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Example of Open Questions in Fundamental Physics

üWhat is dark matter made of?

üWhat is dark energy made of?

üWhy is there more matter than antimatter in the universe?

üHow heavy are the neutrinos?  What was their role in the 

formation of the universe?

üIs there a quantum theory of gravity that can describe the 

universe we live in?

üWhat is the number of dimensions in a fundamental 

theory of nature?

üé and many more
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The Centenary of Quantum Mechanics (1925 ï2025)

üWhat is dark matter made of?

üWhat is dark energy made of?

üWhy is there more matter than antimatter in the universe?

üHow heavy are the neutrinos?  What was their role in the 

formation of the universe?

üIs there a quantum theory of gravity that can describe the 

universe we live in?

üWhat is the number of dimensions in a fundamental 

theory of nature?

üé and many more

é and how the Quantum Revolutions could help addressing them 
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üWhat is dark matter made of?

üWhat is dark energy made of?

üWhy is there more matter than antimatter in the universe?

üHow heavy are the neutrinos?  What was their role in the 

formation of the universe?

üIs there a quantum theory of gravity that can describe the 

universe we live in?

üWhat is the number of dimensions in a fundamental 

theory of nature?

üé and many more

é and how the Quantum Revolutions could help addressing them 

The Centenary of Quantum Mechanics (1925 ï2025)
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Example of Open Questions in Fundamental Physics

üWhat is dark matter made of?

üWhat is dark energy made of?

üWhy is there more matter than antimatter in the universe?

üHow heavy are the neutrinos?  What was their role in the 

formation of the universe?

üIs there a quantum theory of gravity that can describe the 

universe we live in?

üWhat can gravitational waves tell us about the universe 

and its fundamental laws?

üWhat is the number of dimensions in a fundamental 

theory of nature?

üé and many more
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Laser Interferometer Experimental Landscape

LIGO Hanford LIGO Livingston

GEO600 KAGRA
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GW detection requires enormous precision

LIGO Hanford LIGO Livingston

GEO600Virgo KAGRA
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Strain sensitivity  

h= ȹL/L ~ 10-21 
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GW detection requires enormous precision

LIGO Hanford LIGO Livingston

GEO600 KAGRA
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So, h=10 -21

implies about 

10-19 m change 

for a GW 

detector like 

Ligo/Virgo (km 

scale) 

Strain sensitivity  

h= ȹL/L ~ 10-21 
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GW detection requires enormous precision

LIGO Hanford LIGO Livingston

GEO600 KAGRA
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So, this implies 

10-21 m for 1m 

and about 10 -19 

m for a GW 

detector like 

Ligo 

Strain sensitivity  

h= ȹL/L ~ 10-21 
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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
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Atom Interferometry and Atomic Clocks 

üAtomic clocks are 

incredibly precise.

üTheir precision is 

equivalent to losing only 

0.5 seconds over the 

entire 13.7 -billion -year 

lifespan of the Universe.

üWe harness this 

unparalleled atomic 

precision and combine it 

with atom interferometry 

to achieve the highest 

possible accuracy and 

sensitivity.
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Atom Interferometry and Atomic Clocks 

üAtomic clocks are 

incredibly precise.

üTheir precision is 

equivalent to losing only 

0.5 seconds over the 

entire 13.7 -billion -year 

lifespan of the Universe.

üWe harness this 

unparalleled atomic 

precision and combine it 

with atom interferometry 

to achieve the highest 

possible accuracy and 

sensitivity.

Atomic clocks are the only quantum 

technology that has truly achieved 

quantum advantage. 
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Atom Interferometry and Atomic Clocks 

üAtomic clocks are 

incredibly precise.

üTheir precision is 

equivalent to losing only 

0.5 seconds over the 

entire 13.7 -billion -year 

lifespan of the Universe.

üWe harness this 

unparalleled atomic 

precision and combine it 

with atom interferometry 

to achieve the highest 

possible accuracy and 

sensitivity.

New ultra -high frequency stability  Sr clock build 
in AION Lab at ICL тbased on a US-UK design 
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Atom Interferometry and Atomic Clocks 

üAtomic clocks are 

incredibly precise.

üTheir precision is 

equivalent to losing only 

0.5 seconds over the 

entire 13.7 -billion -year 

lifespan of the Universe.

üWe harness this 

unparalleled atomic 

precision and combine it 

with atom interferometry 

to achieve the highest 

possible accuracy and 

sensitivity.

New ultra -high frequency stability  Sr clock build 
in AION Lab at ICL тbased on a US-UK design 

Handover from 

refurbishment 

- end 2021 -

Atom Interferometry

Optical Clock

Quantum Computer
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Simple Example: Two Atomic Clocks

Time

Phase evolved by atom after time T

Atom 

clock

Atom 

clock
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Simple Example: Two Atomic Clocks

GW changes 

light travel time

Time

Atom 

clock

Atom 

clock
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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
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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 ñLIGO/Virgo-styleò 

network & collaboration, providing a pathway for UK leadership. 

Stage 1 is funded with more £15M 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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Cambridge  July 2022

Birmingham July 2022

Imperial July 2022

Oxford September 2022

RAL October 2022

Centralised design and production [AVS Quantum Sci. 6, 014409 (2024)]
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Cambridge  July 2022

Birmingham July 2022

Imperial July 2022

Oxford September 2022

RAL October 2022

Centralised design and production [AVS Quantum Sci. 6, 014409 (2024)]

First prototype demonstration of  differential measurement 

technique with free falling Sr87 Atoms - Fall 2024

-- Another World First --

Atomic Clock + Atom Interferometry = Ultimate Precision 
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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)

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)

Examples of large -scale CA projects that act as demonstrators for 

GW mid -frequency band and ULDM detectors. 

All these projects are represented in the TVLBAI Community.  

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

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

are funded by national funding agencies and foundations. 

Timeline 2020 to 2030ish 
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International Organisation Committee
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