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Chronometric Geodesy: Atomic clocks
for levelling
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Rodolphe Le Targat

LTE (Laboratoire Temps-Espace),
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What is an atomic clock?

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

SrC (under
characterization)

FO2

Hg Clock

FOM

X ROYMAGE/RAZPOUTYNE
(mobile)

(under construction)
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What is an atomic clock?

Probing
An atomic clock is the Clock Frequency w
. . tout Shifter (AOM)
combination of: outp FAST
OSCILLATOR+ Feedback
DISCRIMINATOR
o
SLOW E.
It id « i 3 Feedback f
prOVI €sa b L_., Clock : hVU
FREQUENCY | aser Eg__v
reference
Interrogation Frequency
Oscillator discriminator
whose frequency v,(t) is Atomic transition
adjustable (frequency v,) with
e.g.: Microwave source (1010 Hz) high quality factor
Laser source (1015 Hz) ~ (hyperfine,
intercombination or
nuclear)
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Why do we need clocks?

Metrology: distribute
frequency references,
steer timescales

Test theories of
fundamental Physics

Use the sensitivity
of clocks to turn it
into a detector

June 23 2026, Paris

Clocks
— g/ /1‘7&

Timescales

UTC TAI

EAL
UTC(k)

Possible drift of
fundamental constants ?

8(vsr/ves) _ Y 775_“ _ou

VSr/VCs (24 U

Search for Dark
matter

EUREF 2026

Tests of Lorentz
invariance

On
Earth

Between Earth
and space

Earth Sciences (Chronometric
Geodesy)




Chronometric geodesy

= Gravitational time dilation was predicted by Einstein in 1907

= The rate at which the time runs depends on the referential the
Geodesy — study of the Earth’s
shape and gravity field

clockis 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:

Av AW g.Ah
v ¢z ¢
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Principle of

Atomic clocks
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Caesium is the base of the present definition of the second

= Narrow atomic transition in the microwave or optical domain

F=5

251 MHz

6P3/2

raie D
F=4 852 nm

6P1 2 151 MHz
P 1168 MHz F=2
— =3
raie D,
894 nm
transition horloge
631 e

a9.192... GHz

F=3

Atomic structure
of Caesium
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v

Ve(t): Vo x[l. ‘

There is a list of systematic effects
shifting the clock frequency
(magnetic field effect, collisions ...)

The uncertainty on € is the
uncertainty of the clock

Noise on the measurement of the frequency

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



A few examples of systematic effects?

= The Zeeman effect is the displacement of atomic levels under the influence of a magnetic field:

Bohr magneton

E.

upB .
Vmeasured = Vo T (mege - mggg) T + higher orders

hvyg m \

, Planck’s constant
Zeeman quantum  Landé factors
numbers

<«--->

oy

In this case, the trick is to either probe m, = m, = 0 or alternate between m, and m, of opposite signs

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

Vmeasured = Vo T Q. Myt

In this case, measured at various n,; allow extrapolatington,. = 0

June 23 2026, Paris EUREF 2026



The first atomic clocks

Microwave clocks (~10 GHz)

= Based on an hyperfine transition (9.2 GHz for Cs, 6.8 GHz for Rb) 1910 4

F I [ | I I 1 I
16 t Essen and Parry
= Best microwave clocks feature an accuracy of 1 —2 X 10~ g ]
101 L ¢ .
10-12 3 L E
F=3 : 3
267.2 MHz - -
5P;, F'=2 1013 3 ) 1
raie D 15?’;::HZ o Redefinition of the SI second
F'=2 780 nm [as] B T
5P1!2 72.3 MHz 5 1pl4

—— 816 MHz F=0 3 3 * 3

&
0 i bl ]
i B -
g 1015} * e .
raie D, © ; ¢ ® E
795 nm - Atomic fountains o (
1016 L =
- j‘ 1017 | .
transition horloge = E ]
5812 46.834... GHz X i
- 10°18 _ _
F=1 ‘\m‘ ““\( E| Microwave clocks @
[ I I I 1 1 L 1 i

1950 1960 1970 1980 1990 2000 2010 2020

FO2 dual fountain,

LTE 10
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State-of-the-art atomic primary frequency standards

Accuracy budget of the FO2 fountain :

The systematic effects can be classified
in 3 categories:

Corrections (in Uncertainty (in 10-16)
10°16)

Quadratic Zeeman shift -1915.9 0.3 A
Collisions and cavity pulling 112.0 1.2
Spectral purity (spurious sidebands), 0 <0.5 > = Effects independent
leakage, synchronous phase modulation of the frequency
Raby and Ramsey pulling 0 <0.1
Background collisions 0 1.0 -
Distributed cavity phase shift -0.9 0.9 }
(=Residual 1%t order Doppler) > = Effects depending
Microwave lensing (=microwave recoil) -0.7 0.7 on the frequency
Second order Doppler shift 0 0.1 J
Total -1637.5 2.1

Guéna et al., Progress in Atomic Fountains at LNE-SYRTE,IEEE Transactions on
Ultrasonics, Ferroelectrics and Frequency Control, vol. 59, pages 391-420 (2012)
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Why go optical? (~10*° Hz)

Quadratic Zeeman shift

Collisions and cavity pulling

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

Raby and Ramsey pulling

Background collisions

Distributed cavity phase shift
(=Residual 15t order Doppler)

Microwave lensing (=microwave recoil)

Second order Doppler shift

June 23 2026, Paris

=

=

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:

upB
h

Av =(m'g' —mg)

12
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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

= lon 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 Multi ion clock @PTB

Hans Dehmelt Rachel Godun) (courtesy of Tanja Mehlstaeubler)
June 23 2026, Paris EUREF 2026




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 PO | |
(= X% /
. . - /
Lamb-Dicke regime » f :
UL z
= —
Hidetoshi < . — —
= lon clocks: strong confinement Katori = [ ]
mastered already in the 80’s = ]
=1r | — ground state 'S
| [ — metastable state *P,
| [ -+ point of interest
= With neutral atoms ... it took | |
200 500 600 700 800 900 1000 1100 1200 1300 1400

until 2003 to find a solution

wavelength A/ nm
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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. Necessityto ¢ Advent of
measure simply frequency combs
M re 2
frequency ratios  fr 557 ¢ SRR (2000)
optical vs microwave |i | ” o l 1 |
1 R

VN = Nfrep *+ fo

\/

Both measurable
VS microwave standards

15
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Which atoms do feature a narrow optical transition?

June 23 2026, Paris

PERIODIC TABLE OF ELEMENTS

Species suitable to microwave clocks

Species suitable to optical clocks

based on neutral atoms

Species suitable to optical clocks

based on ions

EUREF 2026

Alkali-like: one valence electron

P32

1P1f2 —

cooling &
detection
(E1)

clock
transition
(E2)

Alkaline earth-like: two valence electrons

cooling &
detection
(E1)

7

7/

7/ 3Po
/. clock
o transition
/ (doubly
forbidden)

16



Progress of optical clocks

1010 3 ® T T T T T T T
F Essen and Parry
- [ ]
L oH 4
101 L ° -
3 Optical frequency combs 3
s Ca . -
10-12 3 o 3
3 He E
10-13 3 { 2N J oH E
> Redefinition of the SI second SrC (under
c 14| *H . s 1 characterization)
g 1077 F o eHg'-Ybt Ca -
8 F . . ] FO2
n e S, Yb' e
2 : . o sr -
8 10015L o @Hgh Yb* -
(@] E ® E
_ _ ® Hg Clock
- Atomic fountains d ]
1016 L e Sr i
i AlYe , . ]
. oHg” ' o ROYMAGE/RAZPOUTYNE
107 Ay o, 3 (mobile) (under construction)
+
: '{ﬁf ]
-18
107 HMicrowave clocks @ ® Sr f.:'EA|+
Optical clocks @ Ca ¥
1| T | | 1 1 1
1950 1960 1970 1980 1990 2000 2010 2020
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Practical Operation

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

singlet states (6s75) 35 triplet states

(6s5d) D

2 repumper

A=770.2nm J=3. (6s5d)
(6s6p) 1 P, [=2m x 4.2 MHz 2- 3
J
17
drain
A=1539nm repumper
repumper A=1389nm
A=649.1 nm
2D-MOT [=2nx1.5MHz
A=398.9 nm
M=2mx29.1 MHz 3D-MOT (6s6p)

A=555.8nm
Mr=2nx182kHz

clock transition 0
A=578.42 nm
M<2mx 10 mHz

Magic trapping
wavelength
A=759.36 nm

Levels scheme of Yb 171

June 23 2026, Paris EUREF 2026

PROS
= Clocks based on a 1S, = 3P, transition

(Almost) forbidden transition: natural quality factor
in the 10717 or even 10718 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
19



Capture atoms with magneto-optical traps

Magneto-Optical trapping

Coils

Laser beams

20
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Optical lattices to reach the Lamb-Dicke regime

= Coupling occurs via the polarisability a:

Trapping potential = — 3 agyl(7)

Under certain conditions, if caught in an intense light beam
(intensity I(7)), atoms will seek the maximum of intensity
= Problem: results in possibly very large light shift on every

energy level
1
Vmeasured = Yo — ﬁ (a’e - a’g)I(F) + higher orders

= But there are ‘magic’ crossings where the first-order shift is
identical for both 1S, and 3P,

XOry4 Transverse
profile

2 T T T { T T T T T T / T
M| /
» < | /
> : f
2z Uuxory) i |
= ) /
Tt ll
v [
z /|
Yo Z o [
z f ‘[
Longitudinal = ( /
profile A'_./Q = |
[
4 =1 ‘ | — ground state 'S,
— metastable state °P,
« point of interest

I 1 1 1
1100 1200 1300 1400

1 1 1 j 1 1 1 1
400 500 600 700 800 9200 1000
wavelength A/ nm
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Vacuum systems

=\\e assemble vacuum systems able to reach vacuum as low as 10-1° mbar

22
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High finesse optical cavities

Secondary
cavities

Secondary

cavities
Master

cavity

lon
Getter pump
Copper
finger
Inner
shield
Cavity
Intermediate
shield
Outer shield
(vacuum
chamber) Supporting
foot

23
June 23 2026, Paris EUREF 2026



06

038

Exemple de perturbation : champ magnétique du metro de Paris
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Exemple de perturbation : champ magnétique du métro de Paris

= Drastic change night/day

-41.5
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B field Z, [uT]

-425
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.44 | 1 1 1 1 1 1 1 1 1 2 5
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Exemple de perturbation : champ magnétique du métro de Paris
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Applications of

Atomic clocks




Why do we need clocks?

Metrology: distribute
frequency references,
steer timescales

Test theories of
fundamental Physics

Use the sensitivity
of clocks to turn it
into a detector

June 23 2026, Paris

Clocks
— g/ /1‘7&

Timescales

UTC TAI

EAL
UTC(k)

Possible drift of
fundamental constants ?

8(vsr/ves) _ Y 775_“ _ou

VSr/VCs (24 U

Search for Dark
matter

EUREF 2026

Tests of Lorentz
invariance

On
Earth

Between Earth
and space

Earth Sciences (Chronometric
Geodesy)




Next definition of the second?

10" 10

101
10 12 |

1013 :

Clocks accuracy

10-16 |
10-17 |

10° 18 |

10714 |

10° 15 i

E ® T T T T T T
£ Essen and Parry
° oH 1
E Optical frequency combs ;
Cae
3 ¢ E
E H o ]
3 o @ oH -
Redefinition of the Sl second oH
E ° e Hg", Yb* Ca -
i e S, YbT e
° ®Sr
L T ° o Hg™,-Yb* -
°
. i o}
Atomic fountains oS!
E E
i +
Al =Hg+
+ -
F o Al oS §
[ e Yb" ]
Y% < ol
E[ Microwave clocks e ®-Sr +..:-EAI+
i Optical clocks @ Ca' &
I I 1 | 1 1 1
1950 1960 1970 1980 1990 2000 2010 2020
EUREF 2026
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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 !

29



What’s the plan?

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

Slide provided by Rachel Godun, NPL, UK

30
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Chronometric geodesy

= Gravitational time dilation was predicted by Einstein in 1907

= The rate at which the time runs depends on the referential the
Geodesy — study of the Earth’s
shape and gravity field

clockis 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:

Av AW g.Ah
v ¢z ¢

31
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Chronometric geodesy

= Remote comparisons between clocks provides a Teddington Lille ' A
. (NPL) \ (PhLAM, IRCICA) :
direct access to 4h S e .~ Braunschweig
r° ooy /S S (PTB)
3 \*”:\\77‘\ \ ‘E‘-—]\ Q *
i i 1 o' bz 2 !
= Clocks measure directly the potential (< /), . - g
° ° ® O 1\—/\,,,4./,,\
complementary to measurements performed by ° Paris ’, X
Y (LPL, SYRTE, LKB,— <5 2 & //
. . 1 st . LPENS , LERMA, APC . ° A R
gravimeters (meaure of the field, o< %/ ;) g : LCF, ISMO, LAC) . /
O < 5 Besanc¢on )
o ¢ . (FEMTO-ST,\ o VG NG 5
-18 — Bretagne branch) *®oc g % UTINAM) //“V \ S ot v
= 10 corresponds to Ah=1 cm (FOTON, LANNION, A 3 ) Cenive i \(/\Z*/"“—/
SHOM) R oo Nancay (CERN) \>(’1 2 SR '
. . " . . 9 (USN) A > 7
= Competitive with traditional leveling techniques . 1 A \
¥ OF 7 s /—Tormo
Bordeaux/.\a. g % j . Modane (INRIM)
= LTE started a transportbal Yb clock in 2021, meant e O B Grenoble_{\‘ (LSM)
3 2 (LIPHY) 7
(CNES, LCAR, N "?
to be connected to the relevant of the ~60 outputs ' ¢ miegaue A R, S O palf A
® Repeater Laser station ; ® ® ) ——} -~ ice o
. ® Brillouin Amplifier \‘“\f\/_“ ©  Marseille (OCA, Artemis) °
of the REFIMEVE+ infrastructure to compare o' S aleetinal wnfiies “c\ i R ey
) . Network to be' completed Copyright SYRTE/LPL g
remotely to the ~12 European stationary optical el (R. Le Targat/F. Meynadier/P.E. Pottie)
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DE LINFORMATION
GEOGRAPHIQUE
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Construction of two apparatus in parallel

a
Atomic Transverse Zeeman Atomic Atomic
ROYMAGE o

Oven cooling slower loader

(hoRloge Optique a Ytterbium Mobile
Appliquée a I'exploration GEodésique)

RAZPOUTYNE

(RAlentisseur Zeeman et Piege
magnéto-Optique Unifiés pour
capTurer I’Ytterbium NEutre)

June 23 2026, Paris U EUREF 2026 4




First cold atoms on ROYMAGE

, = First 3D 399 nm Yb MOT in March 2025
\" ¢ \ Y Loading time estimated
TREL<E > @) to 168 ms
| - Number of atoms 3 x 107
{l a b with Zeeman slower

A .

June 23 2026, Paris




Using optical clocks to measure height differences

Laboratory-based Al*
clocks

Av/v,=(4.1+1.6)x 10V

Ongoing work in the
Colorado by the Yb team

June 23 2026, Paris

150 km optical fibre link connecting

Transportable Sr clock at Modane Transportable Sr clocks at

Cs laboratory clock at INRIM Skytree broadcasting tower
Av/vy=(111.6 £1.9) x 10 Av/v, = (49,337.8 £ 4.3) x 1018

Slide provided by Rachel Godun, NPL, UK
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PHARAO-ACES: a microwave clock in the ISS

Cs clock in the space station
Finally Launched in 2025
Lifetime = 3 years+

Tests of gravitational red-shift

YV V V V VY

Many technical difficulties since ... 1995

36
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Take home messages

= 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

37
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