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LARGE SCALE ATOM INTERFEROMETRY 

TO EXPLORE FUNDAMENTAL PHYSICS  

Oliver Buchmueller, 

Imperial College London, Oxford University, Royal Society Leverhulme Trust Senior Research Fellow

A UK Atom Interferometer 

Observatory and Network 
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Light vs. Cold Atoms: Atom Interferometry

Light 

interferometer

Atom 

interferometer

Atom

http://scienceblogs.com/principles/2013/10/22/quantum-erasure/

http://www.cobolt.se/interferometry.html

Light fringes

B
e

a
m

s
p

litte
r

B
e

a
m

s
p

litte
r

M
irro

r

Atom fringes

Light
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Simple Example: Two Atomic Clocks

Time

Phase evolved by atom after time T

Atom 

clock

Atom 

clock

Courtesy of Jason Hogan!
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Simple Example: Two Atomic Clocks

GW changes 

light travel time

Time

Atom 

clock

Atom 

clock
Courtesy of Jason Hogan!
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Simple Example: Two Atomic Clocks

Time

Atom 

clock

Atom 

clock

DM cloud changes 

atom frequency

DM coupling 

causes time-

varying 

atomic energy 

levels:

DM 

induced 

oscillation
Dark matter 

coupling
Time

Courtesy of Jason Hogan!
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AION Project in the UK

L. Badurina et al., AION: An Atom Interferometer Observatory and 

Network, JCAP 05 (2020) 011, [arXiv:1911.11755]

14.7m

10.0m

7.7m

5.0m

Feed through 

to laser lab

AI-10

Ground level

Project executed in 

national partnership 

with UK National 

Quantum 

Technology Hub in 

Sensors and Timing, 

Birmingham, UK, 

and international 

partnership with The 

MAGIS Collaboration 

and The Fermi 

National Laboratory, 

US  

To push the state-of-the-art single photon Sr Atom Interferometry, the 

AION project builds dedicated Ultra-Cold Strontium Laboratories in: 

Birmingham, Cambridge, Imperial College, Oxford, and RAL

The laboratories are expected to be fully operational in summer 2023. 
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The AION Programme consists of 4 Stages 

Ç Stage 1: to build and commission the 10 m detector, develop existing technology and the 

infrastructure for the 100 m. 

Ç Stage 2: to build, commission and exploit the 100 m detector and carry out a design 

study for the km-scale detector. 

ü AION was selected in 2018 by STFC as a high-priority medium-scale project.

üAION will work in equal partnership with MAGIS in the US to form a ẮLIGO/Virgo-styleắ 

network & collaboration, providing a pathway for UK leadership. 

Stage 1 is now funded with about £10M by the QTFP Programme and other 

sources and Stage 2 could be placed at national facility in Boulby or 

Daresbury (UK), possibly also at CERN (France/Switzerland). 

Ç Stage 3: to build a kilometre-scale terrestrial detector. 

Ç Stage 4: long-term objective a pair of satellite detectors (thousands of kilometres scale) 

[AEDGE proposal to ESA Voyage2050 call]

ü AION has established science leadership in AEDGE, bringing together collaborators  

from European and Chinese groups (e.g. MIGA, MAGIA, ELGAR, ZAIGA).

Stage 3 and 4 will likely require funding on international level (ESA, EU, etc) and AION 

has already started to build the foundation for it. 

L ~ 10m

L ~ 100m

L ~ 1km
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Ground Based Large Scale O(100m) Projects

MIGA: Terrestrial detector using atom 
interferometer at O(100m)  

(France)

ZAIGA: Terrestrial detector for large scale atomic 

interferometers, gyros and clocks at O(100m)

(China)

MAGIS: Terrestrial shaft detector 
using atom interferometer at 

O(100m)  

(US)

AION : Terrestrial shaft detector 
using atom interferometer at 10m 

ïO(100m) planned 

(UK)

Planned network operation

VLBAI:
Terrestrial tower 

using atom 
interferometer 

O(10m)  

(Germany)
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Ground Based Large Scale O(100m) Projects

MIGA: Terrestrial detector using atom 
interferometer at O(100m)  

(France)

ZIGA: Terrestrial detector for large scale atomic 

interferometers, gyros and clocks at O(100m)

(China)

MAGIS: Terrestrial shaft detector 
using atom interferometer at 

O(100m)  

(US)

AION : Terrestrial shaft detector 
using atom interferometer at 10m 

ïO(100m) planned 

(UK)

Planned network operation

VLBAI

VLBAI:
Terrestrial tower 

using atom 
interferometer 

O(10m)  

(Germany)
Example of large-scale CA projects that act as demonstrators for 

GW mid-frequency band and DM detectors. 

All these projects are represented in the AEDGE consortium and now are also part of the Cold 

Atoms in Space Community.  

Each project requires an investment of O(10M) currency units. 

All projects (AION, MAGIS, MIGA, VLBAI, ZIGA) 

are funded by national funding agencies and foundations. 

Timeline 2020 to 2025ish 
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International Organisation Committee

Kai Bongs, University of Birmingham, UK

Philippe Bouyer, CNRS, InstitutdôOptique, France

Oliver Buchmueller, Imperial College London, UK

Benjamin Canuel,CNRS, InstitutdôOptique, France

Maril½Chiofalo, University of Pisa and INFN Pisa, Italy

John Ellis, Kingôs College London, UK

NaceurGaaloul,Leibniz UniversitªtHannover, Germany

Jason Hogan, Stanford University, US

Timothy Kovachy, NorthwesternUniversity

Ernst Rasel, Leibniz UniversitªtHannover, Germany

Guglielmo Tino, Universitaӡ di Firenze and LENS, Italy

Wolf von Klitzing, IESL-FORTH, Greece

MingshengZhan,Wuhan Institute of Physics and Mathematics, China

LocalOrganisation Committee

Gianluigi Arduini,CERN, Geneva, Switzerland

Sergio Calatroni,CERN, Geneva, Switzerland

Albert De Roeck, CERN, Geneva, Switzerland, and University of Antwerp, Belgium

Michael Doser, CERN, Geneva, Switzerland

Elina Fuchs,CERN, Geneva, Switzerland
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Possible site for a vertical VLBAI at CERN: 140 m deep pit at LHC Pt 

4

PX46 ấP4 Support shaft

Depth 143m, diameter 10.10m 

LHC beam on

Dose equivalent ấcase of beam loss

Shielding wall at the bottom of TX46

Safety, access, evacuation, etc.: demonstrated 

feasibility for 365d/y 24h24 access and AION 

operation, also when the LHC beam is on
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Possible site for a vertical VLBAI at CERN: 140 m deep pit at LHC 

pt.4

PX46 ấP4 Support shaft

Depth 143m, diameter 10.10m 

LHC beam on

Dose equivalent ấcase of beam loss

Shielding wall at the bottom of TX46

Safety, access, evacuation, etc.: demonstrated 

feasibility for 365d/y 24h24 access and AION 

operation, also when the LHC beam is on
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Possible site for a vertical VLBAI at CERN: 140 m deep pit at LHC 

pt.4

PX46 ấP4 Support shaft

Depth 143m, diameter 10.10m 

LHC beam on

Dose equivalent ấcase of beam loss

Shielding wall at the bottom of TX46

Safety, access, evacuation, etc.: demonstrated 

feasibility for 365d/y 24h24 access and AION 

operation, also when the LHC beam is on

Cost Estimate for required 

refurbishment of shaft is rather 

modest!  
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Possible GW Experimental Landscape: 2030ish

Besides probing a 

large range of new 

Ultra-Light DM 

parameter space, a 

~100m experiment 

could also explore 

new territory for 

gravitational waves in 

a yet unexplored 

frequency range.
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International Organisation Committee

Kai Bongs, University of Birmingham, UK

Philippe Bouyer, CNRS, InstitutdôOptique, France

Oliver Buchmueller, Imperial College London, UK

Benjamin Canuel,CNRS, InstitutdôOptique, France

Maril½Chiofalo, University of Pisa and INFN Pisa, Italy

John Ellis, Kingôs College London, UK

NaceurGaaloul,Leibniz UniversitªtHannover, Germany

Jason Hogan, Stanford University, US

Timothy Kovachy, NorthwesternUniversity

Ernst Rasel, Leibniz UniversitªtHannover, Germany

Guglielmo Tino, Universitaӡ di Firenze and LENS, Italy

Wolf von Klitzing, IESL-FORTH, Greece

MingshengZhan,Wuhan Institute of Physics and Mathematics, China

LocalOrganisation Committee

Gianluigi Arduini,CERN, Geneva, Switzerland

Sergio Calatroni,CERN, Geneva, Switzerland

Albert De Roeck, CERN, Geneva, Switzerland, and University of Antwerp, Belgium

Michael Doser, CERN, Geneva, Switzerland

Elina Fuchs,CERN, Geneva, Switzerland

2ndTVLBAI Workshop was held 

in LONDON in APRIL with the 

goal of forming a proto -

collaboration.  

Workshop Summary now 

published with more than 250 co-

authors:  

AVS Quantum Science (Vol. 6, 

Issue 2

https://doi.org/10.1116/5.0185291

DOI: 10.1116/5.0185291

https://doi.org/10.1116/5.0185291
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Physics Potential 

Unlocking the potential for observation of Ultra-Light Dark Matter and Gravitational Waves from 

cosmological and astrophysical sources in the unexplored mid-frequency band
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UNEXPLORED MID-FREQUENCY 

GRAVITATIONAL WAVES 

THE SCIENCE CASE
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Pathway to the GW Mid-(Frequency)
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[ ]

Pathway to the GW Mid-(Frequency)

Mid -band science

Å Detect sources BEFORE they reach the 
high frequency band [LIGO, ET]

Å Optimal for sky localization: predict 
when and where events will occur (for 
multi-messenger astronomy)

Å Search for Ultra-light dark matter in a 
similar frequency [i.e. mass] range 

Mid-Band currently 

NOT covered 
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AION: Pathway to the GW Mid-(Frequency)

Mid -band science

Å Detect sources BEFORE they reach the 
high frequency band [LIGO, ET]

Å Optimal for sky localization: predict 
when and where events will occur (for 
multi-messenger astronomy)

Å Search for Ultra-light dark matter in a 
similar frequency [i.e. mass] range 

AION: 

Terrestrial 

detectors can start 

filling this gap 
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Sky position determination

ͺ

Sky localization 

precision:

Mid-band advantages

- Small wavelength ͺ

- Long source lifetime 

(~months) maximizes 

effective R

Images: R. Hurt/Caltech-JPL; 2007 Thomson Higher Education

R

Courtesy of Jason Hogan!

Ultimate sensitivity for terrestrial based detectors is achieved by operating 2 (or more)

Detectors in synchronisation mode  
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Ultimate Goal: Establish International Network

Illustrative Example:

Network could be further extended 

or arranged differently  



L
a
r
g
e
 
S
c
a
l
e
 
A
I
 
F
o
r
 
F
u
n
d
a
m
e
n
t
a
l
 
P
h
y
s
i
c
s
 
 

2323

Probe formation of SMBHs: Synergies with other GW experiments (LIGO, LISA), test GR

AION Collaboration (Badurina, OB,ΧΣ Wohn Elliset al): arXiv:1911.11755 Badurina, OB, John Ellis, Lewicki, McCabe & Vaskonen: arXiv:2108.02468

Vision for 2045+ 
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ULTRA-LIGHT DARK MATTER
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Search for Ultra-Light Dark Matter
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Linear couplings to gauge fields and matter fermions

!Lhb /ƻƭƭŀōƻǊŀǘƛƻƴ ό.ŀŘǳǊƛƴŀΣ ΧΣ W9 Ŝǘ ŀƭύΥ ŀǊ·ƛǾΥмфммΦммтррΤ .ŀŘǳǊƛƴŀΣ .ǳŎƘƳǳŜƭƭŜǊΣ W9Σ [ŜǿƛŎƪƛΣ aŎ/ŀōŜ ϧ ±ŀǎƪƻƴŜƴΥ ŀǊ·ƛǾΥнм08.02468

Orders of
magnitude
improvement
over current
sensitivities

Search for Ultra-Light Dark Matter
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Other Fundamental Physics 

Ultra-high-precision atom interferometry may also be sensitive to other 

aspects of fundamental physics beyond dark matter and GWs, though 

studies of such possibilities are still at exploratory stages. 

Examples may include:Ẻ

üThe possibility of detecting the astrophysical neutrinos

üProbes of long-range fifth forces. 

üConstraining possible variations in fundamental constants.

üProbing dark energy. 

üProbes of basic physical principles such as foundations of quantum 

mechanics and Lorentz invariance.

A very exciting new research avenue is ahead of us Ẹ.
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BACKUP
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Possible CERN Site for AION 100m

PX46 ấP4 Support shaft

Lengths 143m 

D = 10.10m 

üIdeal basic parameters for 

AION100

First radiation studies are also 

Looking promising but more work is 

needed to determine if PX46 could be a 

valid option for AION 100.  

We are working with PBC Team on 

this feasibility study 

Other site options that are 

currently investigated are the 

national facility in Boulby 

and Daresbury (UK). 
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A 100 Detector at CERN ấSite Investigation

Spectrum similar to that measured at Fermilab for MAGIS

More about the site investigation in the backup 
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AEDGE AND STE-QUEST
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Proposed Road-map 

FP

EO

Technology  

proof of concept 

UFF, AION, 

MAGIS, MIGA, 

ZAIGA

Terrestrial 

Pathfinders
Improved optical 

links (microwave 

and optical) for 

clock comparison 

(Cs + H)  

ACES 

 Raise TRL for Space 

Technology 

Development

Programme 

2022

Sr

FP

EO

AC

FP

EO

AC

FP

AC

Atomic Clock 

Mission
Optical timescale, 

geodesy and 

fundamental physics

 

  

Demonstrator 

for standalone 

CA EO mission 

  

Earth Obs. 

Pathfinder
FP

EO

STE-QUEST-like 

Mission
Equivalence 

Principle and 

Dark Matter 

exploration 

(Rb + K)  

FP

AC

I-SOC 

Pathfinder
AEDGE-like 

Mission 

Ultimate 

sensitivity

Dark Matter 

and

Gravitational 

Waves 

  

FP

Community  Proposal for an ESA Road-Map for Cold Atoms in Space

Main Cold Atom Species 

Sr Strontium Rb Rubidium 

Areas of Relevance  

EO
Earth 
Observation AC

Atomic  
Clocks

Main Milestone Area (colour coded) 

2045
Example: 
Fundamental Physics  FP

Fundamental 
Physics  

2021 2025 2029 2036 2037 20452030

FP

AC

Earth Obs. 

Mission
Standalone Atom 

Interferometer EO 

mission 

  

FP

2038

Further 

improved 

optical links 

for clock 

comparison 

(H)  

Legends:

Rb Rb Sr

Sr Sr Rb SrSr Rb

Rb
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AEDGE: 

Atomic Experiment for Dark Matter 

and Gravity Exploration

Informal Workshop

CERN, July 22/23 2019

Organizers:

Kai Bongs(CA), Philippe Bouyer(CA), Oliver Buchmueller(PP),

Albert De Roeck(PP), John Ellis(PP, Theory), Peter Graham (CA, Theory), 

Jason Hogan (CA), Wolf von Klitzing(CA), Guglielmo Tino(CA), and AtomQT

PP=Particle Physics

CA=Cold Atoms
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AEDGE: 

Atomic Experiment for Dark Matter 

and Gravity Exploration

Informal Workshop

CERN, July 22/23 2019

Organizers:

Kai Bongs(CA), Philippe Bouyer(CA), Oliver Buchmueller(PP),

Albert De Roeck(PP), John Ellis(PP, Theory), Peter Graham (CA, Theory), 

Jason Hogan (CA), Wolf von Klitzing(CA), Guglielmo Tino(CA), and AtomQT

PP=Particle Physics

CA=Cold Atoms

With more than 130 participants

the workshop was very well attended!

The full agenda can be accessed via:
https://indico.cern.ch/event/830432/timetable/

The main scope was to review the

landscape of Cold Atom 

experiments on ground AND in 

space to eventually establish a 

roadmap for technology readiness 

for space. 


