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Introduction

1. Motivation: The strontium atom (Sr)

• Sr clock transition  good for atomic clocks & clock interferometers

2. Pathfinders: Terrestrial projects using Sr

• Transportable atomic clocks

• Large-scale clock interferometers: MAGIA-adv, MAGIS, AION, VLBAI [Yb, not Sr]
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The Sr atom

Features

• Blue and red 
cooling transitions

• “Clock” transition

Field-insensitive

𝜏 ≈ 120s

Δ𝑓0 ≈ 1 mHz

24/09/2021 2Motivation: Why Sr?

Image: Sr atoms in an optical lattice clock at NPL, UK
W. Bowden et al. Scientific Reports 9, 11704 (2019) Similar to other atoms Yb, Cd, Hg…
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Atomic clocks

- SI second; geodesy; navigation

- Tests of general relativity1

- Ultralight dark matter2,3

- Gravitational waves (space)4

[1] M. Takamoto et al. Nature Photonics 14, 411-415 (2020)
[2] A. Arvanitaki et al. Phys. Rev. D 91 015015 (2015)
[3] C. J. Kennedy et al. Phys. Rev. Lett. 125, 201302 (2020)
[4] S. Kolkowitz et al. Phys Rev. D 94, 124043 (2016)

Kurt Gibble’s slide from 23/09/2021 – “Space Clock Projects US”

Optical lattice 
clocks:
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Transportable atomic clocks

M. Takamoto et al. Nature Photonics 14, 411-415 (2020)

S. Origlia et al.
Proc. SPIE 9900, 990003 (2016)

PTB: clock in a trailer

S. B. Koller et al. Phys. Rev. Lett. 118, 073601 (2017)

“SOC2” project

Space Optical Clock

Tokyo skytree

Two clocks

𝜎𝑠𝑦𝑠 = 3.5 × 10−18

 Test of GR

J. Grotti et al. Nature Physics 14, 437-441 (2018)
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Clock interferometers

Measurement of ΔL/𝑐
insensitive to laser noise

Main detector goals

• Gravitational waves 
(0.01 Hz - few Hz)1

• Ultra-light dark matter2

Sensitivity ∝ length 𝐿
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[1] P. Graham et al. PRL 110 171102 (2013)
[2] P. Graham et al. PRD 93 075029 (2016)

From John Ellis slides 23/09/2021:
“AEDGE: Atomic Experiment for Dark Matter and Gravity Exploration”
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MAGIS (Fermilab & Stanford)
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MAGIS (Fermilab & Stanford)

- 100-meter baseline atom interferometry in existing shaft at Fermilab1

- Intermediate step to full-scale (km) detector for gravitational waves

- Jan 2019: Project starts. 2020: First demo of large momentum transfer on a clock atom2

[1] M. Abe et al. Quantum Science and Technology 6, 044003 (2021)
[2] J. Rudolph et al. Physical Review Letters 124, 083604 (2020)

Image credit: Jason Hogan
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AION (UK)

- Project start date: May 2021

- Five new Sr interferometry labs in the UK

- 10-meter baseline atom interferometer in a spiral staircase at Oxford

- Future plans for km-scale detector  detect dark matter and gravitational waves1

[1] L. Badurina et al. Journal of Cosmology and Astroparticle Physics 5, 011 (2020) 
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AION (UK)

Detector sensitivity limit ~
𝑛𝐿𝑇

𝛿𝜙𝑛𝑜𝑖𝑠𝑒

Strategies to improve sensitivity:

- Large momentum transfer 𝑛

- Low noise 𝛿𝜙𝑛𝑜𝑖𝑠𝑒

More atoms Squeezing

First few months since starting in May 2021:
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MAGIA-adv (Sardinia)

100 m baseline interferometer in Sardinia: Rb & Sr

Pathfinders from G. Tino labs:

MAGIA – big G (Rb)1 Clock interferometry (Sr)2

[1] G. Rosi et al. Nature 510, 518-521 (2014)
[2] L. Hu et al. Phys. Rev. Lett. 119, 263601 (2017)

Image: Guglielmo Tino, proposed MAGIA-adv layout
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VLBAI (Germany)

15 meter baseline atom interferometry 

with two atoms: 87Rb and 170Yb

 Test of the Universality of Free Fall1

Technology innovations

Yb source2; magnetic shielding3; gravity modelling4

June 2019: Twitter @VLBAI_Hannover

[1] J. Hartwig et al. New Journal of Physics 17, 035011 (2015)
[2] E. Wodey et al. J. Phys B: At. Mol. Opt. Phys. 54, 035301 (2021)
[3] M. Schilling et al. Journal of Geodesy 94, 122 (2020)
[4] E. Wodey et al. RSI 91, 035117 (2020)
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Outlook for clock interferometers

Current ground-based state of the art1

Olivier Carraz slide from 23/09/2021 – “ESA Perspective on Cold Atoms in Space”

How can we 
bridge this gap?

𝜎𝑛𝑜𝑖𝑠𝑒 ∝
1

𝑘𝑒𝑓𝑓𝑇
2 𝑁𝜁

[1] Asenbaum et al. PRL 125, 191101 (2020) 
– 10 m 87Rb/85Rb equivalence principle test

Big tubes (or ugravity) help!
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Sr labs with other goals

[1] C-C. Chen et al. arxiv:2021.07605 (2020)
[2] A. W. Young et al, Nature 588, 408-413 (2020)
[3] I. S. Madjarov et al. Nature Physics 16, 857-861 (2020)
[4] S. S. Kondov et al, Nature Physics 15, 1118-1122 (2020)

Image: JILA (Colorado), Kaufman lab

Tweezer arrays2

Sr2 molecules4

Image: Columbia, Zelevinski lab

Continuous Sr BEC “atom laser”1

Image: Amsterdam, Schreck lab

Image: Caltec, Endres lab,3
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Summary

1. Motivation: The strontium atom (Sr)

• Sr has a “clock” transition, good for atomic clocks & clock interferometers

2. Pathfinders: Terrestrial projects using Sr

• Transportable atomic clocks

• Large-scale clock interferometers: MAGIA-adv, MAGIS, AION, VLBAI [Yb, not Sr]

3. Several projects under construction  technology fast developing
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ZAIGA (China)
Image: Ming-Sheng Zhan et al. International Journal of Modern Physics D 29, 4, 1940005 (2020)
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ZAIGA (China)

Image: Ming-Sheng Zhan et al. International Journal of Modern Physics D 29, 4, 1940005 (2020)

Several experiments:

- Gravitational wave detection using 

three 5 m Rb interferometers

- Gravitational redshift between Sr 

clocks AC1 and AC2


