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transportable systems
new applications
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Matter-wave interferometry

Interference of transition amplitudes
P (|ψi〉 → |ψf 〉) = |AI + AII |2 = |AI |2 + |AII |2 + 2Re(AIA∗

II)

de Broglie wave λdB = h/mv

with electrons since 1953
with neutrons since 1974
with atoms since 1991

Initial state

|ψi〉

Final state

|ψf〉path II
amplitude AII

path I
amplitude AI

Quantum interference
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Atom interferometry

atom optics
different internal states/isotopes
phase difference may depend on:

accelerations
rotations
photon recoil
laser phase
laser frequency detuning
electric/magnetic fields
interactions with atoms/molecules

Flux

Δϕ
atomic flux at exit port 1
                     at exit port 2
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Possible applications of AI

Already achieved:
inertial sensing (accelerations, gravity gradients, rotations)

measuring fundamental constants (  , G)

Proposed:
tests of GR (equiv. principle, limits on PPN parameters, Lense-
Thirring, etc. )

GW detection

atom neutrality

testing Newton’s 1/r2 law at short distance

realization of mass unit (Watt balance)

α
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Matter-wave vs optical inertial sensors

a

ΩΩΩ
∆Φrot = 2π 2mat

h A · Ω
∆φmat

∆φph
∼ matλc

h ≈ 5 · 1011

Accelerations

Rotations

∆Φacc = kT 2
drift · a

∆φmat

∆φph
∼

(
c

vat

)2
≈ 1011 ÷ 1017

in principle, excellent sensitivity
good control over systematic effects 

based on quantum matter-light interaction
many “knobs” to tune
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Present limitations of AI

shot-noise limit to sensitivity ~ 
atomic flux ~ 1018 s-1 with H (~ 1011 s-1 with alkali)
in a 1-kW laser the photon flux is > 1022 s-1

much lower path difference than in optical interferometers
better beam splitters, optical cavities

nevertheless AI inertial sensors are already competitive
long term stability (bias & scale factor) and accuracy

future developments to improve sensitivity
large momentum beam splitters
high flux atomic sources
sub-shot noise detection (quantum degenerate gases, etc.)
large size AI, µ-gravity, ultracold atoms

1/
√

Ṅ
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Raman pulse atom interferometer
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Light-pulse AI inertial sensors
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Stanford atom gravimeter

A. Peters, K.Y. Chung and S. Chu, Nature 400, 849 (1999)
H. Müller et al., Phys. Rev. Lett 100, 031101 (2008)

resolution: 8× 10−9 g in 1 second
accuracy: ∆g/g ≤ 3× 10−9 limited by tidal models
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Sanford/Yale gravity gradiometer

J. M. McGuirk et al., Phys. Rev. A 65, 033608 (2002)

limited by QPN
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Stanford/Yale gyroscope

T.L. Gustavson, A. Landragin and M.A. Kasevich, Class. Quantum Grav. 17, 2385 (2000)
D. S. Durfee, Y. K. Shaham, M.A. Kasevich, Phys. Rev. Lett. 97, 240801 (2006) 

sensitivity: 6× 10−10 rad· s−1
√

Hz
scale factor stability < 5 ppm
bias stability < 70 µdeg/h
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Other AI sensors

SYRTE (FR)
absolute gravimeter
gyroscope
six-axis inertial sensor
I.C.E. AI differential accelerometer in parabolic flight 

IQO (D)
CASI gyroscope
QUANTUS drop-tower experiment

JPL (USA)
gradiometer

STANFORD (U.S.A)
transportable multi-axis sensors

MAGIA (IT)
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MAGIA

Measure g by atom interferometry
Add source masses
Measure change of g

Misura Accurata di G mediante Interferometria Atomica

aM

g

http://www.fi.infn.it/sezione/esperimenti/MAGIA/home.html

http://www.fi.infn.it/sezione/esperimenti/MAGIA/home.html
http://www.fi.infn.it/sezione/esperimenti/MAGIA/home.html
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Using atomic probes

Point-like test masses in free fall

virtually insensitive to stray fields

well know and reproducible properties

different states, isotopes

precision measurements by atom 
interferometry
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Atom gradiometer + source masses

Sensitivity 10−9 g/shot
one shot → ∆G/G ∼ 10−2

500 Kg tungsten mass
Peak mass acceleration ag ∼ 10−7 g
10000 shots → ∆G/G ∼ 10−4
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Differential gravity measurement

G. T. Foster et al., Opt. Lett 27, 951 (2002)

∆Φ = kegT 2

T=5 ms
resol. = 2.3× 10−5g/shot

T=50 ms
resol. = 1.0× 10−6g/shot

T=150 ms
resol. = 3.2× 10−8g/shot
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Test of G measure & long term stability

Corresponding to a statistical uncertainty of 300 ppm on G
F. Sorrentino et al., New J. Phys. 12, 095009 (2010)

Comparison between two runs 
in December 2009 and May 2010

First G measurement with 1500 ppm precision, 
G. Lamporesi et al., Phys. Rev. Lett 100, 050801 (2008)
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AI gyroscopes: long term stability

Area reversal
correlations removal

D. S. Durfee, Y. K. Shaham, M.A. Kasevich, 
Phys. Rev. Lett. 97, 240801 (2006) 

sensitivity: 6× 10−10 rad· s−1
√

Hz
scale factor stability < 5 ppm
bias stability < 70 µdeg/h
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Cold atoms gyroscope (SYRTE)

A. Gauguet et al. PRA 80, 063604 (2009)
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New AI gyro at SYRTE

Vertical fountain
four Raman pulses
no acceleration sensitivity
large area (11 cm2)
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Future of AI inertial sensors

Compact and transportable system without performance 
degradation

ground applications (geophysics)

space applications (satellite geodesy, inertial navigation, 
tests of fundamental physics): 

Novel schemes to improve sensitivity/accuracy

high-momentum beam spitters

coherent/squeezed atomic states to surpass QPN detection

 large size AI

New applications

GW, quantum gravity, etc.

∆φ = kgT 2
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Portable AI sensors

from M. Kasevich, Talk at the International Workshop on Advances in Precision 
Tests and Experimental Gravitation in Space, Firenze, September 2006 
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The HYPER project

Differential measurement between two
atom gyroscopes and a star tracker
orbiting around the Earth

Δω~h/mImproving knowledge of
fine-structure constant

Ω

Mapping Lense-Thirring
effect close to the Earth

Atomic gyroscope
control of a satellite

Testing EP with
microscopic bodies

http://sci.esa.int/home/hyper/index.cfm

      ESA-SCI (2000) 10     
July 2000
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Space Atom Interferometers

Sensitivity of AI interferometry 
sensors scale as the square of T

In microgravity possible 
sensitivity ~ 10-13 m/s2 @ 1 s or 
better

Main goals: 
ground demonstrator to test 

technology readiness of 
atom interferometry sensors 
for space applications

Investigation of novel schemes 
based on quantum 
degenerate gases

Space-based geodesy, inertial 
navigation, fundamental 
physics
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The SAI project

F. Sorrentino et al., A compact atom interferometer for future space missions, 
Microgravity Sci. Technol. 22, 551 (2010)

Pre-Phase-A project
ESA contract n. 20578/07/NL/VJ

AO-2004-064/082
Contract officer: Dr. L. Cacciapuoti

SAI team:
Dipartimento di Fisica, Università di Firenze
Institut für Quantenoptik, Universität Hannover
Universität Hamburg
Humboldt-Universität zu Berlin
SYRTE, Observatoire de Paris
LENS, Firenze

Universität Ulm
ZARM, University of Bremen

Project coordinator: Prof. G. M. Tino
Dipartimento di Fisica and LENS
Università di Firenze, Italy
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The iSense project
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ESA Cosmic Vision: STE-QUEST
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LMT beam splitters
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Combination of atom & optical gyros

Combination of optimal detection bands
Tests of quantum gravity
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Red-shift measure with atomic probes
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Conclusions

Novel quantum inertial sensors have been developed using 
ultracold atoms and atom optics
Particularly promising for long term stability and accuracy

MAGIA: G measured at 10-3 level, new measurement at 10-4 
in progress
highly sensitive gyroscopes with thermal atoms, improved 
devices based on ultracold atoms under development

Transportable systems have been already demonstrated, 
space-compatible ones are being developed
Expected large improvements in next future, exp. in 
microgravity
Combination/comparison with classical sensors may give 
rise to new schemes for applications of tests of fundamental 
physics
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Our team


