated
to 168 ms

Number of atoms 3 × 107

with Zeeman slower
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Using optical clocks to measure height differences
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Al+

33 cm

Al+

Sr

Cs

Sr

450 m

Sr

NIST (Boulder) INRIM, PTB, NPL, LUH, LSM (The Alps) RIKEN, Tokyo, Osaka, GIAJ (Tokyo) 

J. Grotti et al. 
Nature Physics 14, 437 (2018)

1,000 m

M. Takamoto et al. 
Nature Photonics 14, 411 (2020)

C. W. Chou et al. 
Science 329, 1630 (2010)

• Laboratory-based Al+

clocks

• Δ𝜈/𝜈0 = (4.1 ± 1.6) × 10-17

150 km optical fibre link connecting

• Transportable Sr clock at Modane

• Cs laboratory clock at INRIM

• Δ𝜈/𝜈0 = (111.6 ± 1.9) × 10-15

• Transportable Sr clocks at 
Skytree broadcasting tower

• Δ𝜈/𝜈0 = (49,337.8 ± 4.3) × 10-18

• Ongoing work in the 
Colorado by the Yb team

Slide provided by Rachel Godun, NPL, UK



PHARAO-ACES: a microwave clock in the ISS

36

 Cs clock in the space station

 Finally Launched in 2025

 Lifetime = 3 years+

 Tests of gravitational red-shift

 Many technical difficulties since … 1995

June 23 2026, Paris EUREF 2026



Take home messages
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 Atomic clocks based on optical transitions have reached a level of control of 18 digits

 A redefinition of the second is drawing near: Sr, Yb, Hg, Yb+, Al+, Sr+ …

 18 digits <-> 1 cm height difference

 Complementary with traditional geodesy techniques, does not depend on the distance

 Measure the potential, while gravimeters measure the field


