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relative precision <10-20

Optical atomic clocks 
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Table-top, low-energy experiments, high precision



Ultracold Sr atoms

106 Sr atoms @ 1 mK



INTERFERENCE OF MATTER WAVES

Matter Wave Interferometry = art of coherently splitting, 
reflecting, and recombining matter waves

Young’s double-slit experiment

S1

S2

source

splitting

free 
evolution

recombination

detection

preparation

A. D. Cronin, J. Schmiedmayer, D. E. Pritchard, Rev. Mod. Phys. 81, 1051 (2009)
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ATOM INTERFEROMETERS

light       matter wave

SPLIT RECOMBINEREFLECT
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∆𝜑 = 𝜑1 − 𝜑2
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Atomic fountains



ATOM INTERFEROMETERS

light       matter wave
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∆𝜑 = 𝜑1 − 𝜑2

𝜔
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half-meter wave packet separation

T. Kovachy et al Nature 528, 530 (2015)

54 cm



ATOM INTERFEROMETERS

light       matter wave
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∆𝜑 = 𝜑1 − 𝜑2
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ATOM INTERFEROMETERS - GRAVIMETERS

light       matter wave

SPLIT RECOMBINEREFLECT
T T

g
|e,p0+hk›

|g,p0›

|g,p0›

|e, p0+hk>

✓  Sensitivity

Δ𝑔

𝑔
=

ΔΦ

Φ
=

ΔΦ

𝑘𝑒𝑓𝑓𝑔𝑇2 ~10−10/𝑔

~1 mrad

~1 s~107 m-1 Rb, Cs, … 
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𝜔

10/02/2025



IMAGING OPTICAL FREQUENCIES
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IMAGING OPTICAL FREQUENCIES

3D lattice clock
@JILA

87Sr
Fermi 

Gas
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2,5 10-19

G. E. Marti, R. B. Hutson, A. Goban, 
S. L. Campbell, N. Poli, J. Ye, 
"Imaging optical frequencies with 
100 μHz precision and 1.1 μm 
resolution", Phys. Rev. Lett. (2018)

Gravitational Red ShiftIMAGING OPTICAL FREQUENCIES
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Gravitational Red Shift

 = 10 -22

dB ≈ 1 m @ 1nK

10 m 

 = 10 -21



✓ Dephasing introduced by
differential time dilation in the
two different paths 1 and 2

✓ Quantum superposition of clocks 
in different locations  

M. Zych et al.  Nature Commun. 2(505), 1498 (2011) 

Observe gravity induced “decoherence” in 
clock interferometers

h

(h = height difference)

✓ Decoherence induced by “which
path” information from clock state

(T=time)

T

✓ Interferometer contrast loss

QUANTUM INTERFERENCE OF CLOCKS
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TWO PHOTONS (BRAGG-RAMAN) – SINGLE PHOTON
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~ 𝐺𝐻𝑧
~ 𝑃𝐻𝑧



SINGLE-PHOTON INTERFEROMETRY WITH STRONTIUM ATOMS

Clock Gradiometer Sr – 698 nm

L. Hu et al., Phys. Rev. Lett. 119 263601 (2017)

Single photon
(momentum states
+ electronic states)

Clock Gravimeter Sr – 698 nm

L. Hu et al., Class. Quantum Grav. 37 014001 (2020)

AION (UK), 
MAGIS (USA), 
…

100 m tower experiments 
on Sr clock interferometry
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‹g,0׀

430 THz

 = 160 s
3𝑃0
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‹e,hk׀

‹g,0׀

430 THz

 = 160 s
3𝑃0

1𝑆0

✓  A new GW Detector

N. Yu, M.  Tinto, Gen. Relativ. Gravit. 43, 1943 (2011)

SINGLE-PHOTON INTERFEROMETRY WITH STRONTIUM ATOMS

✓  LMT with strontium clock transition

P. W. Graham, et al.  Phys. Rev. Lett. 110, 171102 (2013)
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LARGE SCALE ATOM INTERFEROMETERS
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MAGIS 100 
(Fermilab - USA) 

ZAIGA ( Wuhan, 
CHN)

10/02/2025

O. Buchmueller et al. Contemporary Physics, 
64(2), 93–110 (2023)



LARGE FOUNTAINS

AION-10 (Oxford, 
UK)

AION 100 (CERN, CH)
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O. Buchmueller et al. Contemporary Physics, 
64(2), 93–110 (2023)



GRAVITATIONAL WAVES
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Mid freq. band (0.01 – 1) Hz

O. Buchmueller et al. Contemporary Physics, 
64(2), 93–110 (2023)



DARK MATTER SEARCH
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O. Buchmueller et al. Contemporary Physics, 64(2), 93–110 (2023)



CLOCK INTERFEROMETRY CANDIDATES
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SIMULTANEOUS CD-SR INTERFEROMETER

- Very low sensitivity to B & E fields

- Low sensitivity to blackbody shift (Cd!)

J. N. Tinsley and N. Poli, “Exploring Gravity with Ultra-cold Cadmium and Strontium Optical Clocks and Bragg Interferometers,” in ECAMP 13 (2019)

Similar atomic level structure

1P1

3P1

3P0

1S0

cooling

clock

229nm

326nm

332nm
461nm

689nm

698nm
- Presence of clock transitions

- Fermions and bosons available

J. N. Tinsley et al., "Prospects for a simultaneous atom interferometer with ultracold cadmium and strontium for fundamental physics tests”, 
Proceedings Volume 12016, Optical and Quantum Sensing and Precision Metrology II, 1201602 (2022)

Fundamental Physics Tests
- Weak equivalence principle
- Non-classical time dilation effects
- Spin-Gravity Coupling

- 2:1 transition frequency ratio
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(h*T)Sr= 21 m s
(h*T)Cd= 10 m s 

✓ Interferometer contrast modulation

Full revival for h=2 m, time T = 5 - 10 s

g

 Bragg Bragg  Bragg Bragg

Bloch

h

∆T

CdCdCdCdCdCdCdCdCdCdCdCdCdCdCdCdCd

   

Sr as “contrast reference”, observe on Cd faster contrast decay

QUANTUM INTERFERENCE OF CLOCKS
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CD-SR INTERFEROMETRY CHAMBER

- 2m fountain for Cd & Sr

- Cd & Sr loaded from slowed 
atomic beams in separated MOT 

- Optical dipole traps to transfer 
the atoms at the center of the 
fountain tube 

2525

S. Bandarupally, PhD thesis
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CD-SR LAB
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CADMIUM PROPERTIES

106Cd 1.25%
108Cd 0.89%
110Cd 12.47%
111Cd 12.80%
112Cd 24.11%

113Cd(*)  12.23%
114Cd 28.75%

116Cd(*) 7.51%

6 bosons (I=0)
2 fermions (I=1/2)
(*) long lifetime

✔ Interesting possibilities for 
atomic physics study

✔Cold collisional physics

✔Degenerate gas production

✔Quantum information

✔ Favourable wavelength 
ratio of main optical 
cooling & spectroscopy  
transitions 
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COOLING AND TRAPPING CADMIUM

28NICOLA.POLI@UNIFI.IT

Challenges 
• High magnetic field gradient 
• Photoionisation
• Limited power
• Vacuum damage

Advantages
• Huge scattering force
• Small stopping distance

229

Challenges
• Small scattering force
• Low capture velocity

Advantages 
• High power available
• Low Doppler temperature

326

Transition 𝝀(nm) 𝚪/𝟐𝝅 Is (mW/cm2)

1S0 →
1P1 228.8 90 MHz 992

1S0 →
3P1 326.1 67 kHz 0.3

1S0 →
3P0 332 ∼mHz 3x10-9C. Monroe, H. Katori, K. Gibble, S. Truppe 

10/02/2025



I.Counts "Evidence for Nonlinear Isotope Shift in Yb+ 
Search for New Boson", Phys Rev Lett 125, 123002 (2020)

PROBING NEW LONG-RANGE INTERACTIONS BY SPECTROSCOPY
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C. Delaunay, R. Ozeri, G. Perez, and Y. Soreq, Probing atomic Higgs-like forces at the precision frontier, Phys. Rev. D 96, 
093001 (2017).

✔Non linearity in King’s plot



CD BEAM SPECTROSCOPY AT 326 NM

30
S. Manzoor, et al. "High-power, frequency-quadrupled UV laser source resonant with the 1S0-

3P1 narrow 

intercombination transition of cadmium at 326.2 nm", Optics Letters 47 (10), 2582-2585 (2022)

• Spectroscopy and error signal from the atomic beam

• Possibility for high-precision isotope shift measurements  ->> King’s Plots 
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CADMIUM ATOMIC BEAM SPECTROSCOPY

J. N. Tinsley, et al. "Watt-level blue light for precision spectroscopy, laser cooling and trapping of strontium 
and cadmium atoms", Optics Express 29, 25462-25476 (2021)

S. Hofsäss Phys. Rev. Research 5, 013043 (2023)B. Ohayon New Journal of Physics  24 123040 (2022)
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J. N. Tinsley, et al. "Watt-level blue light for precision spectroscopy, laser cooling and trapping 
of strontium and cadmium atoms", Optics Express 29 (16), 25462 (2021)

CADMIUM ISOTOPIC SHIFTS
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PRECISION SPECTROSCOPY OF IODINE MOLECULE
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I2 spectrum @ 652 nm

Cd Spectrum @ 326 nm

S. Manzoor et al., Opt. Express 32, 44683- 44693 (2024)



HYPERFINE PARAMETERS DETERMINATION
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S. Manzoor et al., Opt. Express 32, 44683- 44693 (2024)



COOLING AND TRAPPING CADMIUM

35

S. Bandarupally et al. J. Phys. B: At. Mol. Opt. Phys. 56 185301 (2023)
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COOLING AND TRAPPING CADMIUM
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COOLING AND TRAPPING CADMIUM
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IMAGING DUV - 2D MOT
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DUV 2D MOT - CADMIUM
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MOT signals

Doppler background



DUV 2D MOT - CADMIUM
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MOT signals

Doppler background



CD 332 NM & SR 698 NM CLOCK ATOM INTERFEROMETRY LASERS

• Requirement of high power (> 1 W) and narrow linewidth (Hz level)
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M. Chiarotti et al. Phys. Rev. X Quantum 3, 030348 (2022)



LMT FIDELITY – DEVELOPED LASER

• Can apply this to the measured laser noise
• Using the Rabi frequency expected from the measured power (w = 5 mm)

4210/02/2025 NICOLA.POLI@UNIFI.IT

M. Chiarotti et al. Phys. Rev. X Quantum 3, 030348 (2022)

High finesse cavity @ 332 nm
for UV-DUV lasers frequency 
stabilization
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Paul Robert
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