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Passive optical clocks

3

Accuracy  ∼ 10-18 
Stability ∼ 10-16 @ 1s
 
Bloom et al, Nature 506, 71 (2014)

,

1. Introduction



Need of better frequency references

4

JILA

NASA

NASA

PTB

- sensitive to potential variations of fundamental constants (≲ 10-16/year) 
Huntemann et al, PRL 113, 210802 (2014)

- sensitive to heights  relativistic geodesy→
Lisdat et al, Nat. Comm 7, 12443 (2016) 

gravitational redshift : 10-16/m ⇒ 10-18 : measurement of the geoid within a cm
 → monitor geophysical/plate subduction processes

Bondarescu et al, Geophys. J. Int. 202, 1770 (2015)
Tanaka&Katori, J. Geod. 95, 93 (2021)- probably sensitive to dark matter (~10-19) 
Derevianko, J. Phys.: Conf. Ser. 723, 012043

- (soon) sensitive to gravitationnal waves (~10-20 τ -1/2), on a different  bandwidth 
than current detectors 

Kolkowitz et al, PRD 94, 124043 (2016)
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Accuracy  ∼ 10-18 
Stability ∼ 10-16 @ 1s
 
Bloom et al, Nature 506, 71 (2014)

Quantum Projection 
Noise (QPN)

(Rabi interrogation)
σQPN ∼10-17 τ-1/2  (N  5000)∼

Mitigation possible by 
squeezing

51. Introduction

Passive optical clocks: limitations



Accuracy <10-18 
Stability ∼ 10-16 @ 1s
 
Bloom et al, Nature 506, 71 (2014)
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Dick effect
Santarelli et al, IEEE Tr 45, 887 (1998)

Quantum Projection 
Noise (QPN)

(Rabi interrogation)
σQPN ∼10-17 τ-1/2  (N  5000)∼

σDick ∼10-16 τ-1/2 (typ.)

6

Mitigation possible by 
squeezing/QND

1. Introduction

Passive optical clocks: limitations



Zero dead-time measurements

7

Oelker et al, Nat. Phot. 13, 714 (2019)

4,8⨉10-17 τ -1/2

NIST (2019):

For a cavity with σy = 6,5⨉10-17

1. Introduction
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Now limited by thermal Brownian noise:
 → increase length  L = 48 cm→

σy ≥ 8  10⨉ -17  (Häfner et al, Optica 40, 2112 (2015))

Sx(f) = Sx
spacer(f) + 2 Sx

substrate(f) + 2 Sx
coat(f)    α T, 

dominated by Sx
coat(f) for silicon spacer

 → use crystalline coatings (Cole et al, Nat. Phot. 7, 644 (2013))

Sx
coat(f)  → Sx

coat(f) /10

→ reduce T  put cavities in cryostats →
(4 K, 16-18 K, 124 K reported, prospects for 100 mK)
σy ≥ 3,5  10⨉ -17 (21 cm, 124 K, crystalline coatings)

   But: - no 50 cm long cavity in a cryostat…
- cryostat = hardly compatible with (future) transportability

Spectral Hole Burning = promising, but still a cryostat S. Zhang PhD thesis

NIST

1. Introduction

How to build better local oscillators ?



Replacing the clock laser by a fluorescing source

  light continuously self-referenced 
to a narrow atomic transition 

Collect fluorescence of “static” atoms on a narrow line

Collecting a useful amount of light ?

P ~ g N (NA²/4p)

9



Replacing the clock laser by a fluorescing source

  light continuously self-referenced 
to a narrow atomic transition 

Collect fluorescence of “static” atoms on a narrow line

Collecting a useful amount of light ?

P ~ g N (NA²/4p)

N atoms

Emitting dipoles with
random phases

Synchronized phases
along a well defined optical mode 

Random interference
Power ~  N

Constructive interference (P ~ N²)
into a directional mode

Superradiance : a regime where 
the dipoles self-synchronize

The cavity plays a lesser role than
in standard lasers
(mostly: defines the mode)

10



The superradiant laser

(Cooperativity C = g²/kg < 1)

k
g,w

Frequency

M
od

e

Bad cavity limit: 
k >> g and the various broadening mechanisms w : 

→ radiation frequency robust to cavity length fluctuations 

→  g²/k = Cg = spontaneous emission rate to the mode
                         (Purcell rate) 

~ linewidth of the superradiant laser

Weak coupling regime : g²/k <  g

Mode defined by an 
optical cavity

k: optical mode lifetime
g : atom linewidth
g : atom-photon coupling 

Cavity pulling resilience ~ w / k

111. Introduction

Cg



Reaching the superradiant regime

Quick photon leakage (k > √N g) 
the electric field E follows the total atomic dipole D

→ One excited atom (dipole <d> = 0) is driven by H = - d.E towards the collective dipole D of the other atoms
     → will then emit in phase with the others

Coherence in the collective atomic dipole
Linewidth can be down to the Purcell rate 4 g2

k ≪k /N photons

Much less photons than atoms in the cavity

For N g²/k >> g, w , 
(NC > 1),
a macroscopic atomic dipole 
becomes stationary

Foundational proposals:
Meiser, Holland,  PRL 102, 163601 (2009): Prospects for a Millihertz-Linewidth Laser
JB Chen 2009, Chinese Science Bulletin 54, 348 (2009) : Active optical clock

E ( t )∼D ( t )

121. Introduction



But : always a finite-duration pulse

Other achievements e.g. in the Tomsen, 
Hemmerich, and Schreck groups

131. Introduction



Current challenge: true continuous operation

Quasi-steady state: can be achieved by repumping (JILA) or by seeding atoms from a metastable state (Copenhagen)

BUT: finite lifetime of the atoms

  → how to bring in new atoms?

(Thermal) Beam operation

Chen, Chin. Sci. Bull. 54, 348 (2009)
Liu et al., PRL 125, 253602 (2020)

Reloading of (cold) atoms
- ring cavity system (JILA)
- cold atomic beam (Amsterdam?)
- refill from MOT (Hamburg)
- sequential reloading (FEMTO-ST)

JILA

Nth = 2/(C γ T2)

142. Challenge



Current challenge: true continuous operation

Quasi-steady state: can be achieved by repumping (JILA) or by seeding atoms from a metastable state (Copenhagen)

BUT: finite lifetime of the atoms

  → how to bring in new atoms?

(Thermal) Beam operation Reloading of (cold) atoms

2. Challenge

LPL FEMTO-ST



163. FEMTO-ST

FEMTO-ST Apparatus: cold ytterbium atoms
with repumping and sequential reloading

Theory by Jana El Badawi 
and Bruno Bellomo



173. FEMTO-ST

Nth = 2/(C γ T2)
171Yb: 7 mHz wide 1S0 → 3P0 transition: threshold atom number 7⨉ smaller than 87Sr
171Yb : I = 1/2 : reduced scattering when repumping wrt 87Sr
But no straightforward reservoir in 3P2 (antitrapped by magic lattice)

1S0

1P1

3P0

3P1

3P2

Cooling
399 nm

Clock
578 nm

Cooling
556 nm

Repumping

(6s6d)3D1

(6s7s)3S1

FEMTO-ST apparatus



ATOMS

P < 10-10 mbars

Yb oven

Atoms

Freq. stabilization

MOT of 171Yb
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Zeeman 
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P < 10-10 mbars

Yb oven

Zeeman 
slower 3 retro-reflected MOT beams
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Freq. stabilization

MOT of 171Yb
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1S0

1P1

3P0

3P1

3P2

Cooling
399 nm

Clock
578 nm

Cooling
556 nm

Repumping

(6s6d)3D1

(6s7s)3S1

3. FEMTO-ST

FEMTO-ST apparatus
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4,7 GHz

3. FEMTO-ST

Iodine measurements
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4,7 GHz

3. FEMTO-ST

Iodine measurements
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4,7 GHz

3. FEMTO-ST

Iodine measurements
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4,7 GHz

3. FEMTO-ST

Iodine measurements
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4,7 GHz
Under further investigation

3. FEMTO-ST

Iodine measurements



263. FEMTO-ST

but ...

108 atoms at <100 µK

Ytterbium ensemble



273. FEMTO-ST

and then (Zeeman viewport) ...

108 atoms at <100 µK

but ...

Ytterbium ensemble



283. FEMTO-ST

and then (Zeeman viewport) ...

HP

HP HP
HP

HP

HP

Work in progress

108 atoms at <100 µK

but ...

Ytterbium ensemble



293. FEMTO-ST

Cavity assembly



303. FEMTO-ST

Cavity in vacuum



313. FEMTO-ST

Work in progress: improve PDH laser lock on the cavity – limited by drifts after 1s
σy(τ) = 2 x 10-12 at 1 s

time (s)
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(τ
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Cavity characterization – short term



3. FEMTO-ST

Thermal expansion coefficient

30°C to 28°C 

14°C to 11°C 

single exponential fit

double exponential fit

One timescale 
τ ≈ 4000 s

Two timescales 
τ1 ≈ 4000 s
τ2 ≈ 9000 s

32

Possible crossing of inversion temperature https://doi.org/10.1364/OE.436112

Cavity characterization – long term



3. FEMTO-ST 33

Optical fiber links



FM – Faraday mirror
OC – optical coupler
FC – frequency counter
PD – photodiode

PLL setup

Full Red Pitaya setup 

3. FEMTO-ST

8open loop
closed loop

 ■ 90 m long fiber link
 ● 1 m long fiber link
▼No optical link

 → OK for optical clock comparison at the 10-18 level

M.Matusko et alI, Rev. Sci. Instrum. 94, 034716 (2023)

More at Jacques Millo’s talk during REFIMEVE AG 34

Optical fiber links



Zeeman
Slower 
output

Cavity spacer

Deflection 
by 20°
(1S0-1P1)

10-100 m/s

Narrow-line 

recoil-limited 

cooling (5 cm)

Zeeman slower

Shield

Cavity mode

Filter against blue photons

Excitation to 3P1
(population inversion)

Strontium 88 superradiant laser on the 7 kHz wide intercombination line 1S0 → 3P1

The LPL atomic-beam architecture

4. LPL



The LPL atomic-beam architecture

Finesse measured in vacuum : 9000 (over ISL 6.6 GHz)
Mirror losses 0.028% reduce outcoupling by a factor ~ 10

Mode waist : 68 µm
g/2p = 20 kHz (rms)
g/2p = 7 kHz
k/2p = 630 kHz
C = 0.1 (spatial mean)

4. LPL



The LPL atomic-beam architecture

Finesse measured in vacuum : 9000 (over ISL 6.6 GHz)
Mirror losses 0.028% reduce outcoupling by a factor ~ 10

Mode waist : 68 µm
g/2p = 20 kHz (rms)
g/2p = 7 kHz
k/2p = 630 kHz
C = 0.1 (spatial mean)

Fluorescence (on broad line) of ~ 1000 atoms 
in the cavity mode, seen from the side

Tunable transit time broadening (40-200 kHz)        
through atomic beam axial velocity : 20 – 100 m/s 

Tunable Doppler shift distribution (down to 100 kHz)  
through atomic beam transverse velocity spread

              (operation starting now)

4. LPL

Atomic beam decelerated 
and deflected by a moving 
optical molasses to the 
cavity



LPL design choices : k

Our experiment is designed around “high” cooperativity to reach threshold at low atomic flux : 
Oven temperature 440 °C →    N ~ 103   → power ~ 50 pW
Although g/2p ~ 7 kHz, each atom emits at rate ~ 100 kHz, and the linewidth is 700 Hz

C  = 2 10-5 → dw = 0.2 Hz
Cavity pulling rejection 0.004
Power 2 µW  

(for 650°C oven … ) 

4. LPL

For metrological application, reduce C (increase k) and use high atomic flux 
→ linewidth reduced g²/k
→ Cavity pulling resilience  ~ 1/ kt



For Doppler spread k dv = 200 kHz,
with 2 109 atoms /s through mode,

w ttransit

k 
dv

 x
 t

tra
ns

it

our experiment at beam velocity 50 m/s

v dv
Tunable transit time and Doppler shift distribution

LPL design choices : mode waist

Theory by S. Jäger et al, 
Phys. Rev. A, vol. 104, 
page 033711, 2021

4. LPL
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k
g,w

4g²/k

Frequency

M
od

e

For us, k ~ 630 kHz,
            w ~ 100 kHz, 

     g = 7 kHz
            4g²/k ~700 Hz

For Doppler spread k dv = 200 kHz,
with 2 109 atoms /s through mode,

our experiment at beam velocity 50 m/s

Tunable transit time and Doppler shift distribution

LPL design choices : mode waist

v dv

4. LPL

Theory by S. Jäger et al, 
Phys. Rev. A, vol. 104, 
page 033711, 2021

Monomode, sub-natural-linewidth



w ttransit

k 
dv
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Theoretical literature of the atomic-beam SR laser 
based on Monte Carlo approaches

Our contribution : 
- a stand-alone theoretical paper (from basics)
- analytical expression for threshold, power, 

          atom-atom and atom-field correlations
- a picture to explain the linewidth < g

Restriction : no Doppler shift, resonant cavity

The LPL atomic-beam architecture : design choices

→ Laburthe-Tolra et al, Scipost Physics Core 6, 015 (2023)
Correlations and linewidth of the atomic beam 
superradiant laser

4. LPL



Laburthe-Tolra et al, Scipost Physics Core 6, 015 (2023)
Correlations and linewidth of the atomic beam superradiant laser

We derive the equations of evolution for:
Intra-cavity atom population inversion (sz)
Intra-cavity atom dipole quadrature (sx,sy or s+, s-)
Intra-cavity field (b, b+)

4. LPL



Within mean field approximation (<A.B> =<A><B>) : 
understand the threshold

Spectral width of external field

Red line : analytical requirement for 
steady-state macroscopic dipole

Plot at
N constant

G: insertion rate: 
GR = G/N: transit rate (Refreshing rate) 

implies

4. LPL

Insertion rate
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At second order in cumulants (<A.B.C> ~ <A.B><C> + <A><B.C> + ...): 
understand the coherence

Sz

Sx

Sy

1
t c=Δw

Collective dipole phase diffusion:

Reminder : the electric field follows the collective atomic dipole

Sz = pop inversion

Sx = 1st dipole quadrature

Sy = 2nd dipole quadrature

2nd order cumulant method,  
steady-state solution

Superradiant

N g2
k GR

Δw→ G
4 ⟨Sx

2 ⟩
(1−4<si

+ s j
− > )→ 4 g

2

k

4. LPL



Developing the two architectures

Optical transitions
The threshold requirement 
NCg > 1/t_transit > k dv
requires more atoms than NC > 1
→ require “broad” line 
g ~ optical recoil energy optimal

Motion essentially frozen
Main condition remains NC > 1
→ Clock-line compatible

Rather low Rather high (trapping, cooling, 
conveyor belt, repumping lasers ...)

Complexity

Shifts No first order transverse Doppler shift
     if cavity symmetric
Second order Doppler shift at 20 m/s : - 1 Hz

Requires “magic” trapping wavelength
Many laser fields (repumping, cav lock)
Complex vacuum system (black body)

Role Optical-domain flywheel From optical-domain flywheel 
to “competitor” to lattice clocks?
→ investigations required on 
     systematic effects5. Conclusion



European Springboard

5. Conclusion 46

QURIOUS proposal (ITN)
Superradiant laser (exp.) 

Superradiant laser (th.) 

QND, squeezing
Industrial partner
Other academic partner



Arts&Science project: « Temps Singulier Chaotique »

5. Conclusion 47

Funded by ANR 
CONSULA project
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