
Minute -Scale Interference 

in an Atom Interferometer
Keep the Quantum State Alive!



Interferometers

Ô Using matter to manipulate light
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Ô Using light to manipulate matter



Dropping atoms for high precisioné

Measurement of G Tests of GR and QM Fine-structure constant



Applications: local gravity measurements, 

geophysics, inertial sensing
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X. Wu, et. al., Science Advances 2019



ÅLarge clear aperture, catch stray 
beams, no polarization optics,.. 

ÅGravity gradient cancellation

ÅMeasuring effect of beam 
distortions

Extreme control over 
laser beam



Limitations: free -fall time

Stanford, Wuhan 

10-m fountain

Bremen 100 -m drop 

tower

French zero -g flights NASA cold atom lab

2 -3 s (height) <1 s (atom temp, 

vacuum, vibrations)

< 1s (atom temp, 

vacuum, vibrations)

<1 s (atom temp, 

vacuum, vibrations)



Why even longer coherence 

times?
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Longer coherence 
times 

It takes at least ρȾὋ” ~ 15 minutes for 

gravity to dominate in an experiment!

ÅE.g., gravitational harmonic oscillator

Minimum time scale on which quantum 
aspects of gravity can be expected to be 
noticeable 8



Lattice interferometer geometry
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Apparatus

ÔOptical lattice filtered by in -vacuum Fabry Perot cavity.
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Setup

Ô 106 Cs atoms

Ô Cavity length 40 cm

Ô Beam waist 0.76 mm

Ô Finesse 130
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Measuring the Force generated by blackbody 
radiation

1
2

ÅHot object creates a spatially 
inhomogeneous thermal radiation field

ÅRed-detuned thermal radiation leads to 
an attractive force on atoms

Sonnleitner et al., PRL111, 023601 
(2013)
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Scattering is negligible!



Is it measurable?

1
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1. Heat up the source mass

3. Repeat for many 
cooldowns

2. Measure acceleration 
with(out) source mass as it 
cools



Blackbody-mediated force

1
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Haslinger, MJ et al., Nature Physics14,257ς260(2017)



Testing a dark-energy candidate: Chameleons
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MJ et al., Nature Physics13,938ς942(2017)
Self-potential

Coupling to 
local density

ὠ ɤ
ɤ

‰

‰

ὓ
”

Hamilton, MJ et al., Science21,849ς851(2015)



Quantization of the fringe spacing

Ô Wavepacket  separation 

varied by varying the 

time of flight

Ô Fourier Transform of the 

fringe is plotted, color -

coding the intensity of a 

component
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Probing gravity by holding atoms for 

20 seconds . Victoria Xu, Matt Jaffe, 
CDP, Sofus L. Kristensen, Logan W. 

Clark, Holger Müller, Science 366, 745-

749 (2019)

Long coherence times

http://science.sciencemag.org/cgi/content/full/366/6466/745?ijkey=1R4yQozWh9Sns&keytype=ref&siteid=sci
http://science.sciencemag.org/cgi/content/full/366/6466/745?ijkey=1R4yQozWh9Sns&keytype=ref&siteid=sci
http://science.sciencemag.org/cgi/content/full/366/6466/745?ijkey=1R4yQozWh9Sns&keytype=ref&siteid=sci
http://science.sciencemag.org/cgi/content/full/366/6466/745?ijkey=1R4yQozWh9Sns&keytype=ref&siteid=sci
http://science.sciencemag.org/cgi/content/full/366/6466/745?ijkey=1R4yQozWh9Sns&keytype=ref&siteid=sci


Suppression of 
vibrational 
noise, immune 
to tilt
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Operation under strong B-ŦƛŜƭŘΧ  Χǘƛƭǘ ƻΧ

  immune against vibration, no vibration isolation requiredAtomic gravimeter robust to environmental 
effects, Appl. Phys. Lett. 123, 064001 (2023)



Mobile gravimetry with the lattice 

interferometer 
Ô Robust:

Ô Tilts: transverse confinement by lattice 

Ô B-fields: small volume means easy shielding 

=, less sensitivity

Ô Vibrations: holding atoms averages, rather 

than aliases, vibrations.

Atomic gravimeter robust to environmental 

effects, 
CDP et al , Appl . Phys. Lett . 123, 064001 

(2023)



Decoherence 
rate depends 
on splitting & 
ƭŀǘǘƛŎŜ ŘŜǇǘƘΧ

ὅȡ initial contrast, 

†ȡ hold time, 

ɝᾀȡ separation, 

Ὗȡ lattice depth, 

‖Ḑρρπ ‘ά Ὁί. 
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ὅ ὅὩ Ⱦ ȟ

† ‖ȾὟ ɝᾀ



Χōǳǘ ǎŜŜƳ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ŀƭƳƻǎǘ ŜǾŜǊȅǘƘƛƴƎ 
ŜƭǎŜΧ

Years of work are summarized here



ΧŜȄŎŜǇǘ ŀǘƻƳ 
ǘŜƳǇŜǊŀǘǳǊŜΧ

0.05          0.1         0.15         0.2         0.25         0.3



ΧŀƴŘ ǘƛƭǘ 
noise!



Modeling predicts a new regimeé

Ô Integrate motion for ~400 atoms 

Ô Gaussian lattice potential 

Ô LZ tunnelling rate  

ὶ exp
ȟ ȟ

Ô Time-evolution ‰

ᴐ᷿
ὒ ὼὸȟώὸȟὼὸȟώὸ Ὠὸ

Ô Separation phase ‰ [(ὼĭὼ)(ὺ+ὺ) 
+(ώĭώ)(ὺ+ὺ)]ά /(2ᴐ)

Ô Lattice vibration ὼᴼὼ ὸ ςᾀ ʃÓÉÎ‫ὸ 

Roughly exponential decay for <20 s

Å Contrast persists at nonzero  level 
ŀŦǘŜǊ άƘƻǘέ ŀǘƻƳǎ ƘŀǾŜ ŦŀƭƭŜƴ ŀǿŀȅ

Å Tested by starting with only cold 
atoms



ébut can we see it?

Ô 3x atom number by moving lattice 

launch 

Ô Further detuned optical lattice (943 nm) 

Ô Lattice amplitude stabilization increased 

atomic lifetime to 14 s, from 7 

Ô Low-noise imaging: scatter reduction, 

EMCCD camera. 

Ô Reduced Raman laser phase noise, 

Ô => Measurement precision ~ 2 x  SQL



Coherent after 70 seconds!26

Minute-scale gravimetry using a coherent 
atomic spatial superposition, 
CDP et al, arXiv:2210.07289(Nature Physics, 
accepted) 

https://arxiv.org/abs/2210.07289


Contrast decay confirms expectations27

Contrast persists with >60 s 

decay time constant

Prediction when starting 

with colder atoms



But what about systematics?

Ô Light shift

Ô May mimic position -dependent force

Ô Lattice imperfections

Ô Clipping, excitation of higher order modes

Ô 1 ppb of coherent stray light can give rise to radians of phase shift

Ô Drifts



Letõs attempt a measurement of 

gravity of a small mass

Ô Tungsten mass, gravity 35 nm/s^2

Ô Atom elevator

Ô 10x increased precision:

Ô Reduced laser noise

Ô More efficient sample prep



From the ACME playbook: switches to 

suppress systematics

Ô Mass nearby ( יִ ρ) and mass far -away ( יִ π).

Ô Atoms above ( ꜡ ρ) and below source mass ꜡ ρ.

ὥ ϳὥρȟρ ὥρȟρ ὥπȟρ ὥπȟρ ς Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (2023)

https://arxiv.org/abs/2310.01344


Dataset

Ô2 months of data

ÔNoise at the SQL, … ρȢπφ
πȢπτ.

ÔSystematic checks by varying 
over 40 parameters. 

ÔStatistical uncertainty 5 times 
better than previous 
measurements

Ôὥ ᶻzᶻ  υȢφ
ςȢχ ϳ ÎÍÓ



Systematic error budget



Unblinded result

Ôὥ σσȢσ υȢφ ςȢχ ÎÍȾÓ

Ô ὥ ὥ ρσ ÎÍȾÓ (95% c.l.)

Ô 6 x as sensitive as atomic fountain

Ô Rules out screened (chameleon) 
forces 

New setup with better 

cooling, optimized source 

mass and lower vibrations



é 6 x as sensitive as atomic fountain

Ôὥ σσȢσ υȢφ ςȢχ ÎÍȾÓ

ÔRules out screened (chameleon) forces



Future performance é

Ô Optimized geometry

Ô Evaporative cooling to reduce 

temperature 5 -fold

Ô ~15-fold active vibration isolation 

Ô Newtonõs G, fifth forcesé

Rules out 

screened 

(chameleon) 

forces

10-1000 

um



Experiment Frame and Supports

(Work in progress - 

feedback welcomed!)

Ô Outer floor -mounted 

support/safety 

structure

Ô Tiered inner frame 

floating on three 

minus K stages 

placed in an 

equilateral triangle



Use seismometers and voice coils for active 
feedback

M. Jaffe, Ph. D. Thesis

Active vibration/tilt isolation 


