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Cold atom interferometer and its application

2.Develop of the cold atom interferometer 1.The born of cold atom interferometer

Interference principle

First result Present result

Gravity
30 𝜇Gal [1]

1992

0.08 𝜇Gal [2]

2020 

Rotation
2×10−8 rad/s/√Hz [3]

1997

3×10−10 rad/s [4]

2018

Gravity gradient
1 E [5]

2002

0.15 E [6]

2020

Principle of equivalence
10−7 [7]

2004

10−12 [8]

2020

Fine structure constant
100 ppb[9]

1994

81ppt[10]

2020

Gravitational constant
3150 ppm[11]

2008

150ppm[12]

2014T=50 ms

More than 30 years development, precision is always the target. 

[1]M. Kasevich and S. Chu, Appl. Phys. B 54, 321 (1992), [2]T. Zhang et al., Phys. Rev. Appl. 20, 014067 (2023),[3] T. L. Gustavson et al., Phys. Rev. Lett. 78, 2046 (1997),[4] D. Savoie et al., Sci. Adv. 4, eaau7948 

(2018),[5] J. M. McGuirk et al., Phys. Rev. A 65, 033608 (2002),[6] C. Janvier et al., Phys. Rev. A 105, 022801 (2022),[7] S. Fray et al., Phys. Rev. Lett. 93, 240404 (2004),[8] P. Asenbaum et al., Phys. Rev. Lett. 125, 

191101 (2020),[9] M. Weitz et al., Phys. Rev. Lett. 73, 2563 (1994),[10] L. Morel et al., Nature 588, 61 (2020),[11] J. B. Fixler et al., Science 315, 74 (2007),[12] G. Rosi et al., Nature 510, 518 (2014)



On ground In space
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Acceleration resolution

Stanford

Wuhan

Hanove
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Lisa path finder

T=1~8 s

modulated by gravity
Shallow trap in space

ISS

CSS

Satellite

…

Ttem=nK~pK

T=10~100 s

Drag free satellite

σa~10-7m/s2@0.3Hz

space

VS

ground

Why in space

Fountain:10 m ~300 m

Limited by atom 

temperature

Permanent orbit

10-11 m/s210-14 m/s2

𝑇𝑡𝑒𝑚 ∝ ℎ𝜔/𝑘𝑏

Ttem=pK~fK

NLNM of the earth
σa~10-15m/s2@0.01Hz



整机外壳

物理系统 光学系统电路系统Physical system

Size：33×46×26 cm3

Weight：37 kg

Power：70 W

Optical system Electric system

CSS

3 experiments for one day

1.CSSAI and its components 2.Installation in the CSS

3.Operation mode

High Microgravity Level 

Research Rack (HMLR)
CSSAI

CSSAI

70 minutes for one experiment

Preparation Experiment Data transform

10 m 20 m 40 m

CSSAI-Components and installation 

M. He, NPJ Microgravity 9, 58 (2023). D. F. Zhang Opt. Express 33, 35419 (2025)



PZT mirrorRaman laser Cold atom 

cloud

Fluorescence imaging

Magnetic 

field shield
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1.Components in the physics system
2.Double single diffraction (DSD) interference loop with 

point source interferometry (PSI) method 
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What we can measure

3.Coordinate relationship

az；Ωx ；Ωy

CSSAI-Working principle

Interference fringe

Automatic generate symmetric interference loops in microgravity

fringe 

phase

fringe spatial 

frequency

J. T. Li, et al. NSR, 2025, 12(4): nwaf012. 



1. Interference fringe in orbit 2.Modulation of the spatial frequency

First interference fringe@2023.08

Optimized interference fringe @2023.11

T=50 ms

T=50 ms

3.Modulation of the interference time

85Rb

85Rb

Acceleration resolution：
2.8×10-6 m/s2 for one image

Acceleration resolution：
5×10-7 m/s2 for one image

Longest interference time：
150 ms for 87Rb

Have the ability to extract az, Ωx and Ωy at a same time 

Interference fringe in orbit

Raman laser frequency/ratio

Detection laser intensity/frequency

…



Rotation rate

2.Piezoelectric mirror—key 

component that induce the PSI
3 Decoherent effect of the atom 

cloud’s distribution

x
y

z

Piezoelectric 

mirror

1.Fast rotation of the CSS

y
x

z
v

Ωx

Nadir pointing

Ωx：~1×10-3 rad/s

Ωy：~ 0 rad/s

CSS

Earth

Ωearth：~ 7×10-5 rad/s

15 times higher than Ωearth

𝜙 = ෍

𝑖

𝑘𝑒𝑓𝑓[𝜃𝑖,1𝑟𝑗 + 𝜃𝑖,3(𝑟𝑗 + 2𝑣𝑗𝑇)]

Inertia induced phase

Measuring the rotation of the CSS

Ωx

θx

Angle induced phase

𝜙 = 𝑘𝑒𝑓𝑓𝑎𝑧𝑇2 + ෍

𝑖

𝑘𝑒𝑓𝑓[2Ω𝑖𝑣𝑗𝑇2]

All phases are related to the distribution 

of the atom cloud 

Same rotation rate and rotation angle 

but different atom distribution

Spatial frequency difference: 7%

Spatial frequency uncertainty

Reduce for the fringe contrast 

Ttem=4 uK, cloud size= 1.2 mm

Ttem=6 uK, cloud size= 0.5 mm

Position (m)

Population (a.u.)

𝜃𝑖,3 = −𝜃𝑖,1= 207 𝜇𝑟𝑎𝑑

Can we avoid it?

J. T. Li, et al. NSR, 2025, 12(4): nwaf012. 



𝜙 = 𝑘𝑒𝑓𝑓𝑎𝑧𝑇2 + ෍

𝑖

𝑘𝑒𝑓𝑓[2Ω𝑖𝑣𝑗𝑇2 + 𝜃𝑖,1𝑟𝑗 + 𝜃𝑖,3(𝑟𝑗 + 2𝑣𝑗𝑇)]The phase

𝑓𝑖 =
2𝑘𝑒𝑓𝑓

2𝑇 + 𝑡0
𝜃𝑗,3𝑇 + Ω𝑗𝑇2

Submit 𝑟𝑗 = 𝑅𝑗 − 𝑣𝑗(2𝑇 + 𝑡0) and let the coefficient of 𝑣𝑗 to be zero 

𝜃𝑗,1 =
−𝑡0𝜃𝑗,3+2 Ωj 𝑇2

2 𝑇+𝑡0
The magic angle relationship

𝜙 is only related to the position 𝑅𝑗, decoupled to 𝑣𝑗 and 𝑟𝑗

What happens if magic angle relationship is not satisfied

𝜙𝑜 = 𝑘𝑒𝑓𝑓𝑎𝑧𝑇2 + σ𝑖=𝑥,𝑦 𝑓𝑖𝑅𝑖, 

Spatial frequency

𝜙𝐼 = 𝜙𝑜 + ∆𝑓(∆𝜃𝑗)𝑅𝑖 + ∆𝜙(∆𝜃𝑗)

Spatial frequency correction phase correction

Detailed in J. T. Li, et al. NSR, 2025, 12(4): nwaf012. 

The magic angle relationship

Reduced phase

Ttem=4 uK, cloud size= 1.2 mm

Ttem=6 uK, cloud size= 0.5 mm

Position (m)

Population (a.u.)

Spatial frequency 

difference: <0.1%

Expression to calculate the rotation

𝑅𝑗 (position at the detection) 

High contrast



In orbit calibration of 𝛉Rotation measurement process

𝑓𝑖(𝜃𝑗,3, ∆𝜃𝑗 , Ω𝑗)
Interference fringe

𝑓𝑖

fit calculation

Ω𝑗

Control voltage Vj,3
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𝑓𝑖 = 𝑓𝑖0 𝛼𝑗𝑉𝑗,3, Ω𝑗 + ∆𝑓(𝛼𝑗∆𝑉𝑗)

Spatial frequency is related to parameters 𝛼, Ω
Experiment with different values of 𝑉 could be used to fit the above

parameters

𝛼𝑥 = 118.99 ± 0.50 μrad/V 

αy = 118.15 ± 0.23 μrad/V. 

Fitting result

Angle accuracy better than 1 μrad

Calibration of the angle

Assume we know exact value of 𝜃
𝜃 is calibrate on ground with 𝜃 = 𝛼𝑉

𝜃

PZT

mirror

Input laser

Position detector

Calibrated value

αx=119 μrad/V 

αy=121 μrad/V

Are these values accurate?

Self calibration using the interference fringes themselves

J. T. Li, et al. NSR, 2025, 12(4): nwaf012. 



Rotation measurement result

Rotation measurement process
Error estimation

Number of data

Resolution

50 μrad/s for a single shot. 

17 μrad/s for an averaged number of 32 

Main error terms come from the uncertainties of the imaging

magnification and the rotation angle.

Comparison

Within 10 μrad/s 

-1142±29 μrad/s

J. T. Li, et al. NSR, 2025, 12(4): nwaf012. 



In orbit test of the WEP

Weak equivalence principle test

Earth

85Rb 87Rb

g85 g87

380 km

𝜂Rb85,Rb87 =
𝑎z,Rb85 − 𝑎z,Rb87

𝑔𝑧
𝑔𝑧= 8.72 m/s2

The Eotvos parameter

Vibration of the CSS
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σΔɸ=0.55 rad

𝜂Rb85,Rb87 =
Δ𝜙

ഥ𝑘eff𝑔𝑧𝑇2

D. F. Zhang, et al. arXiv:2603.22981



Spatial frequencies difference

Spatial frequency induced phase
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f1=1.72 rad/mm

f2=1.36 rad/mm

∆𝜙 = ∆𝑓𝑦0

𝑦00

Induced differential phase

Fluorescence detection switching method

85Rb 87Rb

85Rb87Rb

𝛥𝜙2Experiment 2

Experiment 1 𝛥𝜙1

𝛥𝜙avg = (𝛥𝜙1 + 𝛥𝜙2)/2

Interference 

with same 

parameters

Florescence detection Measured ∆𝜙
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𝛥𝜙𝑖 change by 1.6 rad 

𝛥𝜙avg changes by 0.044 rad

D. F. Zhang, et al. arXiv:2603.22981



keff-independent phase

Residual phase for the DSD interference fringe

vz

0

𝑁𝑘eff−
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Asymmetric DSD interference loop

𝜙resvz0

A residual velocity of 4 mm/s

16% change in the population

Two-photon detuning switching method
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Assuming 𝜙𝑖𝑛𝑑 to be 0.92 rad

0.65 rad for single case

0.04 rad for the averaged case

D. F. Zhang, et al. arXiv:2603.22981



WEP test result
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Long term differential phase measurement result

Last for more than 280 days

Effective of the switching methods (from −0.556 rad to 

−0.117 rad)

Allen deviation down to 0.01 rad for 64-day average

𝜂Rb85,Rb87 = (−3.1±4.6) ×10−7

Error estimation

Newly discovered imaging angle offset term (special for PSI)

Phase shifts related to acceleration are greatly suppressed

(multiple-sideband effect, uncertainties of keff and T )

D. F. Zhang, et al. arXiv:2603.22981



Comparing with other WEP test experiment

Platform Result Parameters

Macroscopic object 

record

Drag free satellite 10−15 [1]

MICROSCOPE 2022 

Pt and Ti

Ground record 

(quantum)

On ground 10−12 [2]

2020

85Rb and 87Rb

T= 1 s

Microgravity record 

(quantum)

Zero-g plane 10−4 [3]

2016

Rb and K

T= 2 ms

This work
Space station 10−7 [4]

2026

85Rb and 87Rb

T=50 ms

Future proposal 

(quantum) 

Drag free satellite 10−17 [5]

STE-QUEST

Rb and K

T= 25 s

Best in space (quantum), but still far below the requirement to find new physics

[1]P. Touboul, et al. PRL. 129, 121102 (2022), [2]P. Asenbaum , et al. PRL 125, 191101 (2020), [3] B. Barrett, et al. Nat. Commmun. 7, 13786 (2016), [4] D. F. Zhang, et al. arXiv:2603.22981, [5] C. Struckmann, et al.

Phys. Rev. D 109, 064010 (2024).



• Method: Eliminate Dephasing of PSI, Self calibration of Raman laser’s angle,

Eliminate phase error of PSI and DSD

• Scientific result: First rotation measurement and highest WEP test result in orbit

with atom interferometer

• Engineering: Atom interferometer meeting space requirements, integrated design,

Long on-orbit lifetime

Summary



Roadmap for quantum testing of WEP in space

• Ultra cold atom under microgravity

• Atom interferometry under microgravity

• Ultra-quiet and ultra-stable platform

• Quantum-enhanced atom interferometry

in space

• High TRL

Space WEP test using atom interferometry with competitive precision

Probing physics beyond 

SM and GR

Test of spin-gravity coupling 

and spacetime torsion

Search for ultralight 

dark matter

y
x

z

v

Ωx

QUANTUS
2004

MAIUS
2017

CAL
2018

CSSAI
2022

CAPR
2022

I.C.E.
2008

For science

• String theory

• Loop quantum gravity

Alonso et al. EPJ Quantum Technology (2022) 9:30; Science 328, 1540,2010; PRL 110, 093602,2013; NATURE COMMUNICATIONS, 2:474, 2011, NATURE COMMUNICATIONS, 7:13786, 2016; NATURE, 562, 
18, 2018, NATURE COMMUNICATIONS, 12:1317,2021; Nature | Vol 582 | 11 June 2020，Nature | Vol 606 | 9 June 2022，Nature | Vol 623 | 16 November 2023
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