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ESA-HQ

ESA-ESTEC

ESA-ESEC

ESA-ESRIN

ESA-EAC

ESA-ESAC

ESA-ECSAT

ESA-ESOC

EUROPE’S SPACEPORT

WHO 23 Member States, 2500+ staff members and total workforce of 6000+

WHY For the peaceful use of space, benefiting all

WHERE HQ in Paris, seven sites across Europe & Spaceport in Kourou

BUDGET €22.3 billion = €40 (< Amazon Prime) per European a year
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SCOPE Active across every area of the space sector

EXCELLENCE World leader in space science & technology

MISSIONS 100+ satellites and spacecraft since 1975 

SPACEPORT 295+ launches from Kourou since 1979
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ESA evolution

10 MEMBER STATES (1975)

23 MEMBER STATES (Today)
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INSIDE ESA Four pillars. One ESA.

SCIENCE SPACE
TRANSPORTATION

EARTH OBSERVATION NAVIGATION COMMERCIALISATION,
INDUSTRY &

COMPETITIVENESS

HUMAN & ROBOTIC
EXPLORATION OPERATIONS TECHNOLOGY

CONNECTIVITY &
SECURE

COMMUNICATIONS SPACE SAFETY



20+ years of Quantum Technologies at ESA
Photon Entanglement over 144 km

Teleportation of Entanglement over 143 km

HYPER
Hyper-precision cold atom

interferometry in space

Space-Time Explorer and
Quantum Equivalence Principle Space Test

2003

2011
2005

2012

2018

2022

2015

Commission and European Space Agency sign EuroQCI 
implementation agreement

2025
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20+ Years of Innovation brings Quantum into Space

21/4/2025: ACES lift off
The Atomic Clock Ensemble in 
Space – ACES carries the most 

accurate atomic timepieces ever 
launched into space

Installed outside the ISS, ACES is 
ready to explore the nature of time, 
test general relativity and pave the 
way for a redefinition of the second
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Quantum in orbit – enabling GNSS and Science

Atomic Clocks for 
Galileo

Quantum Magnetic Field Sensors 
on Juice
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Possibilities for Quantum Sensing (in Space)

Quantum Sensing

Light Matter Interactions

Applications, Techniques, Performance Fundamentals

New development approaches
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• Pure unperturbed, gravitational-less, environment
• Near ideal for laser cooled experiments permitting long interaction times (free falling objects)
• Earth’s gravity is a limitation for the very high performance optical frequency standards (those with 

FFI of 1x10-18or better)- Go to space!

• Can tailor the gravitational interaction (with payload) by optimum orbital choice & design
• Global surface access of the mass being orbited

• Vacuum Conditions (dispersion free) !

• Need to establish special conditions on space platform

Science in space is a complex, expensive and a lengthy process

Attractiveness of Space Laboratory 
+as a unique environment to study and apply physics+
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Space Mission: A system overview
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Maturity of the Technology
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• Physical Properties
• Electrical I/F 
• Random Vibration
• Shock
• Vacuum
• Thermal Vacuum
• Radiation
• Function
• Performance

Space Qualification
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Space Environment
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Atomic Frequency Standards
• Atomic clocks, optical clocks, time & frequency transfer, optical frequency combs / for science or applications 

Atom Interferometers
• Cold atom interferometers for science or applications

Decoherence Experiments
• Decoherence experiments probing quantum gravity of macroscopic quantum mechanics

Post Quantum Cryptography
• Space qualified quantum computing resistant algorithms, hardware and security concepts

Quantum Communication
• Quantum key distribution and (non-QKD) quantum internet applications

Quantum Computing
• Quantum computing algorithms for space applications (earth observation data processing, orbit optimizations, etc.)

Quantum Memories
• Understanding and developing quantum memories for space-based science experiments or applications

Quantum Enhanced Sensing Techniques
• Quantum based magnetometers, Q-LIDAR, Q-RADAR, Q-Imaging

Quantum Random Number Generators
• Space suitable RNGs for quantum or classical security applications based on quantum effects

Quantum in Space: Technical Topics
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• A clock is simply an apparatus that counts a repetitive event
• Swinging pendulum might swing once every second (frequency) and by 

counting the number of swings, one knows how many seconds have passed

• Quartz clock (Piezo oscillations)
• Utilize high frequency vibrations as their ‘pendulum’ and Orders of Magnitude 

more accurate than mechanical clocks

• Atomic Clock
• Utilize atomic state transition from one state to another as their ‘pendulum’
• Can be RF (ground state splitting) or Optical (electronic transition) 
• Cell type, beam type or laser-cooled and trapped

Atomic Clocks
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Measurement evaluation (1)

According to ISO 5725-1, Accuracy consists of trueness (proximity of measurement results to the true value) and stability (repeatability or reproducibility of the 
measurement)

Stability
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Measurement evaluation (2)
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Origin of the two types of Clock Transition

(a) Microwave clocks are based on transitions between states that differ in the relative 
orientation of the electron magnetic moment and the nuclear magnetic moment

(b)  Optical clocks are based on transitions between entirely different electron orbitals

IEEE SENSORS Journal, Vol. 11, No.09, September 2011, Kitching et al
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Components
• Atomic Reference Unit
• Means to create optimum atomic state conditions

• lasers
• Flywheel oscillator to interrogate “clock” transition

• Ultra-stable laser (<100mHz)
• Gearing mechanism to convert >250 THz to a countable 

frequency (MHz/GHz)
• Optical Frequency Comb

• Performance verification
• Stability analysis (Allan Variance), Systematics budget, 

shielding analysis
• Frequency transfer

• Comparison with systems of similar performance
• Applications

Laser prepared Atomic Clocks
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High Stability Rf Atomic Clocks

In orbit
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Atomic clock evolution
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Frequency transmission via optical fiber
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Terrestrial Continental Frequency Metrology

2011 2022: Comparing ultrastable lasers at 7 × 10−17 fractional 
frequency instability through a 2220 km optical fibre network

Schioppo, M., Kronjäger, J., Silva, A. et al. Nat Commun 13, 212 (2022). 
https://doi.org/10.1038/s41467-021-27884-3
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Relativistic Geodesy

geoid

ellipsoidB’’

B’

B

A

C D

E

Geometry measured with GPS 
Gravitational potential measured with optical clocks & satellite two-way links 

Satellite 
link

50 m

clock 
frequency

nB/nA = DTA/DTB = 1 + (VB - VA)/c2

Gravitational 
potential

(x,y,z) (x,y,z)
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Quantum Sensing for Space
Cold Atom Interferometry

Velocity-distribution data of a gas of rubidium 
atoms, confirming the discovery of a new phase 
of matter, the Bose–Einstein condensate.

• Study/observe internal structure of 
free atoms (≠ solid state physics)

• Atom waves potentially more 
interesting than electron or neutron 
waves (neutral + rich internal 
structure)

• Interaction with external electric 
fields and gravity
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Quantum Technology Sensing
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Quantum Technology Sensing
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Road to Space

• In-Orbit Laser cooled 87-Rb Atomic Clock (Chinese 
Academy of Sciences), 2016

• MAIUS (DLR / Hannover), 2017: Sounding Rockets: 
First BEC in space

• Cold Atom Lab (NASA-JPL), 05/2018: Aboard the ISS
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Road to Space

• In-Orbit Cold atom gyroscope (Chinese Academy of 
Sciences), 2024

• Atomic Clock Ensemble in Space (ESA), 2025
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Quantum Sensing for Earth Observation

Cold Atom Accelerometers
Nitrogen-Vacancy Centre Magnetometers
Alkali Vapor Magnetometers
Rydberg Atom Electric Field Sensors
Levitated Nanoparticle Sensors
Quantum Light Sources

We explore quantum sensing concepts to enhance how 
we measure and understand our planet.
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Background: mass distribution and mass transport
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Mass change from gravity

Drought

Water use

Sea level rise

Flood

Ice mass loss

Currents

Earthquakes

Land uplift
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Rodell et al. (2018) Emerging trends in global freshwater availability. Nature, 557:651–659
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How to measure Earth gravity field?
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Background: ESA & NASA cooperation - Joint Mission

37

2002 2009 2023

GRACE

GOCE

GRACE−FO

NASA

ESA

2013 2017 2018

Continuity of
observations

Start of sustained 
observations at higher 

spatial & temporal 
resolutions

Past observations Enhanced continuity 
of observations

~2028
US/DE US/DE

MAGIC
GRACE-C +

NGGM



38

Opportunities for Quantum Gravimetry: long-term 

38

~ 2028

GRACE−FO

Continuity of
observations

long-term infrastructure 

?

?

?

?

new technology (e.g. CAI) can 
augment existing technology and 

measurement concepts
Start of sustained observations at 

higher spatial and temporal 
resolutions

MAGIC
GRACE-C +

NGGM
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Sensitivity in a CAI accelerometer

Chu-Bordé Configuration :

Interferometric signal :
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Quantum Space Gravimetry

1. 2. Hybridization classical accelerometers/CAI for SST

• - improve “classical” space accelerometers at low frequencies (no 
drifts in principle)

1. - raise ‘hybrid accelerometer’ performance to match that of laser 
interferometer

2. - Can be implemented as add-on to existing accelerometer
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1. Cold Atom Interferometer (CAI) interleaved quantum 
gravity gradiometer (QGG)

Leads to potential GOCE mission evolution goals:
- one order of magnitude lower error in gradients
- no drag compensation necessary

• Absolute measurements based on Cold Atom Interferometry (CAI)  
• No drifts, no mechanisms
• In space: long atom interferometry time, but cannot be tested on ground è need in-orbit experiment
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Cold Atom Interferometer Activities for EO

International School on Space Optics 
2025

41

Concepts for Earth Geodesy
1. CAI interleaved gravity gradiometer

2. Hybridization classical accelerometers/CAI

Hardware developments
1. Grating Magneto Optical Trap (MOT)

3. Agile and compact laser system for CAI

Extension of the concepts

2. Compact Vacuum Chamber for BEC

1. Quantum Space Gravimetry for Earth 
Mass Transport

3. Multiple airborne QSG campaigns

2. CASPA for Atmospheric Density Mission
See Wednesday Lecture: 
R. Forsberg - Gravity field 
variations and quantum 
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From classical to quantum gravimetry
1. Cold Atom Interferometer (CAI) interleaved quantum 
gravity gradiometer (QGG)
- Static field already improved in 8 months mission 
(Lifetime for GOCE: 3 years)
- Time variable: Needs 1-2 orders magnitude 
improvement (Sensitivity enhancement, multiple S/C)

2. Hybridization classical accelerometers/CAI for SST

- Drag compensation relaxation
- Low degree improvement (also in Bender configuration)
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(Flechtner et al. 2016)

Main contributors to LL-SST error budget

43

• accelerometer error
• ocean tide aliasing
• atmosphere & ocean aliasing

Instrument errors are currently 
not the only limiting factor of 
gravity field performance.
New sensor technologies have 
to be complemented by 
strategies to reduce temporal 
aliasing:
• Extended constellations
• Improved processing 

strategies
• Improvements in background 

models
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observation errors 
>10 times lower than
temporal aliasing

Ratio between temporal aliasing errors and observation errors

… for GRACE/-FO instrument 
noise

… for best-performing future 
(CAI-) instrument noise

>1.000 times
lower!

no improvements due to
temporal aliasing

Double pair, GFO instrumentation Double pair, CAI + LRI NG

Relative contributions of instrument and background model errors
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Impact of extended constellations
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Size, Weight and Power Requirements
Drag-free and attitude control subsystem Requirements

Parameter Shall be Comments
Rotation Rates
Knowledge of the angular rates: Wx, Wz < 10-6 rad/s

Knowledge of the difference Wy - Worb < 10-9 rad/s Nadir pointing platform moves the 
requirements to AOCS sensors. 

Angular rates Wx, Wz, Wy - Worb < 10-10 rad2/s2/Hz in the [0.01-1] Hz band and above 
< 10-9 rad2/s2/Hz in [0.001-0.01] Hz
< 10-8 rad2/s2/Hz in [0.0001-0.001] Hz

Pointing
Knowledge (and control) < 10-3 rad
Non inertial accelerations
ASD <10-9 m/s2/Hz1/2 @ 0.1 Hz

<10-8 m/s2/Hz1/2 @ 1 Hz
Only as a goal (To avoid phase jump 
between consecutive CAI measurement)

Normalized budgets CAI single axis CAI 3-axes GOCE satellite

Mass (GOCE EGG = 1) 1.4 4.1 6.9

Power (GOCE  EGG = 1) 5.5 16.0 6.0

Cross Section (GOCE
EGG = 1 )

1.6 (Area ^ X)

0.7 (Area ^ Y)

3.1 (Worst)

2.0 (Best)

1.6
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CAI for Geodesy: YES but…



49
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Atomic Based Quantum Technologies

Ground State

Excited State

Δ𝐸 = ℎ𝜈

It all comes down to measuring the frequency of a two level system

*Atom Interferometers
§ Measuring the phase/frequency difference 

of the transition between different paths

*Atomic Frequency Standards & Clocks / 
Rydberg / NV Magnetometers
§ Directly measuring the frequency of a 

special (long-lived) transitions
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The 2 Great Theories of Modern Physics
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Problems, still…
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• Access to sustained microgravity (drag-free) environments.
• e.g., permits unconfined and weak states of quantum matter

• Access to significant variations of gravitational potential and 
acceleration.
• e.g., tests of the Equivalence Principle (gravitational time dilation)

• Access to large distances, velocities, and separations.
• e.g., Test of Local Lorentz Invariance, Local Position Invariance, loophole-free 

Bell tests for hidden variables
• Greatly reduced gravitational and non-gravitational sources of noise.

• Enabling ultra-precise measurements
• Access to vacuum and cold conditions of space.

Again, why Space?
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Clocks
• By monitoring the tick rate (by comparing to other clocks elsewhere), ultra-

precise atomic clocks can search for changes and deviations in gravity, new 
forces, and variations to fundamental constants.

MWI/CAI
• Because the Compton wavelength for atoms are orders of magnitude shorter 

than for photons, the phase change due to forces is orders of magnitude more 
sensitive.

Quantum Metrology
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Entangled Photons
• A space-ground interferometer can be constructed where one path 

spends more time on the ground and the other spends more time 
in space before interfering. 

• Performing this test with both classical and quantum states of light 
will be the first direct-test of quantum field theory in curved 
spacetime, a foundational step forward towards tests of quantum 
gravity.

Quantum Squeezing
• Quantum squeezing exploits entanglement and the Heisenberg 

Uncertainty Principle to exceed the Standard Quantum Limit.

Quantum Metrology
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ESA Strategy 2040 - published 20 March 2025

www.esa.int/About_Us/ESA_Strategy_2040

Quantum sensing,
navigation, T&F,
communication

& resilience

Quantum technology
& computing

Quantum sensing

Quantum sensing
& networks
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Quantum in Space – the future:
Towards Connected Quantum Networks

Quantum Entanglement Networks connecting 
future quantum computers, sensors and clocks

Atomic Clock Networks with 
optical links for new GNSS 

concepts, science and 
metrology

Quantum Sensors for 
earth observation, science 
and inertial navigation

Atomic Clock

Entangled Photon SourceAtom Sensor Chip
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• Presented some background to a subset of instruments based on 
Quantum Sensing 

• Showed some fundamental principles leading to the development of 
instruments based on these principles

• Demonstrated some applications for Earth science and fundamental 
physics

• Hopefully encourage you to explore this field yourself
• ESA needs young well-trained personnel in this domain

Summary
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Upcoming ESA conferences

16th International Conference on Space Optics – ICSO 2026
12 – 16 October 2026 | Sorrento | Italy

8th Quantum Technology Conference
Q4 2027 | Location TBC
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Upcoming ESA conferences



THANK YOU!
olivier.carraz@esa.int

www.esa.int


