
Cris Panda
UC Berkeley Department of Physics
Lake Louise Winter Institute
02/23/2024

Fundamental physics with 
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Measuring gravity by 
holding atoms
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ÅAstrophysical observations tell us 
ǘƘŜ ¦ƴƛǾŜǊǎŜ ƛǎ Ƴƻǎǘƭȅ άŘŀǊƪέ
ÅWhat is the microscopic composition 

of dark matter/energy?

ÅQuantum and gravity
ÅHow do they fit 

together?

Quantum Field Theory

General Relativity
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Precision Quantum Metrology with Atoms and Molecules

Atom Interferometers

Å Fundamental constants: Alpha, G
Å Universality of free fall

R.  Parker, e t .  a l . , Sc ience.  360, 191ς195 (2018) 

P. Asenbaum, et. al., PRL. 118, 183602 (2017)
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Å Variation of fundamental constants
Å Gravitational redshift

Magnetometers 

ACME Collaboration, Nature 562 (2018).
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Å Dark matter (Axions)
Å Lorentz symmetry
Å Parity violation
Å CP-violation ς searches for EDMs
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New Technologies can be Disruptive 

General Relativity
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ÅPermanent EDMs of fundamental 

particles violate T-symmetry.

ÅCPT Theorem <-> EDMs are also

CP-violating <-> baryogenesis.

ÅNo permanent EDMs observed, 

despite 70 years of searches[1].
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[1] Purcell, E. & Ramsey, N., Phys. Rev., 78(6), 807 (1950)
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ÅMolecular spin precession to measure 

Ὄ Ὠ ẗ꜡ .

ÅLarge internal electric fields:
ÅFor us ꜡ eff = 78.4 GV/cm[1,2,3].

Å1,000,000 larger than in lab.

ÅDoublet structure
ÅAllows us to reverse the internal electric field of 

the molecule without switching the lab electric 
field by tuning our laser.

ÅMagnetically insensitive, reduces 
B field systematics
ÅMagnetic moment is 0.004 ‘ὄ. +

[1] L.V. Skripnikov, A.V. Titov, J. Chem Phys. 142, 024301 (2015)

[2] T. Fleig and M. K. Nayak, J. Mol. Spectrosc. 300, 16 (2014)

[3] E. R. Meyer, J. L. Bohn, Phys. Rev. A 78, 010502 (2008)

Why use a molecule?

ά! ŘƛŀǘƻƳƛŎ ƳƻƭŜŎǳƭŜ ƛǎ ŀ ƳƻƭŜŎǳƭŜ ǿƛǘƘ ƻƴŜ 
ŀǘƻƳ ǘƻƻ ƳŀƴȅΦέ

 - Arthur Schawlow, Nobel Prize winner
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ACME I Result, Science 343, p. 269-272 (2014)
Demonstration of efficient STIRAP to the H-state 
of ThO, CDP et al, Phys. Rev. A 93, 052110 (2016)
ACME II Result, Nature 562, 355-360 (2018)

Measurements of the Electron EDM
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Molecule E-field

Lab E-field

Lab B-field

Dither Angle

Switches!
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ÅAtom interferometry review

ÅOptical lattice atom interferometer 
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ÅLight (Laser) Interferometer
ÅUse matter to manipulate light

Interferometers Review
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ÅLight (Laser) Interferometer
ÅUse matter to manipulate light

ÅAtom Interferometer
ÅUse lasers to manipulate atoms
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D‰ = k g T 2

28

Atom Interferometer Phase

ÅPropagation phase 

determined by Lagrangian

‰  = ϳρᴐ᷿ ὒ Ὠὸ

ÅAtom-laser interaction phase

laser acts as ruler
‰ Ὧ ᾀ

ÅTotal phase ρπ radians possible 
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X. Wu, et. al., Science Advances 5(9), eaax0800 (2019)

30

Å Measure local gravity, 
geophysics, inertial sensing.

Commercial atomic gravimeters:
Å VectorAtomic
Å AOSense
Å iXBlue
etc.

Quantum Sensing using Atom Interferometer



+Dűgravity

-Dűgravity

The gravitational 

constant G

The fine structure 

constant h

Fifth-force searches

M. Jaf fe et a l. , Nature Physics 14, 257ς260 (2017)
D.  O.  Sabulsky, et.  a l. , PRL 123, 061102 (2019)

R.  Parker, et.  a l. , Science.  360, 191ς195 (2018) 

Previous Atom 
Interferometry Result

Many others
Å Testing weak equivalence principle
Å Quantum and gravity
Å Proposed searches for gravitational waves
Å Searches for dark matter
etcΧ
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Interferometers Limited by Free-Fall Time
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fountain, T ~2 seconds 34
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Zero-g flights 

36Nasa Cold atom lab

II. Zero-G planes, Drop towers, Sounding rockets

III. In space
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Hannover, 10m 
fountain

Stanford, 10m 
fountain, T ~2 seconds

Zero-g flights 

37Nasa Cold atom lab

II. Zero-G planes, Drop towers, Sounding rockets

III. In space

I. Atomic Fountains

Atom fountain measurement 
time limited to 2-3 seconds

Interferometers Limited by Free-Fall Time
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ÅOptical lattice atom interferometer 

- theory and experiment

ÅPrecise measurement of gravity and fifth forces
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ÅNew theories predict particles at the TeV
energy scale.

ÅElectron EDM sensitive to coupling with 
T-violating interactions with particles at 
the 3-30 TeVscale.

39
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polarized
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ÅOptical lattice filtered by in-vacuum Fabry Perot cavity

g

44
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Experimental Apparatus
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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, Science366, 745-749 (2019)

Long Coherence Times

http://science.sciencemag.org/cgi/content/full/366/6466/745?ijkey=1R4yQozWh9Sns&keytype=ref&siteid=sci
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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, Science366, 745-749 (2019)

.ǳǘΧ ǎŜƴǎƛǘƛǾƛǘȅ ƴƻǘ ǎǳŦŦƛŎƛŜƴǘ ŦƻǊ ƳŜŀǎǳǊƛƴƎ ƎǊŀǾƛǘȅ ƻŦ ƭƻŎŀƭƛȊŜŘ Ƴŀǎǎ

Long Coherence Times

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


ÅDecoherence (contrast loss)

where
Åὅ is initial contrast, 

ÅὟis the lattice trap depth

ÅWhy is ‖Ḑρρπ‘ÍὉίȩ

ÅDepends on Ὗ, ɝᾀ=> spatial variation in 
lattice potential?

‖

50

Investigating Decoherence Mechanisms
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Spatial 
variation of 
lattice 
potential

Simplified Ideal Lattice Atom Interferometer



52

Parameters Varied Experimental Test Performed Observed Outcome
Radial lattice uniformity Installed new superpolished cavity mirrors (surface rms <1 Å) Same ‖

Axial lattice uniformity Replaced planar-concave cavity with symmetric concave-concave cavity (mirrors have equal radii of curvature) Same ‖

Vacuum pressure New pumps, reduced outgassing Same ‖

Lattice laser frequency noise 2x higher with tuning PID lock Same ‖

Narrower laser linewidth by locking to a high-finesse (F=20,000) cavity

Raman beamsplitter symmetry Symmetric beamsplitters using microwave pulse followed by optical “pulse (32) Same ‖

Laser lattice broadband emission Suppressed >10x with filter cavity Same ‖

Lattice intensity noise 10x reduced by intensity stabilization using transmitted light as a monitor Same ‖

Background scatter Increased 20x by shining mode-mismatched light at cavity mirror and/or experiment vacuum window Same ‖

Acoustic noise Phone speaker, tapping the optical table Same ‖

Alignment with gravity Tilted optical table by 1.5 mrad Same ‖

Changing atom number and density 2x reduction by lowering state selection efficiency Same ‖

Axial atom temperature selection Reduced 3x by increasing the length of velocity selection pulse Same ‖

Misaligned lattice laser, coupling light to high order cavity 
modes

Reduced cavity coupling efficiency 2x by misaligning and changing beam diameter Same ‖

Lattice laser detuning Replaced lattice laser with 866 nm ECDL (14 nm det.) and 1064 nm fiber laser (212 nm det.) Same ‖

Environmental field gradients Varied the vertical atom position by up to 1.5 cm Same ‖

Magnetic field gradients Increased 1000x by turning on MOT coils during interferometer Same ‖

Position within the atomic sample Analyzed horizontal and vertical slices of fluorescence image Same ‖

‖ is Robust to Changing Many Parameters



ÅObserved 3-fold higher ‖when loading into symmetric 
Laguerre Gauss higher order modes

0.05      0.1     0.15     0.2     0.25     0.3

ÅTransverse sample temperature ÅApparatus tilt-noise

53

High Order Lattice Modes Reduce Decoherence
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ɝ‰
ρ

ᴐ
ὒ᷿ Ὠὸ

άὫɝᾀ†
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ɝᾀ

‫

Ingredient 1: Phase Shifts due to Tilt-Noise
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Quantitative agreement of ensemble 
dephasing model and experimental data

Minute-scale gravimetry using a coherent 
atomic spatial superposition, 
CDP et al, arXiv:2210.07289, (under review 
Nature Physics) (2023)

Position and 
velocity distribution 
in thermal cloud      
=> Phase dispersion

Ensemble Phase Distribution

Ingredient 2: Thermal Motion of Atoms

https://arxiv.org/abs/2210.07289
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Enduring Coherence at Ultra-Long Hold Time

Minute-scale gravimetry using a 
coherent atomic spatial 
superposition, 
CDP et al, arXiv:2210.07289(under 
review Nature Physics) (2023)

https://arxiv.org/abs/2210.07289
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Minute-scale gravimetry using a coherent 
atomic spatial superposition, 
CDP et al, arXiv:2210.07289(under review 
Nature Physics) (2023)

Long Coherence Times
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Minute-scale gravimetry using a coherent 
atomic spatial superposition, 
CDP et al, arXiv:2210.07289(under review 
Nature Physics) (2023)

Coherent After 70 Seconds

https://arxiv.org/abs/2210.07289
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ÅMeasure acceleration from cm-sized tungsten mass.
ÅSmall signal ςσυÎÍȾÓ -о ǇŀǊǘǎ ǇŜǊ ōƛƭƭƛƻƴ ƻŦ 9ŀǊǘƘΩǎ ƎǊŀǾƛǘȅ Ǝ

ÅUpgrades to lattice interferometer:
ÅQuickly move atoms - use atom elevator

ÅBetter SNR - 10x increased precision

ÅBetter precision than any previous 
measurements (atom fountains)

ÅBut...
Drifts and systematics unexplored

2
.5
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m

Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023) 62

Searching for Fifth Forces by Measuring Gravity 
of Small Mass

https://arxiv.org/abs/2310.01344


ὥ σσȢσ υȢφ ςȢχ ϳÎÍÓ

ὥ συȢς ρȢπ ϳÎÍÓ

ὥ ὥ ρσ ÎÍȾÓ (95% confidence interval) 

Possible causes for drift/noise

ÅTides

ÅPerturbations in gravitational 
field (seismic, local noise)

ÅTilt drift

ÅCavity thermal drift

ÅNext door magnet ON/OFF

etcΧ

Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023)

Possible systematic effects

ÅStrong interactions with 
the lattice

ÅField gradients

ÅSource mass effects

etcΧ
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Drifts and Systematics
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ÅSuppress experiment drifts and systematic effects 
by differential measurement (ACME inspired)

ÅFour experiment configurations
ÅMass in (ִי ρ) and mass out (ִי π).

ÅAtoms positioned above (꜡ ρ) and below source 
mass ꜡ ρ.

╪ἵἩἻἻ ϳ╪ ȟ ╪ ȟ ╪ ȟ ╪ ȟ Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023)

Switches
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ÅSuppress experiment drifts and systematic effects 
by differential measurement (ACME inspired)

ÅFour experiment configurations
ÅMass nearby (ִי ρ) and mass far-away (ִי π).

ÅAtoms positioned above (꜡ ρ) and below source 
mass ꜡ ρ.
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Atom
position ꜡

Mass
positionִי

ÅSuppress experiment drifts and systematic effects 
by differential measurement (ACME inspired)

ÅFour experiment configurations
ÅMass nearby (ִי ρ) and mass far-away (ִי π).

ÅAtoms positioned above (꜡ ρ) and below source 
mass ꜡ ρ.

Å4 measurements: ὥ꜡ ρȟִי πȟρ

Switches

https://arxiv.org/abs/2310.01344


ὥ ḳὥִי꜡

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

Atom
position ꜡

Mass
positionִי

ÅSuppress experiment drifts and systematic effects 
by differential measurement (ACME inspired)

ÅFour experiment configurations
ÅMass nearby (ִי ρ) and mass far-away (ִי π).

ÅAtoms positioned above (꜡ ρ) and below source 
mass ꜡ ρ.

Å4 measurements: ὥ꜡ ρȟִי πȟρ

Switches

https://arxiv.org/abs/2310.01344


Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023)

Å2 months of data, ~45 days, 400 hours

ÅNoise near the standard quantum limit 
and … ρȢπφ πȢπτ

ὥ ÏÆÆÓÅÔ ÁÃÃÅÌÅÒÁÔÉÏÎ

ὥ ḳὥִי꜡

Dataset Statistics

https://arxiv.org/abs/2310.01344


ÅVariation of over 40 parameters. Systematics understood, under control

Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023)

known

Lattice divergence -άŜȄǇŜŎǘŜŘέ

known

Mass motion 
effects
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Systematic Checks

https://arxiv.org/abs/2310.01344


ÅVariation of over 40 parameters. Systematics understood, under control

Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023)

known

known

5 times better 
than previous 
measurement

Mass motion 
effects

Lattice divergence -άŜȄǇŜŎǘŜŘέ
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Systematic Checks
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ÅBlinded result

ὥ ȩȩȩȩ  υȢφ ςȢχ ϳÎÍÓ

ὥ συȢς ρȢπ ϳÎÍÓ

ὥ ὥ ρσ ÎÍȾÓ (95% confidence interval) 

Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023)

ÅLimit on deviation from Newtonian gravity

Results

https://arxiv.org/abs/2310.01344


ÅUnblinded result

ὥ σσȢσ υȢφ ςȢχ ϳÎÍÓ

ὥ συȢς ρȢπ ϳÎÍÓ

ὥ ὥ ρσ ÎÍȾÓ (95% confidence interval) 

Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023)

ÅLimit on deviation from Newtonian gravity

Results

https://arxiv.org/abs/2310.01344


ÅUnblinded result

ὥ σσȢσ υȢφ ςȢχ ϳÎÍÓ

ὥ συȢς ρȢπ ϳÎÍÓ

ὥ ὥ ρσ ÎÍȾÓ (95% confidence interval) 

Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023)

ÅLimit on deviation from Newtonian gravity
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ÅUnblinded result
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ÅLimit on deviation from Newtonian gravity

ὥ ὥ ρσ ÎÍȾÓ (95% confidence) 

Results

https://arxiv.org/abs/2310.01344


Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023)

ÅParticles (chameleon, symmetron) 
=> theories of screened gravity 

ÅHelp explain dark energy => why 
the Universe is expanding at an 
accelerated rate

ÅFirst lattice interferometry result - 
probes parameter space that is 6 
times larger than before.

Probing New Fifth Force Physics

https://arxiv.org/abs/2310.01344


ÅParticles (chameleon, symmetron) 
=> theories of screened gravity 

ÅHelp explain dark energy => why 
the Universe is expanding at an 
accelerated rate

ÅFirst lattice interferometry result - 
probes parameter space that is 6 
times larger than before

Measuring gravity by holding atoms, 
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Probing New Fifth Force Physics

https://arxiv.org/abs/2310.01344


ÅModified 1/r Newtonian potential with 
Yukawa term: 

ÅSensitive at short ranges <1 cm

ÅNew experiment geometry => atoms 
near a mirror that acts as a source mass

Measuring gravity by holding atoms, 
CDP et al, arXiv:2310.01344 (under review Nature) (2023)

100-1000 um

.ŜȅƻƴŘ ά{ŎǊŜŜƴŜŘ tƻǘŜƴǘƛŀƭǎέ

https://arxiv.org/abs/2310.01344


ÅAtom interferometry review

ÅOptical lattice atom interferometer 

- theory and experiment

ÅPrecise measurement of gravity and fifth forces

ÅFuture directions
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ÅProbe quantum interactions between atom 
interferometer (Cesium) and torsion 
balance pendulum

ÅRequires:
ÅNon-gravitational pre-entanglement

ÅShielding to reduce other interactions

79
Using an Atom Interferometer to Infer Gravitational Entanglement Generation. 
Daniel Carney et al., PRX Quantum 2, 3, 030330 (2021).
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Probe gravity-mediated entanglement



Previous Atom 
Interferometry Result
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Measuring Big G



1 mHz linewidth
160s lifetime

Advantages of Strontium (vs Cesium)

ÅLower atom temperatures (10-100 times) 
possible with easy cooling => reduced 
decoherence

ÅReduced collisions (1000-fold) => no 
decoherence
ÅClock states 
ÅSingle-photon large momentum transfer
ÅInsensitive to background fields

ÅFermionic and bosonic isotopes -> Quantum 
enhanced precision and accuracy via 
entanglement.

Lower temperature + improved lattice uniformity 
=> Sensitivity gains of -  possible in table-
top setup.

Åsufficient for ρπ -ρπ  big G precision.

Strontium

Blue MOT

Red MOT
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Next Generation Atom Interferometer



1 mHz linewidth
160s lifetime

Advantages of Strontium (vs Cesium)

ÅLower atom temperatures (10-100 times) 
possible with easy cooling => reduced 
decoherence

ÅReduced collisions (1000-fold) => no 
decoherence
ÅClock states 
ÅSingle-photon large momentum transfer
ÅInsensitive to background fields

ÅFermionic and bosonic isotopes -> Quantum 
enhanced precision and accuracy via 
entanglement

Lower temperature + improved lattice uniformity 
=> Sensitivity gains of -  possible in table-
top setup.

Åsufficient for ρπ -ρπ  big G precision.
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Next Generation Atom Interferometer



1 mHz linewidth
160s lifetime

Advantages of Strontium (vs Cesium)

ÅLower atom temperatures (10-100 times) 
possible with easy cooling => reduced 
decoherence

ÅReduced collisions (1000-fold) => no 
decoherence
ÅClock states 
ÅSingle-photon large momentum transfer
ÅInsensitive to background fields

ÅFermionic and bosonic isotopes -> Quantum 
enhanced precision and accuracy via 
entanglement

Lower temperature + improved lattice uniformity 
=> Sensitivity gains of -  possible in table-
top setup.

ÅSufficient for ρπ -ρπ  big G precision

Strontium

Blue MOT

Red MOT
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Next Generation Atom Interferometer



G. Rosi, et. al., Nature. 510, 518ς521 (2014)

Atom position
accuracy

Source mass
properties

Analysis and 
Imaging

Lattice
Interf.

Fountain
Interf.

Determined 
by optical 
lattice

Smaller mass
- easy to 
characterize

Small detection 
region

ppm
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Reduced Systematics when Measuring G


