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

e Large-scale clock interferometers: MAGIA-adv, MAGIS, AION, VLBAI [Yb, not Sr]
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The Sr at'om

Features

* Blue and red
cooling transitions

¢ “Clock” transition -

Field-insensitive
T~ 120s
Afy = 1 mHz

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

Optical lattice
clocks:

L)/ ))))mmm))))

gravitational
wave

- Sl second; geodesy; navigation

- Tests of general relativity*
- Ultralight dark matter?3 "

- Gravitational waves (space)?
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Kurt Gibble’s slide from 23/09/2021 — “Space Clock Projects US”

[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)
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Transportable atomic clocks
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S. B. Koller et al. Phys. Rev. Lett. 118 073601 (2017) S. Origlia et al &4
J. Grotti et al. Nature Physics 14, 437-441 (2018)ff | Proc. SPIE 9900, 990003 (2016)
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Clock interferometers

Measurement of AL/c g
insensitive to laser noise Sr ﬂ
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[1] P. Graham et al. PRL 110 171102 (2013) 1 |} From John Ells slides 23/09/2021:

(2] P. Graham et al. PRD 93 075029 (2016) AEDGE: Atomic Experiment for Dark Matter and Gravity Exploration
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MAGIS (Fermilab & Stanford)

Matter-wave Atomic Gradiometer Interferometric Sensor
(MAGIS-100)

Phil Adamson!, Swapan Chattopadhyay'?, Jonathon Coleman®, Peter Graham?, Steve
Geer!, Roni Harnik!, Steve Hahn!, Jason Hogan', Mark Kasevich?, Tim Kovachy®,
Jeremiah Mitchell?, Rob Plunkett!, Surjeet Rajendran?, Linda Valerio! and Arvydas

Vasonis!

L Fermi National Accelerator Laboratory; Batavia, Illinois 60510, USA
2Northern Illinois University; DeKalb, Illinois 60115, USA
3Stanford University; Stanford, California 94305, USA
Y University of California at Berkeley; Berkeley, CA 94720, USA
°> University of Liverpool; Merseyside, L69 7ZE, UK
5 Northwestern University; Evanston, Illinois, USA
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MAGIS (Fermilab & Stanford)

LASER
HUTCH
L — - Elevation Profile View ATOM
: SOURCE
Neutrino Beam Line for MINERvA and MINOS Experiments
Image credit: Jason Hogan ATOM
SOURCE
- 100-meter baseline atom interferometry in existing shaft at Fermilab*
- Intermediate step to full-scale (km) detector for gravitational waves
- Jan 2019: Project starts. 2020: First demo of large momentum transfer on a clock atom?
ATOM
SOURCE

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

Sensitivity L T O Dnoise LMT
Scenario [m] | [sec] | [1/v/Hz] | [number n]
AION-10 (initial) | 10 | 1.4 1073 100
ATON-10 (goal) 10 | 1.4 1071 1000
ATON-100 (initial) | 100 | 1.4 1074 1000
ATON-100 (goal) | 100 | 1.4 1075 40000
AION-km 2000 | 5 |0.3x107° 40000

- Project start date: May 2021

- Five new Sr interferometry labs in the UK

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

........

SSRGS
x‘A

- Future plans for km-scale detector = detect dark matter and gravitational waves*

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

e nLT
Detector sensitivity limit ~ ————
5¢noise
Strategies to improve sensitivity:
- Large momentum transfer n

- Low noise 6 ¢,,pise
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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)? Clock interferometry (Sr)?

A

-

= .

"\, Source masses
/" C configuration

‘ ] "™ Lower cloud

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

100 m S

Ground
level

Cooling &
trapping

Upper interferometer

Cooling &
trapping

Detection

In-vacuo
mirror actuator

Image: Guglielmo Tino, proposed MAGIA-adv layout
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VLBAI (Germany)
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June 2019: Twitter @VLBAI_Hannover

15 meter baseline atom interferometry

with two atoms: 8’Rb and 179Yb

- Test of the Universality of Free Fall*

Technology innovations

Yb source?; magnetic shielding3; gravity modelling®

[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

[1] Asenbaum et al. PRL 125, 191101 (2020)
— 10 m 8Rb/®>Rb equivalence principle test

Current ground-based state of the art?

arbome \ Precision Challenges for Cold Atom Sensors Cesa
for EOP & fundamental physics community
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Fundamental Physics and . .
Quantum Gravity Wave Mission B|g tu bes (Or ugravrty) help |
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Olivier Carraz slide from 23/09/2021 — “ESA Perspective on Cold Atoms in Space”
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Sr labs with other goals

Continuous Sr BEC “atom laser”? Tweezer arrays?

Image: Amsterdam, Schreck lab

[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: Caltec, Endres lab3
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Summary

1. Motivation: The strontium atom (Sr)

 Srhasa “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)

- EP
- CR

-

~
-
~

Zhaoshan (;BLL): a mountain neasuhan, China - EOX SPGB
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ZAIGA (China)

>3
An underground facility for GR tests CJ/AC,
. using large scale Al
Seve ra| experl ments: atom interferometers, clocks and gyros !
® ZAIGA-GW (Gravitational wave detection)
- Gravitational wave detection using  ® ZAIGAEP (Equivalence principle test)
. ® ZAIGA-CE (Redshift measurement, GW prototype)
three 5 m Rb |nterfer0meter5 ® ZAIGA-RM (Rotation measurement) E
=
™
- @ravitational redshift between Sr s 4
clocks AC1 and AC2 §
l Al,
AN\~ W TYAc, I
Al, L ~1/3/10 km Alg

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