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ZAIGA:   bridge GR and QT with atomic sensors

Atomic Clock 

Atom Interferometer
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4,000,000,000,000,000,000,000,000,000,000,000,000,000,001

Precision Measurement： fighting with noises

4×1042 : 1

SNR

Observables (frequency, phase, energy….):   stable

noises:  small

effect, signal:  large

Underground

Space

……

Large scale

Quantum sensors

……

ZAIGA

look for a needle in the sea
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Coherence & Interference
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Single atom M-Z interferometer:  

building up the interference fringe

Each time 1 atom, averaged N times 

The atom interferes with itself!



e.g. gyro =  interfernce＋ Sagnac effect
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Atom Interferometry

1 m,   T = 0.45 s

10  m,   T = 1.41 s 

300  m,   T = 7.82 s

T T

Hz
T
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Test mass：

free atoms

Mirror / Splitter：

light pulse



Laser interferometry vs Atom interferometry



ZAIGA:   why GR test ? 

General relativity has held up under extensive experimental scrutiny. The question 

then arises, why bother to continue to test it? One reason is that gravity is a 

fundamental interaction of nature, and as such requires the most solid empirical 

underpinning we can provide. Another is that all attempts to quantize gravity and to 

unify it with the other forces suggest that the standard general relativity of Einstein 

may not be the last word. Furthermore, the predictions of general relativity are 

fixed; the pure theory contains no adjustable constants so nothing can be changed. 

Thus every test of the theory is either a potentially deadly test or a possible 

probe for new physics. Although it is remarkable that this theory, born 100 years 

ago out of almost pure thought, has managed to survive every test, the possibility of 

finding a discrepancy will continue to drive experiments for years to come. These 

experiments will search for new physics beyond Einstein at many different scales: 

the large distance scales of the astrophysical, galactic, and cosmological realms; 

scales of very short distances or high energy; and scales related to strong or 

dynamical gravity.

C.M.Will, Living Rev. Relativity, 17, (2014), 4



ZAIGA    a facility for GR tests with atomic sensors  

AIi：i-th Atomic  Interferometer

ACi:  i-th Atomic  Clock

AI4 L ~ 1/3/10 km
H

~
 3

0
0
 m

AI1

AI2

AI3

AC1

AC2

 Underground 

 Large scale 

Side view
a home for large scale atomic 

interferometers, gyros and clocks 

http://sc.poptool.net/sucai/212/cqevgyjlswkmbxuocqe.shtml
http://sc.poptool.net/sucai/212/cqevgyjlswkmbxuocqe.shtml


ZAIGA: announced (arXiv & IJMPD)

Int.J.Mod.Phys.D 28, 1940005 (2019)



Thanks !
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Three Gorges Dam

Chongqing

Yellow Crane Tower
Wuhan Yantze Bridge 武汉

Wuhan



Zhaoshan（沼山）：a mountain about 80 km away from WIPM 

WIPM

Zhaoshan



ZAIGA design
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- EP

- CE-R

-- DM

- GW

ZAIGA-EP  (Equivalence Principle test)

ZAIGA-CE-R  (Clock Redshift measurement)

ZAIGA-RM  (Rotation Measurement)

ZAIGA-GW (Gravitational Wave detection)

ZAIGA-DM  (Dark Matter detection)

ZAIGA-GG  (Geological and Geophysical measurement)



10 m AI  @ WIPM

L. Zhou, et al.,  Gen. Relat. Gravit., 43,1931 (2011)

Wuhan



ZAIGA:    Atomic gyros

Z.W.Yao et al., Phys. Rev. A97,  013620 (2018)

sensitivity               1.2E-6 rad/s /√Hz

long term stability  6.2E-8 rad/s @2000s



Atom clocks @ WIPM

Ca+

Al+

Yb

2.4-13/√τ

Short term stability  610-13/√τ

Long term stability   10-15 Q. Hao et al., Rev. Sci. Instrum., 87, 123111(2016)

Rb

Hg+

Y. Huang et al., Phys. Rev. Lett. 116, 013001 (2016)

Comp.      3  10-17

Uncertainty:  5.5 10-17

Ca+

Rb

(Other groups)

Hg+



Similar facilities in the world

from Guglielmo M. Tino

MIGA

from Philippe Bouyer

Hannover VLBAI

from Dennis Schlippert

Stanford

10-m AI 100-m AI proposal
from Thomas Wilkason’s Poster
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 ZAIGA-EP:  Test of the Weak Equivalence Principle (WEP) 

by free falling atom interferometers

 ZAIGA-CR:  Test of the Local Position Invariance (LPI) 

by clock red shift measurement

 ZAIGA-GW:  Detection of mid-frequency Gravitational Waves 

by Atomic Interferometers

 ZAIGA-RM:  Gravito-magnetic Effect by Large Scale Gyros

 ZAIGA-DM:  Detection of Dark Matter by Atomic Interferometers 

and Clocks

ZAIGA:   GR test proposals 



ZAIGA:   GR test  WEP (fund. assumpt.)

Weak Equivalence Principle (WEP)

or Universality of Free Fall  (UFF)

Einstein Equivalence Principle (EEP)
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Pisa Leaning Tower Experiment

EEP is organised into three conditions:   

WEP + LLI + LPI

1) Equivalence between the system’s inertia and weight –

the Weak Equivalence Principle (WEP,  =0); 

2) Independence of outcomes of local non-gravitational 

experiments of the velocity of a freely-falling reference 

frame in which they are performed (or validity of 

special relativity) – Local Lorentz Invariance (LLI); 

3) Independence of outcomes of local non-gravitational 

experiments of their location – Local Position 

Invariance (LPI).



EEP:     classical test formulation
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For atoms, internal energy can be changed.
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 Drop Tower

 Pendulum

 Torsion Balance

 Lunar Laser Ranging

 Atom Interferometry

400 years of WEP test  (massive body)



P. Touboul, M. Rodrigues, G. Métris, and B. Tatry, C. R. 

Acad. Sci. Paris Ser. IV 2, 1271 (2001).

Measuring the force required to maintain two test masses (of titanium and platinum 

alloys) exactly in the same orbit.



P. Touboul, et al., PRL 119, 231101 (2017)



WEP Test with Atoms

Year Inst. Test Pairs η Remark

2004 MPQ 85Rb-87Rb (1.2±1.7)×10-7 

Mass –pair

1g

0-g

2013 ONERA 85Rb-87Rb (1.2±3.2)×10-7 

2014 Hannover 87Rb-39K (0.3±5.4)×10-7

2014 Florence 88Sr-87Sr (0.2±1.6)×10-7

2015 WIPM 85Rb-87Rb (2.8±3.0)×10-8

2016 Bordeaux 87Rb-39K (0.9±3.0)×10-4

2016 HUST
87Rb

(mF=1)
(0.2±1.2)×10-7 Spin

2017 Florence
87Rb

(F=1,2, s)
(1.4±2.8)×10-9

(3.3±2.9)×10-9
State

Superposition



WEP Test with A(85Rb,F=2/3) – B(87Rb,F’=1/2) pairs
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FWDR（Four Wave Double-diffraction Raman Transition）

1 1 2 2 3 4� +  = -  =  - 3.036 GHz =  - 6.835 GHz     

F specified AI:  m87 F=1 ↔ m85 F=2



单衍射拉曼跃迁

四波双衍射拉曼跃迁

3 GHz 3.8 GHz 

3GHz 3.8 GHz 

31
4

31 2 4

相位调制

相位调制



Year Group Element pair  Note

2004 MPQ 85Rb-87Rb (1.2±1.7)×10-7 

1 g

2013 ONERA 85Rb-87Rb (1.2±3.2)×10-7 

2014 Hannover 87Rb-39K (0.3±5.4)×10-7

2014 Florence 88Sr-87Sr (0.2±1.6)×10-7

2015 WIPM 85Rb-87Rb (2.8±3.0)×10-8

2016 Bordeaux 87Rb-39K (0.9±3.0)×10-4 0 g 

L. Zhou, et al., Phys. Rev. Lett. 115, 013004 (2015)



100 1000 10000

1E-10

1E-9

1E-8

1E-7

1.8E-10@8960 s

 T=70.96.ms

 T=152.21 ms

 T=203.12 ms

 T=203.44 ms

 T=299.34 ms

A
lla

n
 D

e
v
ia

ti
o

n
 


Averaging Time  (s)

8.0E-9@3200 s

3.0E-9@3200 s 

5.1E-10@8960 s 

2.3E-10@17920 s

9.4E-11@17920 s









arXiv:1904.07096v2 [quant-ph] 23 Apr 20192121 FFmm 





LPI test、PR、cosmological gravitation

ZAIGA:   GR test  LPI

The main idea of null redshift

experiments: if the experiments

show that (12)→0, then 1,2→0

that is, the principle of local

invariance is not violated. However,

as shown above, the presence of

≠0 can be associated with

cosmological gravitation, where  is

universal and does not depend on

the type of atomic clock.



SME  for EEP  0 !



Pound-Rebka Experiment (PRE) with Photon

Mass-energy equivalence:  E = mc2   

Constant speed of light  c

WEP:   the Universality of Free Fall （mass, freq.）

Gravitational redshift
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1976, GP-A experiment, 10000 km, E-14 H clock,

 710-5 (Phys.Rev.Lett. 45, 2081(1980))

2018， Galileo satellite clock comparison

 310-5 (Phys.Rev.Lett. 121, 231101/2(2018))，

http://sc.poptool.net/sucai/212/cqevgyjlswkmbxuocqe.shtml


Precision Measurement： e.g. gravitational redshift

If clock uncertainty f/f of 110−19 and distance h is 1 mm, then

 = 3  10-6 for h=300 m

2
1

c

u

f

f 



）（  c = 299792458 m/s  

g = 9.801111 m/s2

h = 300.1111 m    

gh/c2 = 0.000,000,000,000,032,727,73

f/f = 0.000,000,000,000,032,727,x  

 = 0.0 000 x

Satellite,     limited  by g or  h

Terrestrial,         by   Δf/f   (clock) 

http://sc.poptool.net/sucai/212/cqevgyjlswkmbxuocqe.shtml
http://sc.poptool.net/sucai/212/cqevgyjlswkmbxuocqe.shtml


ZAIGA:   GR test  GM

Lense-Thirring effect  (the effect of frame dragging ),  Gravitomagnetism

GP-B       −37.2±7.2 mas/yr,   15 0.5% (?)

GINGER ,  G-Ring,  ROMY :  

Atomic Gyros

Atomic gyroscope  10-9  rad/s    10-13  rad/s

GSM2018 workshop, June 6-10, Wuhan
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• Atomic shot noise

• Seismic Newtonian Noise  (Seismic NN)

• Infrasound Newtonian Noise (Infrasound NN)

Parameters:
Laser wavelength: 780 nm           k= 8.5×106 m-1

Height of atom interferometers:   5 m,   T=1 s

Flux intensity:                              R=1014 atoms/s

Photon momentum transfer:        n=1000

Arm length:                                  L= 1000 m /3000 m.

ZAIGA:   GR test  GW



GW detection with the NN subtraction factor of 50 

ZAIGA:   GR test  GW



 Seismic noise: Vibrational isolation

 Uniform gravity gradient 

 Atom optics:  high flux atom source  and ultracold atoms                            

large photon momentum transfer

quantum enhanced measurement:

1 / 1 /N N

6 121 μm/10m/100 / 10 10h  Now only AI with laser link

Challenges : Full AI for GW

1 1 1 1

2π
h

nkL nLN N


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Signal to noise ratio vs. detectable distanceDetection performance without Newtonian Noise reduction

Event estimating

Detection performance with Newtonian Noise reduction Signal to noise ratio vs. detectable distance



Comparison of ZAIGA-GW with LIGO and LISA

ZAIGA-GW will fill the gap between LIGO and LISA



ZAIGA:   GR test  DM (Andrei Derevianko)

Recent Nature 2018 shows mx < 4.3 GeV

A.A.Geraci and A.Derevianko, PRL 117,  261301(2016)

A.A.Geraci et.al., PRL 123, 031304 (2019)

AI

ultralight scalar field DM

10-24 eV ≤ m ≤ 100 eV）



Tests Current Limits Expected Improvement

WEP   10-8  <  10-8  10-13

LPI   10-5  < 10-5

GM 10-9  rad/s < 10-13 rad/s

GW 10  104 Hz 10-1  10 Hz

DM mx < 4.3 GeV 10-24 eV ≤ mx ≤ 100 eV

ZAIGA:   GR test  summery
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ZAIGA budget and plans 

 site exploration started

 initial fund 70M RMB granted

 2019-2021  V300m + H1.7km + Lab

-EP -CE –RM -GG

 2022-2025  Δ1km

-GW



ICAG2017

The 10th International Comparison of Absolute Gravimeters, 16 Oct.-11 Nov, 2017, Beijing, China

17 countries

29 FG-5 gravimeters

6 atomic gravimeters

Active vibration isolation

Rotation compensation

Long distance handling

85Rb atoms

Wuhan

Beijing

1200 km

P.W.Huang et. al., Metrologia (accepted)



Large scale (10 m) sub-10nT magnetic field shielding  
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Background: 1.45 mG = 145 nT

Thank Liang Liu (魏荣/刘亮) for T-Comp. 
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LVK-Z (?)

ZAIGA-GW hopes to join the Ligo-Virgo-Kagra

family for GW astronomy in 6 years

KIW6,  June 21-23, 2019 Wuhan



Future:  AIGA in space

arXiv:1907.03867v1 [astro-ph.IM]



WEP test in China Space Station (-2022) 

@ 2022 

≤ 1×10-7g RMS

46  30  26 cm3

30 kg  

30 W  

85Rb – 87Rb

12-10- 10~10
Heavenly Palace

https://cn.bing.com/images/search?q=China+space+station&id=8F91305BC63AE0EBA48B9198D4B5C05540C2A3AC&FORM=IQFRBA
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