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Atom Interferometry in a Nutshell

Measurement based on an ensemble of effective 2-level 

systems, coupled with light pulses with opposite k-vectors

Measure relative acceleration between 

the free falling atoms and the mirror

𝜙 = 𝑘eff ⋅ Ԧ𝑎𝑇
2

• Ultra-cold single atoms 
freely falling under gravity

• Positions interrogated by 
three laser pulses

• Accurate and stable, 
governed solely by 
ℏ, 𝑐, 𝜆𝑙𝑎𝑠𝑒𝑟

Unique Features:
• Freely falling atoms as reference 

=> Ideal inertial sensor
• Fundamental constants as scaling factor

=> Stability and accuracy
• Matter-wave interference 

=> Quantum effect (cf. classical or GR)
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FIG. 1. P r incip le of a l ight -pulse cold-at om iner t ial sensor . (a) Three-level atom coupled to two counter-propagat ing
laser beams. The atom is subject to a st imulated two-photon process by absorpt ion of a photon from laser 1 and st imulated

emission of a photon in the mode of laser 2. This level diagram is typical of alkali atoms with two hyperfine ground states and
an excited state manifold from which the two lasers are detuned in frequency by ∆ . The t ransit ion between internal states

is accompanied by a change of momentum given by ~(~k1 − ~k2) ⌘ ~~ke↵ . (b) A sequence of three light pulses allows to split ,
deflect and recombine the atomic waves to form an atomic Mach-Zehnder interferometer. The detect ion of the atom state at

the output yields the atomic interference which is modulated by the di↵ erence of phase along the two arms. (c) Example of
arrangement of the laser beams in the vert ical direct ion in which atoms are free falling.

- Non magnet ic materials
- Pressure < 10− 9 mBar
- Magnet ic shields
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Cont r ol syst em

- CPU cont rolled
- Digital & Analog outputs
- µs accuracy
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- Laser power ⇠ 1 W
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( ⇠ − 100 dBc/ Hz at 10 kHz)
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Supp. I nst r um .

- ...

V ibr at ion noise r educt ion

- Acoust ic isolat ion

- Detect ion/ imaging system

- Collimators (waist ⇠ 1 cm)

- Stable fiber dist ribut ion system

- Frequency agility ⇠ 1 GHz

FIG. 2. Over v iew of t he syst em s r equ ir ed in a cold-

at om iner t ial sensor .

The int rinsic sensit ivity of these sensors is limited by
the noise on the measurement of the t ransit ion probabil-
ity, and ult imately by the so-called quantum project ion
noise result ing from the project ive measurements of the
populat ions in the two ports of the interferometer20.

II I. SYSTEM ENGINEERING

The hardware common to all cold-atom inert ial sen-
sors consists of a vacuum chamber where the atoms are
interrogated, a laser system required for cooling, manip-
ulat ing and detect ing them, an automat ized cont rol sys-
tem to operate and interface the inst ruments, and some
auxiliary inst rumentat ion to stabilize the experiment . A
general view of the di↵ erent sub-syst ems is presented in
figure 2.

A. Vacuum system and cold-atom source

At first , a sample of cold atoms is prepared in an Ult ra-
High Vacuum (UHV) chamber surrounded by magnet ic
shields, using standard laser cooling methods. The level
of vacuum in the chamber must be below 10− 9 hPa in
order to be non limit ing for the coherence of the system
with atoms evolving freely during hundreds of ms. Such
UHV level is reached with combinat ions of pumping tech-
nologies such as turbomolecular pumps during backing
of the chamber, and get ter and ion pumps after baking.
Moreover, the vacuum chamber shall be made of non-
magnet ic materials (e.g. T itanium, aluminium, glass ...)
in order to limit the magnet ic field gradients which are a
source of st ray forces owing to the second order Zeeman
e↵ ect (for atom interferometers operat ing on t ransit ions
insensit ive to thefirst order Zeeman e↵ ect ). When metal-
lic, the chambers are machined to accommodate typically
a dozen of opt ical windows. They are interfaced with
coils that generate magnet ic fields: a magnet ic gradi-
ent for the MOT phase and an homogeneous bias field
for the interferometer itself. Most often alkali atoms are
used, and a preferred choice is 87Rb (interrogat ion wave-
length on the D2 line λ = 780 nm (Ref.21)). Loading of
a 3 dimensional Magneto Opt ical Trap direct ly from a
background vapor22 or the intense flux of a 2D MOT23

allows for gathering of order of 108 atoms in 100 ms.
Deep molasses cooling allows reaching temperature close
to the recoil limit of the order of 2 µK. Atoms are then
launched upwards in a fountain geometry24, or simply
released in free fall from the molasses25. A sequence of
microwave, pusher, and eventually Raman, pulses is then
used to prepare the atoms in a pure Zeeman insensit ive
mF = 0 state, eventually with a narrower velocity dis-
t ribut ion. This preparat ion phase reduces the sensit iv-
ity of the source to st ray magnet ic field fluctuat ions and
increases the cont rast of the interferometer, which is in
general limited by the finite velocity spread of the source.
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Inertial Navigation

Apollo 11

Atomic sensors
• Accelerometer

• Bias stability < 10-10 g
• Noise < 10-8 g/Hz1/2

• Scale factor < 0.0001 ppm
• Gyro

• Bias stability < 60 µdeg/hr
• Noise < 3 µdeg/hr1/2

• Scale factor < 5 ppm

• No moving parts!!

https://doi.org/10.1016/j.cja.2014.12.001

Atomic sensors

https://doi.org/10.1016/j.cja.2014.12.001
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Earth Science

https://grace.jpl.nasa.gov/resources/6/grace-global-gravity-animation/

https://www.nasa.gov/feature/jpl/grace-fo-satellite-switching-to-backup-instrument-processing-unit

• Gravity Recovery And Climate Experiment 
Follow-On (GRACE-FO)

• Gravity field and steady-state Ocean 
Circulation Explorer (GOCE)

• Invaluable for climate change study
• Performance limited by onboard 

accelerometer

https://www.esa.int/Applications/Observing_the_Earth/GOCE

https://grace.jpl.nasa.gov/resources/6/grace-global-gravity-animation/
https://www.nasa.gov/feature/jpl/grace-fo-satellite-switching-to-backup-instrument-processing-unit
https://www.esa.int/Applications/Observing_the_Earth/GOCE
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Earth Science 
– Gravity Gradiometry

Atom interferometers can enable mapping of Earth’s gravity

4

Use or disclosure of data contained on this slide is subject to the restrictions of the cover sheet of this brief.

g1

g3

g4

g2

Gravity Map

g1

g3

g2

g4

Interference Fringe

� 1,3

� 2

� 4

Flooding in the Amazon Basin
⇨ Increased gravity (gradient) g2

⇨ Atom falls farther from laser
⇨ Advances phase on fringe � 2

Drought in India & Southeast Asia
⇨ Decreased gravity (gradient) g4

⇨ Atom falls less far from laser
⇨ Retards phase on fringe � 4

B. Saif, S. Luthcke, L. Callahan, A. Sugarbaker, and A. Rakholia, “AI Gravity Gradiometer for
Earth Science,” 2nd Quantum Technology - Implementations for Space Workshop 2017
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S.-w. Chiow, J. Williams, and N. Yu, “Laser-ranging long-baseline differential atom 
interferometers for space,” Phys. Rev. A 92, 063613 (2015).

Considering the particular scenario mission of Low-Low Satellite-to-Satellite Tracking 

Hybrid Electrostatic-Atomic accelerometer for space missions 

 
- Laser interferometer : Inter-sat. distance 

- ElectroStatic acc. : Dragg forces 

Instrument limited at low frequency  

by the ES acc. 

Idea of adding an Atom acc. to the instrument payload to correct the drift of the ES acc. 

3 

Future work with TUM (Technical University of Munich) to 

assess the potential of such configuration 

C. Diboune et al, “Hybrid Electrostatic-Atomic accelerometer for space missions,”
2nd Quantum Technology - Implementations for Space Workshop 2017

• AI: long-term stability allows better gravity recovery
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Planetary Science 
– Navigation and Gravity

Miniature Atomic Drag-free Reference Instrument

MADRI (~ 4 kg and 4 liters) 
The instrument collects and laser-

cools an ensemble of atoms. The 

cold atoms are then left totally 

freefall in vacuum. A laser is used 

to measure the relative motion 

between the spacecraft and the 

freefall atoms. 

Spacecraft 

Planetary body Radio tracking 

station 

Radio link:  
Spacecraft orbital 

determination which 

leads to gravity and 

atmosphere drag through 

modeling 

S.-w. Chiow and N. Yu, “Compact atom interferometer using single laser,” Appl. Phys. B 124 (6), 96 (2018)

• Orbit determination of spacecraft via radio tracking helps measuring 
gravity of celestial bodies.

• Interior composition of planets (including the Moon) is determined.
• Non-gravitational forces limit gravity recovery.
• AI onboard spacecraft can serve as ideal test mass to remove such 

disturbances.
• Better planetary science (cf. BepiColombo)
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Planetary Science 
– Atomic Seismometer

NASA Development and Advancement of Lunar Instrumentation Program (DALI)

• Surface seismometer provides another means to study planetary interior.
• Apollo 11 on the Moon, InSight on Mars
• Tidal effects only measured on Earth, but invaluable for planetary studies.
• Atomic seismometer/gravimeter can have sensitivity and stability to explore 

new frontiers.

Laser ruler for 
relative motional 

measurements

Atoms on free 
fall under ! " ##$

Reference mirror, 
rigid coupling to 
the lunar surface
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Astrophysics 
– Gravitational Wave Detection

Megaparsecs…

Gravitational waves science:

New carrier for astronomy:  Generated by moving mass instead of electric charge

Tests of gravity:  Extreme systems (e.g., black hole binaries) test general relativity

Cosmology:  Can see to the earliest times in the universe

L (1 + h sin(ωt ))

strain

frequency

Gravitational Wave Detection

Mid-band Atomic Gravitational Wave Interferometric Sensor (MAGIS) arXiv:1711.02225
Atomic Experiment for Dark Matter and Gravity Exploration in Space (AEDGE) arXiv:1908.00802
Atom Interferometer Observatory and Network (AION) https://indico.cern.ch/event/802946/
“Space Atomic Gravity Explorer” (SAGE) arXiv:1907.03867

• Gravitational waves cause spacetime to ring.
• Laser ranging between inertial references picks 

up the call.
• Atoms are ideal inertial reference, and can 

remove laser noise with clever arrangements.
• Complementary to LISA and LIGO

LISA
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Astrophysics – Dark Matter

https://science.nasa.gov/astrophysics/focus-areas/what-is-dark-energy
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Ultralight scalar dark matter

Ultralight dilaton DM acts as a background field (e.g., mass ~10-15 eV)

Electron

coupling
Photon

coupling
DM scalar 

field

+ …

e.g., 

QCD

DM coupling causes time-varying atomic energy levels:

DM 

induced 

oscillation

Time

Dark matter 

coupling

DM mass 

density

Courtesy of Jason Hogan!

MAGIS,AION,AEDGE,SAGE,…

• DM couples to fundamental constants
• Big portion of energy spectrum not explored by high 

energy particle accelerators
• Atomic transition frequency changes when DM 

passes by.

Matter Dark Matter

Observatory Project/Missions
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Astrophysics – Dark Energy

NASA Innovative Advanced 
Concepts (NIAC)

• Dark energy not one of the 
known forces.

• Local scale measurements are 
consistent with known forces.

• DE could be screened.
• DE models imply minute extra 

forces
• Atoms allow direct search for 

extra forces in the solar system. 

Dark energy
(what is)

DIRECT DETECTION

Matter Dark Matter Dark energy 
(how much)

Observatory Project/Missions

+

� � =
� � eff
� �
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Fundamental Physics 
– the Equivalence Principle

The Space-Time Explorer and 
Quantum Equivalence Space Test 
(STE-QUEST)
FPM-SA-Dc-00001

Gravity effects on two different atomic species are compared in space

gA = gB?

Quantum Test of Equivalence Principle and 
Space Time
(QTEST)
doi:10.1088/1367-2630/18/2/025018

David Scott on the Moon, 1971

https://youtu.be/5C5_dOEyAfk

• Objects of different composition fall at the 
same rate. Apollo 15 on the Moon.

• MICROSCOPE uses different metal alloys 
and tests down to 10-14

• Atomic tests will be quantum and aiming at 
10-16
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Cold Atom Laboratory 
Orbiting on ISS

NASA/JPL Cold Atom Laboratory (CAL) on ISS
(Launched in May 2018, now operating in space)

CAL Science module

NASA 
Video

First BEC results on orbit!
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Deep Space Atomic Clock (DSAC)

Todd Ely;  Mission Principal Investigator/Project Manager

Robert Tjoelker and John Prestage;  Ion Clock Co-Investigators

Launched in June 2019 

Ultra-Stable
Oscillator (USO)
Local Oscillator (FEI)

DSAC Demo Unit (DU)
Atomic Resonator (JPL)
V: 285 x 265 x 228 mm
M: 16 kg, Physics Pkg – 6.6 kg
P: 50 W, Physics Pkg – 17 W

GPS Receiver
Validation System (JPL-Moog)

DSAC TDM Payload

Launched
USAF STP-2 
(Falcon Heavy)
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Miniature Atomic Drag-free Accelerometer 
for GPS denied environment

JPL quantum gravity gradiometer JPL miniature atomic accelerometer

Ongoing effort
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Summary

• Atom interferometer technology has advanced beyond 
research laboratory and is taken off in the practical 
applications.

• Atomic quantum sensors enable a broad range of 
applications in space in LEO and in the solar system.

• Technology advancement and maturation for space 
environment are ongoing.

• Atomic quantum sensors are still at infancy and innovative 
methods are still being discovered.


