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Outline of the Lectures

• Laser cooling and manipulation of atoms 

• Atom interferometry 

• Optical atomic clocks 

• Gravitational physics experiments on Earth and in space

http://www.amazon.com/Claude-Cohen-Tannoudji/e/B000AP7N50/ref=dp_byline_cont_book_1
http://www.amazon.com/s/ref=dp_byline_sr_book_2?ie=UTF8&field-author=David+Guery-Odelin&search-alias=books&text=David+Guery-Odelin&sort=relevancerank
http://www.sif.it/riviste/ncr/econtents/2013/036/12/article/0


Introduction to laser cooling  
and manipulation of atoms
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Laser cooling of atoms
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Lab ref. frame

Atom ref. frame

νL(1-v/c) νL(1+v/c)

Idea: T.W. Hänsch, A. Schawlow, 1975 

Exp. demonstration: S. Chu  et al., 1985
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Laser cooling: Optical molasses
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Atomic Temperature : kBT = Mv2rms

Doppler limit:

Recoil limit:

Examples: 
                   TD       Tr 
Na 240 µK  2.4  µK 
Rb 120 µK  360 nK 
Cs 120 µK  200 nK 
Sr 180 nK      460 nK

Idea: T. W. Hänsch, A. Schawlow, 1975 
Exp. demonstration: S. Chu  et al., 1985



3D molasses
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Na molasses



Sisyphus cooling
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From C. Cohen-Tannoudji



Sub-Doppler temperatures
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C. Salomon et al., 1990



Magneto-Optical Trap (MOT)
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density  n          ≈ 1011 cm-3 

temperature T   ≈ 100 µK  
size Δx      ≈ 1 mm    

E. Raab et al., Phys. Rev. Lett. 59, 2631 (1987)
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Rb MOT
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Ø ≈ 4 mm

                           grad B: 7 G/cm 
MOT                 detuning: -3Γ
                           intensity: 2 IS

                           grad B: 0 G/cm 
MOLASSES     detuning: -7Γ
                           intensity: 0.5 IS

BMOT 
switch ON

c
dN  =  R  -  ΓN
dt

c-Γ t

c

RN(t) =  (1 - e )
Γ



Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024

Sr MOT



Atomic fountain
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from C. Salomon



Light shifts and optical traps
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First exp. demonstration: S. Chu  et al., 1986

1D optical lattice ⇒ array of 2D disk-like trapping potentials 

2 D optical lattice ⇒ array of 1D potential tubes  

3 D optical lattice ⇒ 3D simple cubic array of h.o. potentials  

optical lattices

Review: I. Bloch, 2005



Precision gravity measurement at µm scale with Bloch 
oscillations of Sr atoms in an optical lattice
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ν = m g λ /2 h 

G. Ferrari, N. Poli, F. Sorrentino, G. M. Tino, Long-Lived Bloch Oscillations with Bosonic Sr Atoms and Application to Gravity 
Measurement at the Micrometer Scale, Phys. Rev. Lett. 97, 060402 (2006)



•  Method:  
Interrogate atoms in optical lattice without frequency shift 

• Long interaction time 
• Large atom number (108) 
• Lamb-Dicke regime 

 Excellent frequency stability 

• Small frequency shifts: 
• No collisions (fermion) 
• No recoil effect (confinement below optical wavelength) 
• Small Zeeman shifts (only nuclear magnetic moments)… 

Under development:  
 Sr (Tokyo, JILA, PTB, SYRTE, Firenze) 

  Sr optical clock
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Cooling and trapping atoms with laser light 
The Nobel Prize in Physics 1997 
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from W. Ketterle



T ≈ 300 K

Laser cooling

T≈ 100 nK

ρ ≈ 10-20

ρ ≈ 10-5

ρ ≈ 1

Evaporative cooling

T ≈ 10 µK

Bose-Einstein Condensation  
in dilute gases
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First BEC
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Anderson et al., Science 269, 198 (1995)



Bose-Einstein condensation in dilute gases of atoms 
The Nobel Prize in Physics 2001
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Quantum degenerate gases
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Bosons vs Fermions
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Atom optics
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Atom Interferometry
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Atom Interferometry
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H. Muntinga et al., Phys. Rev. Lett. 110, 093602 (2013)

G. M. Tino, M. A. Kasevich (eds) Atom Interferometry, Proc. Int. School Phys. ‘‘Enrico Fermi’’, 
Course CLXXXVIII, Varenna 2013 (SIF and IOS Press, 2014).

Alexander D. Cronin, Jörg Schmiedmayer, David E. Pritchard, Optics and interferometry with 
atoms and molecules, Rev. Mod. Phys., Vol. 81, No. 3 (2009)
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LASER

beam  
splitter

beam  
recombiner

Change of optical path, length,  
pressure, temperature,…

Change of phase  
of interference pattern

detector

detector

From C. Salomon

Optical interferometry
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H. Muntinga et al., Phys. Rev. Lett. 110, 093602 (2013)

Atomic interference fringes – Firenze 2006
G. M. Tino, M. A. Kasevich (eds) Atom Interferometry, Proc. Int. School Phys. ‘‘Enrico Fermi’’, 
Course CLXXXVIII, Varenna 2013 (SIF and IOS Press, 2014).

Alexander D. Cronin, Jörg Schmiedmayer, David E. Pritchard, Optics and interferometry with 
atoms and molecules, Rev. Mod. Phys., Vol. 81, No. 3 (2009)

Atom InterferometryAtom Interferometry



Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024

H. Muntinga et al., Phys. Rev. Lett. 110, 093602 (2013)

Atomic interference fringes – Firenze 2006

�dB = h
Mv

de Broglie wavelength

G. M. Tino, M. A. Kasevich (eds) Atom Interferometry, Proc. Int. School Phys. 
‘‘Enrico Fermi’’, Course CLXXXVIII, Varenna 2013 (SIF and IOS Press, 2014).

Alexander D. Cronin, Jörg Schmiedmayer, David E. Pritchard, Optics and 
interferometry with atoms and molecules, Rev. Mod. Phys., Vol. 81, No. 3 (2009)

Atom interferometry 
Wave-particle duality in quantum physics



Atom interferometer force sensors
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Gravity/Accelerations

g

(longer de Broglie 
wavelength)

As atom climbs gravitational potential, 
velocity decreases and wavelength 
increases

Rotations
Rotations induce path length 
differences by shifting the positions of 
beam splitting optics

The quantum mechanical wave-like properties of atoms can be 
used to sense inertial forces.

From M. Kasevich



Quantum interference
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Initial state 

|ψi〉

Final state 

|ψf〉

Interference of transition amplitudes 
P(|ψi〉⇒|ψf〉) = |AI + AII|2 = |AI|2 + |AII|2 + 2 Re(AI AII*) 

path II 
amplitude AII

path I 
amplitude AI



Atomic vs optical interferometers
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• The atoms move much more slowly in the interferometer compared to the photons. The 
interaction times are therefore much longer and the sensitivity can be much higher, for example to 
inertial effects (acceleration, rotation, gravitation).  

• The actual size of optical interferometers can be much larger compared to atom interferometers. 
Examples are LIGO/Virgo interferometers and optical fiber gyroscopes. 

• For the atoms, possibility to control the internal state and detection sensitive to internal state.  

• For the atoms a larger variety of internal states compared to the photons which have only the two 
polarizations. 

• Higher fragility of the atoms. In an atom interferometer it is important to avoid all processes of 
spontaneous emission or collisions that can destroy the atomic coherence.  

• The flux of photons in a laser beam is typically much larger than the flux of atoms in a beam. 
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Atom interferometry 
and gravity



Optical pulse atom optics
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atom
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Alexander D. Cronin, Jörg Schmiedmayer, David E. Pritchard, Optics and 
interferometry with atoms and molecules, Rev. Mod. Phys. 81, 1051 (2009).

Optical pulse atom optics



Raman transitions
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ω1 - ω 2 = ΔHFS ~ 6,835 GHz

● Counter-propagating laser beams 

● Change in atomic internal state 

● Momentum transfer Δp = 2ħk            
(k = k1 ≈ -k2)  

● Required laser power provided by 
semiconductor LD technology.



Bragg transitions
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ω1 - ω 2 ~ MHz

● Counter-propagating laser beams 

● No change in atomic internal state 

● Momentum transfer scales linearly 
with Bragg diffraction order n,      
Δp = 2nħk 

● High power laser beams (>1W) are 
required.



Raman pulses
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Δ

ω1, ω2   
k1, k2 

Ω1,  Ω2   
 φ1  ,  φ2 

a

b
ωeff

ωeff = ω1-ω2 

keff = k1-k2 

Ωeff = Ω1Ω2/Δ  
φeff = φ1 - φ2 

atom atom

ω1, k1 ω1, k1

ω2, k2 ω2, k2

beam-splitter mirror

M. Kasevich, S. Chu, Appl. Phys. B 54, 321 (1992)



Raman pulse interferometer
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Δ

ω1, ω2   
k1, k2 

Ω1,  Ω2   
 φ1  ,  φ2 

M. Kasevich, S. Chu, Appl. Phys. B 54, 321 (1992)

a

b
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ωeff = ω1-ω2 

keff = k1-k2 

Ωeff = Ω1Ω2/Δ  
φeff = φ1 - φ2 



Stanford atom gravimeter
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Resolution: 3x10-9 g after 1 minute 

Absolute accuracy: Δg/g<3x10-9 

       

     
A. Peters, K.Y. Chung and S. Chu, Measurement of gravitational acceleration by dropping atoms, Nature 400, 849 (1999)



Phase difference between the paths: 

ΔΦ = ke[z(0)-2z(T)+z(2T)]+Φe 

with z(t) = -g t2/2 + v0t + z0  &  Φe = 0  ⇒ ΔΦ = kegT2 
ke= k1 - k2  ,  ωe = c ke

Raman interferometry in a Rb atomic fountain
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M. Kasevich, S. Chu, Appl. Phys. B 54, 321 (1992)

g = ΔΦ / keT2

Final population:
Na = N/2 (1+cos[ΔΦ])

106 Rb atoms 
S/N  = 1000 
T = 150 ms ⇒ 2π = 10-6g 

Sensitivity 10-9 g/shot⇒

t

T T

z(t)

Interference fringes – Firenze 2006

A. Peters, K.Y. Chung and S. Chu, Nature 400, 849 (1999) 

π π/2π/2



Florence Raman gravity gradiometer
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F. Sorrentino, Q. Bodart, L. Cacciapuoti, Y.-H. Lien, M. Prevedelli, G. Rosi, L. Salvi, G. M. Tino,  
Sensitivity limits of a Raman atom interferometer as a gravity gradiometer, Phys. Rev. A 89, 023607 (2014)

Differential acceleration sensitivity 

 at 1 s


 after 8000 s
3 × 10−9g

5 × 10−11g
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Gravity gradiometer

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

�⇥ = 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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Gravity gradiometer



How do we improve sensitivity  
to gravity acceleration?
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Large phase  
resolution

Large momentum 
transfer

Long interrogation 
times



Atom Interferometry with Rb Blue Transitions
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• In the previous experiment on G, 100 hours of integration were 
required to reach 100 ppm.  

• To reach 10 ppm, the sensitivity must be improved. 

• Enhancing the transferred momentum to the atomic wave packets 

• Most LMT schemes require ultracold atomic samples (=> slow cycle 
rate, less atoms) and/or multi-pulse interferometric sequences (=> 
parasitic interferometers, reduced contrast) 

• A still unexplored possibility was to use Rb transitions on the  
5S -> 6P manifold @ 420-422 nm instead of the D2 line @ 780 nm 

• Even if the signal enhancement is only ~1.9 there are some 
major advantages:  
➢ Thermal cold atom samples can be used 
➢ The interferometric sequence is simple  
➢ Smaller diffraction, reduced systematic effects 

L. Salvi, L. Cacciapuoti, G. M. Tino, G. Rosi, Atom Interferometry with Rb Blue Transitions, 
Phys. Rev. Lett. 131, 103401 (2023)
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L. Salvi, L. Cacciapuoti, G. M. Tino, G. Rosi, Atom Interferometry with Rb Blue Transitions, 
Phys. Rev. Lett. 131, 103401 (2023)
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Atom Interferometry with Rb Blue Transitions
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Both	transitions	5S1/2	->	6P1/2	@	421.7	nm	and	5S1/2	->	6P3/2	@	420.3	nm	were	tested	(6	h	data	acquisition)

-	Pulse	duration:	48	us	(instead	of	24	us	=>	narrower	velocity	interval	selected)	
-	Detuning:	35-50	Г	(instead	of	300	Г		=>	higher	scattering	rate,	14%)	
-	Beam	waist:	9	mm	(instead	of	13	mm)	
-	Interferometer	time	T:	160	ms

Sensitivity:	1x10-8	g/Hz1/2
-	From	the	comparison	with	the	780	nm,	the	expected	increase	in	the	
signal	is	observed	(0.6	rad	->	1.1	rad)	
-	Sensitivity	does	not	improve	due	to	higher	scattering:		
1x10-8 g/Hz1/2  -> 2 x10-10 g after	2000	s	integration	time	

-	Non-optimal	conditions	due	to	limited	laser	power	(0.5	W)											
=>	Technical	upgrades	required:	Higher	power	lasers,	e.g.,	additional	
amplification	stages	or	Ti-Sa	lasers.

L. Salvi, L. Cacciapuoti, G. M. Tino, G. Rosi, Atom Interferometry with Rb Blue Transitions, 
Phys. Rev. Lett. 131, 103401 (2023)

Raman Interferometry with Rb Blue Transitions
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-	Bragg	diffraction:	interferometer	remains	in	the	same	internal	state	
=>	Less	sensitivity	to	external	fields	(e.g.	magnetic	fields)	

-	Multiphoton	interaction,	laser	resonance	condition:	ω1	–	ω2	=	4nωr	

-	Improves	sensitivity	to	Raman	transitions	by	increasing	the	area	of	
the	interferometer	at	high	orders	

-	Higher	recoil	speed	=>	greater	spacing	between	orders	

-	Bragg	interferometry	demonstrated	for	n	=	1	on	the	5S1/2	->	6P3/2	
transition	at	420.3	nm		

-	Gaussian	pulse	duration:	21	us	(sigma)	
-	Smaller	beam	size:	7	mm	
-	Detuning:	210	Г	(scattering	rate	10%)	
-	Interferometer	time	T:	80	ms	
-	Frequency	detuning	of	the	Bragg	π	pulse	changed	by	40	MHz	to	
introduce	a	differential	phase	shift.

=>	Sensitivity:	6 x10-8 g/Hz1/2  -> 1 x10-9 g after 2000 s integration

Possible	technical	improvements	as	for	Raman	Interferometry	to	
reach	optimal	conditions.

L. Salvi, L. Cacciapuoti, G. M. Tino, G. Rosi, Atom Interferometry with Rb Blue Transitions, 
Phys. Rev. Lett. 131, 103401 (2023)

Bragg Interferometry with Rb Blue Transitions



Atom interferometry  
with the Sr optical clock transition
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• 88Sr	isotope	
• B=300	G	->	Δν=20	µHz		
• Rabi	frequency	Ω ~	1kHz

Liang Hu, Nicola Poli, Leonardo Salvi, Guglielmo M. Tino,  
Atom interferometry with the Sr optical clock transition,  
Phys. Rev. Lett. 119, 263601 (2017) 
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Laser frequency noise insensitive detector

Graham, et al., arXiv:1206.0818, PRL (2013)

•  Long-lived single photon 
transitions (e.g. clock 
transition in Sr, Ca, Yb, Hg, 
etc.). 

•  Atoms act as clocks, 
measuring the light travel 
time across the baseline. 

•  GWs modulate the laser 
ranging distance.

Laser noise is 
common 

Excited 
state

Enables 2 satellite configurations

from M. Kasevich
Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024
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Bloch oscillations of Sr atoms in an optical lattice 
Precision gravity measurement at µm scale 
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ν = m g λ /2 h 

G. Ferrari, N. Poli, F. Sorrentino, G. M. Tino, Long-Lived Bloch Oscillations with Bosonic Sr Atoms and Application to Gravity Measurement at 
the Micrometer Scale, Phys. Rev. Lett. 97, 060402 (2006)

N. Poli, F.Y. Wang, M.G. Tarallo, A. Alberti, M. Prevedelli, G.M. Tino, Precision Measurement of Gravity with Cold Atoms in an Optical Lattice 
and Comparison with a Classical Gravimeter, Phys. Rev. Lett. 106, 038501 (2011)

V. Ivanov, A. Alberti, M. Schioppo, G. Ferrari, M. Artoni, M. L. Chiofalo, G. M. Tino, Coherent Delocalization of Atomic Wave Packets in Driven 
Lattice Potentials, Phys. Rev. Lett.  100, 043602 (2008)         



Particle in a periodic potential:Bloch oscillations
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Quantum theory for electrons in crystal lattices: F. Bloch, Z. Phys. 52, 555 (1929) 
Never observed in natural crystals (evidence in artificial superlattices) 
Direct observation with Cs atoms: M.Ben Dahan, E.Peik, J.Reichel, Y.Castin, C.Salomon, PRL 76, 4508 (1996)

λ/2

 periodic potential

Bloch’s theorem

quasimomentum q [2π/λ]

with a constant external force F

Bloch oscillations
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Persistent Bloch oscillations

 average vertical momentum of the lower peak 

 width of the atomic momentum distribution

G. Ferrari, N. Poli, F. Sorrentino, G. M. Tino, Long-Lived Bloch Oscillations with Bosonic Sr Atoms and Application 
to Gravity Measurement at the Micrometer Scale, Phys. Rev. Lett. 97, 060402 (2006)

Bloch frequency  vB = 574.568(3) Hz   

damping time   τ = 12 s 

8000 photon recoils in 7s 

gmeas = 9.80012(5) ms-2



Bloch oscillations of  88Sr atoms
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N. Poli, F.Y. Wang, M.G. Tarallo, A. Alberti, M. Prevedelli, G.M. Tino,  
Precision Measurement of Gravity with Cold Atoms in an Optical Lattice 
and Comparison with a Classical Gravimeter, 
Phys. Rev. Lett. 106, 038501 (2011)



Phase modulation Amplitude modulation

Modulation of optical lattices
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V. Ivanov, A. Alberti, M. Schioppo, G. Ferrari, M. Artoni, M. L. Chiofalo, 
G. M. Tino, Coherent Delocalization of Atomic Wave Packets in Driven 
Lattice Potentials, Phys. Rev. Lett.  100, 043602 (2008)         

A. Alberti, G. Ferrari, V.V. Ivanov, M. L. Chiofalo, G. M. Tino, 
Atomic wave packets in amplitude-modulated vertical optical lattices              
New Journal of Physics 12,  065037 (2010)

M. G. Tarallo, A. Alberti, N. Poli, M. L. Chiofalo, F.-Y. Wang, G. M. Tino, Delocalization-enhanced Bloch 
oscillations and driven resonant tunneling in optical lattices for precision force measurements,             
Phys.  Rev. A 86, 033615 (2012)
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How do we improve sensitivity  
to gravity acceleration?
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10 m fountain - Stanford 12 m fountain - Wuhan

Large-scale atom interferometers

8 m fountain - Firenze  
(under construction)



Towards Space
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G. M. Tino et al.,  SAGE: A Proposal for a Space Atomic Gravity Explorer,    
Eur. Phys. J. D 73, 228 (2019)

P. Wolf et al.,  STE-QUEST: Space Time Explorer and QUantum 
Equivalence Principle Space Test, arXiv:2211.15412 (2022)



Atomic Squeezing
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How do we improve sensitivity  
to gravity acceleration?
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The Standard Quantum Limit and beyond
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Squeezing on momentum states  
for atom interferometry
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Leonardo Salvi, Nicola Poli, Vladan Vuletić, Guglielmo M. Tino, Squeezing on 
Momentum States for Atom Interferometry, Phys. Rev. Lett. 120, 033601 (2018)

Goal: production of squeezed states of the atomic center-of-mass motion that can be 
injected into an atom interferometer. 

Proposed method: dispersive probing in a ring resonator on a narrow transition for a 
collective measurement of the relative population of two momentum states.



Squeezing on momentum states  
for atom interferometry
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Momentum States for Atom Interferometry, Phys. Rev. Lett. 120, 033601 (2018)
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Squeezing on momentum states  
for atom interferometry
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Leonardo Salvi, Nicola Poli, Vladan Vuletić, Guglielmo M. Tino, Squeezing on 
Momentum States for Atom Interferometry, Phys. Rev. Lett. 120, 033601 (2018)
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Squeezing on momentum states  
for atom interferometry
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First signatures of atom-cavity coupling
Blue MOT Red MOT



Atomic clocks
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Accuracy     →     realization of the standard                                                         
Stability       →     stability of the frequency: depends on        of the oscillator  
                                                                                            

The measurement of time

OSCILLATOR COUNTER



Atomic clocks

Δν.Δt = 1

The definition of the second 

The second is the duration of    
9 192 631 770 periods of the 
radiation corresponding to the 
transition between the two 
hyperfine levels of the ground 
state of the 133Cs atom 

(13th CGPM, 1967) 
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Atom interferometry  
with the Sr optical clock transition
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• 88Sr	isotope	
• B=300	G	->	Δν=20	µHz		
• Rabi	frequency	Ω ~	1kHz

Liang Hu, Nicola Poli, Leonardo Salvi, Guglielmo M. Tino,  
Atom interferometry with the Sr optical clock transition,  
Phys. Rev. Lett. 119, 263601 (2017) 
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Atomic fountain clock

from C. Salomon
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Microwave vs. optical clocks
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N. Poli, C. W. Oates, P. Gill and G. M. Tino, Optical atomic clocks,  
Rivista del Nuovo Cimento Vol. 36, N. 12 (2013)

Sr



From T.W. Hänsch
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Optical clocks: Towards 10-19

• Direct optical-µwave connection by optical frequency comb

• Narrow optical transitions  
 δνo ~ 1-100 Hz,  ν0 ~ 1014-1015 Hz 

• Candidate atoms       

   

Trapped ions:   Hg+, In+, Sr+, Yb+,…

 Cold neutral atoms:  H, Ca, Sr, Yb,…   
                            

Th. Udem et al., Nature 416 , 14 march 2002

N. Poli, C. W. Oates, P. Gill, G. M. Tino, Optical Atomic Clocks,  
La Rivista del Nuovo Cimento, 12, 555-624 (2013)

http://www.sif.it/riviste/ncr/econtents/2013/036/12/article/0


From T.W. Hänsch
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MLA style: "The Nobel Prize in Physics 2005". 
Nobelprize.org. 20 Oct 2012 http://
www.nobelprize.org/nobel_prizes/physics/laureates/
2005/

... The important contributions by John Hall and Theodor Hänsch have made it possible to measure frequencies with an 
accuracy of fifteen digits. Lasers with extremely sharp colours can now be constructed and with the frequency comb 
technique precise readings can be made of light of all colours. This technique makes it possible to carry out studies of, for 
example, the stability of the constants of nature over time and to develop extremely accurate clocks and improved GPS 
technology.



Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024
From Michael Drewsen

Trapped ions



Single ion Optical clock

Other experiments: NPL : Yb+, Sr+, NRC : Sr+, 
    MPQ : In+…, Innsbruck: Ca+, …. 

Yb+, PTB (Tamm, Peik...)Hg+, Al+, NIST (Bergquist et al.) 
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slide nobel
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MLA style: "The Nobel Prize in Physics 
2012". Nobelprize.org.  
20 Oct 2012 http://www.nobelprize.org/
nobel_prizes/physics/laureates/2012/

... Both Laureates work in the field of quantum optics studying the fundamental interaction between light and matter, 
a field which has seen considerable progress since the mid-1980s. 

... The research has also led to the construction of extremely precise clocks that could become the future basis 
for a new standard of time, with more than hundred-fold greater precision than present-day caesium clocks.



•  Method:  
Interrogate atoms in optical lattice without frequency shift 

• Long interaction time 
• Large atom number (108) 
• Lamb-Dicke regime 

 Excellent frequency stability 

• Small frequency shifts: 
• No collisions (fermion) 
• No recoil effect (confinement below optical wavelength) 
• Small Zeeman shifts (only nuclear magnetic moments)… 

Under development:  
 Sr (Tokyo, JILA, PTB, SYRTE, Firenze) 

  Sr optical clock
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1992 
sub-Doppler laser spectroscopy  

of Sr in a hollow cathode discharge 
0 -> 1 intercombination line

2003 
saturation spectroscopy  

of Sr in a thermal atomic beam 
0 -> 1 intercombination line

2009 
Magnetic field induced spectroscopy 
of cold Sr atoms in an optical lattice 

0 -> 0 intercombination line
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2012 
Magnetic field induced spectroscopy 
of cold Sr atoms in an optical lattice 

0 -> 0 intercombination line

G.M. Tino, M. Barsanti, M. de Angelis, L. Gianfrani,     
M. Inguscio, Spectroscopy of the 689 nm intercombi-
nation line of strontium using an extended cavity InGaP/
InGaAlP diode laser, Appl. Phys. B 55, 397 (1992)

G. Ferrari, P. Cancio, R. Drullinger, G. Giusfredi,  N. 
Poli, M. Prevedelli, C. Toninelli, G.M. Tino,  Precision 
Frequency Measurement of Visible Intercombination 
Lines of Strontium,  Phys. Rev. Lett. 91, 243002 (2003)

N. Poli, M. Schioppo, S. Vogt, St. Falke, U. Sterr,   Ch. 
Lisdat,  G. M. Tino, A transportable strontium optical 
lattice clock, Appl. Phys. B 117, 1107 (2014) 

N. Poli, M.G. Tarallo, M. Schioppo,  C.W. Oates,  
G.M. Tino, A simplified optical lattice clock,  
Appl. Phys. B 97, 27 (2009)

N. Poli, C. W. Oates, P. Gill, G. M. Tino,       
Optical Atomic Clocks, Riv. Nuovo Cim. 36, n.12 (2013) 

http://www.sif.it/riviste/ncr/econtents/2013/036/12/article/0


Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024



Testing gravity  
with atom interferometers
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Why atoms?
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• Extremely small size 
• Well known and reproducible properties 
• Quantum systems 
• Precision gravity measurement by atom interferometry  
• Potential immunity from stray fields effects 
• Different states, isotopes,…
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Atom interferometry 
and gravity



Stanford atom gravimeter
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Resolution: 3x10-9 g after 1 minute 

Absolute accuracy: Δg/g<3x10-9 

       

     
A. Peters, K.Y. Chung and S. Chu, Measurement of gravitational acceleration by dropping atoms, Nature 400, 849 (1999)



Measuring G  
with atom interferometers
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MAGIA 
(MISURA ACCURATA di G MEDIANTE INTERFEROMETRIA ATOMICA)
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g

aM

Ø Precision measurement of G  

• Measure g by atom interferometry 

• Add source mass 
• Measure change of  g 
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Cavendish, 1798

P.J. Mohr, B. N. Taylor, and D. B. Newell, CODATA recommended values of the 
fundamental physical constants: 2010, Rev. Mod. Phys., Vol. 84, No. 4, (2012)

6.6806.6756.6706.665

G (10-11m3kg-1s-2)

  NIST-82 torsion balance
  
  TR&D-96 torsion balance
  
  LANL-97 torsion balance
  
  CODATA 1998
  
  UWash-00 torsion balance
  
  BIPM-01 torsion balance
 
  UWup-02 simple pendulum 
  
  CODATA 2002
 
  MSL-03 torsion balance
 
  HUST-05 torsion balance
 
  UZur-06 beam balance
 
  CODATA 2006
 
  HUST-09 torsion balance
 
  JILA-10 simple pendulum
 
  CODATA 2010
 
  BIPM-13 torsion balance
 
  THIS WORK atom interferometry 

Terry Quinn. Measuring big G, NATURE, 408, 919 (2000)

Measurements of the Newtonian gravitational constant G



MAGIA 
Rb gravity gradiometer + source mass
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Sensitivity 10-9g/shot               Peak mass acceleration aG ≈ 10-7g   
one shot ⇒ ΔG/G ≈ 10-2        10000 shots  ⇒ ΔG/G ≈ 10-4  

500 kg tungsten mass



1 ton of gold  
as source mass

Ti vacuum system  
made by Ferrari

MAGIA: The dream

Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024
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LASER SYSTEMManipulate 87Rb atoms
OPTICAL FIBERSTransport light

Ti VACUUM SYSTEMLong interaction times

W SOURCE MASSESGravitational field

MAGIA apparatus

G. Lamporesi, A. Bertoldi, A. Cecchetti, B. Dulach, M. Fattori, A. Malengo,, 
S. Pettorruso, M. Prevedelli, G.M. Tino,  Source Masses and Positioning 
System for an Accurate Measurement of G, Rev. Scient. Instr. 78, 075109 (2007)

L. Cacciapuoti, M. de Angelis, M. Fattori, G. Lamporesi, T. Petelski, M. 
Prevedelli, J. Stuhler, G.M. Tino,  Analog+digital phase and frequency detector 
for phase locking of diode lasers, Rev. Scient. Instr. 76, 053111 (2005)



MAGIA
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J. B. Fixler, G. T. Foster, J. M. McGuirk and M. A. Kasevich,  
Atom Interferometer Measurement of the Newtonian Constant of Gravity,  
Science 315, 74 (2007)

A. Bertoldi G.Lamporesi , L. Cacciapuoti, M. deAngelis, M.Fattori, T.Petelski, A. Peters, M. Prevedelli,  J. Stuhler, G.M. Tino, 
Atom interferometry gravity-gradiometer for the determination of the Newtonian gravitational constant G,  
Eur. Phys. J. D 40, 271 (2006)



MAGIA: From proof-of-principle  
to the measurement of G
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• Sensitivity 
–15-fold improvement of the instrument sensitivity from 2008 to 2013 
–integration time for the 100 ppm target reduced by more than a factor 200 

• Accuracy 
–systematic uncertainty reduced by a factor ~10 since 2008, mostly due to 

• better characterization of source masses 
• control & mitigation of Coriolis acceleration 
• control of atomic trajectories  

• Data analysis 
– developed a reliable model accounting for all of the relevant effects 

• gravitational potential generated by source masses along atomic path 
• quantum mechanical phase shift of atomic probes 
• detection efficiency 

– measured data compared with a Montecarlo simulation 
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MAGIA apparatus
Cavendish 1798: “The apparatus is very simple”   

MAGIA apparatus is not very simple 
Laser system

6 frequency stabilized ECDL sources @ 780 nm (Reference, Cooling 2D-MOT, Cooling 3D-MOT, 
Repumper master, Raman master, Raman slave)
3 optically injected diode lasers @ 780 nm (Repumper 2D-MOT, Repumper 3D-MOT, Probe)
4 Tapered Amplifiers @ 780 nm (Cooling 2D-MOT, Cooling 3D-MOT, Raman master, Raman 
~20 AOMs
~20 PM optical fibres

Active stabilization loops
Intensity of 3D-MOT Cooling up and down laser beams, master and slave Raman laser beams 
and Probe laser
tilt of Raman retro-reflection mirror
Earth rotation compensation with tilt-tip Raman mirror

Vacuum system
2D-MOT chamber, steel, 10-7 torr Rb pressure
main chambers and interferometer tube, titanium, ~10-10 torr

Electronic control system
real-time system for analog I/O and TTL signals, <5 μs jitter
~20 shutter drivers
~10 DDS for AOM and OPLL driving
6 low-noise coil drivers

Laboratory environment
temperature stability 0.1 °C
humidity stability 5%
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Repetition period of experimental cycle: 1.9 s
Number of points per ellipse: 720 (23 min)
Number of launched atoms: ~109 per cloud
Number of detected atoms: ~4x105 per cloud
Sensitivity to ellipse angle: ~ 9 mrad/shot
Sensitivity to differential gravity: 3x10-9 g /√Hz
Sensitivity in G measurements: 5.7x10-2/√Hz
Integration time to  G at 10-4: 100 hours

MAGIA: Final sensitivity
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Relative uncertainty: 150 ppm

G. Rosi, F. Sorrentino, L. Cacciapuoti, M. Prevedelli & G. M. Tino,   
Precision Measurement of the Newtonian Gravitational Constant Using Cold Atoms  
NATURE vol. 510, p. 518 (2014)

G = 6.67191(77)(62) x 10−11 m3 kg−1 s−2

Relative uncertainty: 150 ppm
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Eite Tiesinga, Peter J. Mohr, David B. Newell, and Barry N. Taylor,  
CODATA recommended values of the fundamental physical constants: 2018 
Rev. Mod. Phys., 93, 025010 (2021)

CODATA 2018 
G = 6.67430(15)×10-11 m3 kg-1s-2   
[Relative std. uncert.:  2.2×10-5]
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Measuring G with atom interferometry
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Source masses： 
    24×10Kg  spheres 

Gravitational signal： 

Differential gravity sensitivity：

Project of Measuring G with AI in HUST

Project target

HUST: Huazhong University of Science & Technology 

  !g = 120µGal

  ! "g = 0.01µGal @104 s

Xiao-Chun Duan et al., Operating an atom-interferometry-based gravity gradiometer 
by the dual-fringe-locking method, Phys. Rev. A 90, 023617 (2014)Guglielmo M. Tino, Frontiers of Quantum Metrology - KITP - 11/10/2023

G. W. Biedermann et al., Testing Gravity with Cold-Atom 
Interferometers, Phys. Rev. A 91, 033629 (2015)From M. Kasevich

Guglielmo M. Tino, Frontiers of Quantum Metrology - KITP - 11/10/2023

Repetition period of experimental cycle: 1.9 s
Number of points per ellipse: 720 (23 min)
Number of launched atoms: ~109 per cloud
Number of detected atoms: ~4x105 per cloud
Sensitivity to ellipse angle: ~ 9 mrad/shot
Sensitivity to differential gravity: 3x10-9 g /√Hz
Sensitivity in G measurements: 5.7x10-2/√Hz
Integration time to  G at 10-4: 100 hours

MAGIA

G. Rosi, F. Sorrentino, L. Cacciapuoti, M. Prevedelli & G. M. Tino,  Precision Measurement 
of the Newtonian Gravitational Constant Using Cold Atoms, NATURE vol. 510, p. 518 (2014)

G = 6.67191(77)(62) x 10−11 m3 kg−1 s−2

Key insight / innovation 
•Atom interferometer measures 
potentials, not force 
•Allows probing potential at 
extremum, where dU/dx=0 
•W-shaped potential caused by 
pair of  spheres 
•Cavity-based interferometer

Technology impact 
•At extremum, dU/dx=0  
•Position of  masses/ atoms 
unimportant, removes major 
limiting influence 
•Cavity: mode filtering, 
intensity enhancement

Application 
• Verification of  force-free effect 
of  gravity 
•Equal to gravitational redshift 
of  the Compton frequency mc2/h 
•Precision measurement of  G at 
later stage

Hohensee et al., PRL 108, 230404 (2012)

Newton’s G measured by gravitational 
Aharonov Bohm effect

Florence Stanford Wuhan

Berkeley Northwestern University Florence

Systematic uncertainty: 92 ppm 
Statistical uncertainty: 116 ppmTarget uncertainty: 10 ppm

MEasuring the Gravitational constant  
with Atom interferometry for Novel fundamental physics TEests  (2019 -) 

PI: Gabriele Rosi

MEGANTEStrontium Atom Interferometer for Measurement of G
- Use atomic gravity gradiometer to measure phase response to 

proof masses

- Approach: use ultracold strontium atoms and large momentum 
transfer (LMT) atom interferometers with macroscopic scale 
delocalizations with single-crystal silicon proof masses that are 
horizontally alternated between near and far configurations

- Investigating optical-interferometry-based characterization of 
proof masses and how this impacts optimal proof mass 
geometry

- Eventual goal: AI measurement of G at 10 ppm  level or better

Cold strontium atom source Interferometry Laser System Interference Signal

from T. Kovachy, 2023
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Future prospects to improve the  
measurement of G with atom interferometry

• Highly homogeneous (lower-density, e.g. silicon) source mass 

• Higher sensitivity atom interferometer 

• Different scheme with better definition of atomic velocities 

• Smaller size of the atomic sensor 

• Atom with lower sensitivity to magnetic fields 
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ν = m g λ /2 h 

ΔG/G ≈ 10-5

ΔG/G ≈ 10-6 ?

Idea for Advanced MAGIA: 
Sr atoms in optical lattice and silicon crystal source mass

G. Rosi et al.,  Precision Measurement of the Newtonian Gravitational Constant Using Cold Atoms, NATURE vol. 510, p. 518 (2014)

G. M. Tino, Testing gravity with atom interferometry, in “Atom Interferometry”, G. M. Tino and M. A. Kasevich (eds), SIF and IOS (2014)



Curvature
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Measurement of the Gravity-Field 
Curvature by Atom Interferometry
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G. Rosi, L. Cacciapuoti, F. Sorrentino, M. Menchetti, M. Prevedelli, G. M. Tino, Measurement 
of the Gravity-Field Curvature by Atom Interferometry, Phys. Rev. Lett. 114, 013001 (2015)
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Test of the Einstein Equivalence Principle 
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The	trajectory	of	a	freely	falling	“test”	body	is	independent	
of	its	internal	structure	and	composi9on

Test of the Einstein Equivalence Principle 

Weak form of the Einstein Equivalence Principle → Universality of Free Fall

G. M. Tino, L. Cacciapuoti, S. Capozziello, G. Lambiase, F. Sorrentino, Precision gravity tests and the Einstein Equivalence Principle,  
Progress in Particle and Nuclear Physics 112, 103772 (2020)



Tests of the weak equivalence principle
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𝜂 <  ~10-13 

Atoms • different isotopes 
• different atoms     
• bosons vs fermions    
• different spins 
• anti-matter 
            

 𝜂 <  ~10-15 

𝜂 <  ~10-12 → ~ 10-14-10-15

Torsion balance

Test masses onboard a satellite 
(MICROSCOPE mission)

⌘A�B = 2 · |aA � aB|
|aA + aB|

= 2 · |(mi/mg)A � (mi/mg)B|
|(mi/mg)A + (mi/mg)B|

Eötvös ratio

Lunar  laser ranging 𝜂 <  ~10-13 
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Tests of the weak Equivalence Principle with atoms 
    Atoms vs macroscopic mass

A. Peters, K.Y. Chung and S. Chu, Nature 400, 849 (1999)  133Cs atoms vs classical gravimeter

S. Merlet, Q. Bodart, N. Malossi, A. Landragin, F. P. D. Santos, O. Gitlein, L. Timmen, Metrologia 
47, L9 (2010).

 87Rb atoms vs classical gravimeter

N. Poli, F.Y. Wang, M.G. Tarallo, A. Alberti, M. Prevedelli, G.M. Tino, Phys. Rev. Lett. 106, 038501 
(2011)

 88Sr atoms vs classical gravimeter

    Different atoms/isotopes

S. Fray, C. A. Diez, T.W. Hänsch, and M. Weitz, Phys. Rev. Lett. 93, 240404 (2004).  87Rb vs 85Rb

A. Bonnin, N. Zahzam, Y. Bidel, and A. Bresson, Phys. Rev. A 88, 043615 (2013).  87Rb vs 85Rb

P. Asenbaum , C. Overstreet , M. Kim , J. Curti, M.A. Kasevich, Phys. Rev. Lett. 125, 191101 (2020)  87Rb vs 85Rb

L.Zhou, C.He, S.-T.Yan, X.Chen, W.-T.Duan, R.-D.Xu, C.Zhou, Y.-H.Ji, S.Barthwal, Q.Wang, 
Z.Hou, Z.-Y.Xiong, D.-F.Gao, Y.-Z.Zhang, W.-T.Ni, J.Wang, M.-S.Zhan, PRA 104, 022822 (2021)

 87Rb vs 85Rb

D. Schlippert, J. Hartwig, H. Albers, L. L. Richardson, C. Schubert, A. Roura, W. P. Schleich, W. 
Ertmer, and E. M. Rasel, PRL 112, 203002 (2014) 

 87Rb vs 39K

M.G. Tarallo, T. Mazzoni, N. Poli, D.V. Sutyrin, X. Zhang, G.M. Tino, Phys. Rev. Lett. 113, 023005 
(2014)

 87Sr vs 88Sr

 The ALPHA collaboration, Nature 621, 716 (2023)  anti-H

    Atoms in different internal states

S. Fray, C. A. Diez, T.W. Hänsch, and M. Weitz, Phys. Rev. Lett. 93, 240404 (2004). 85Rb in two different hyperfine states

M.G. Tarallo, T. Mazzoni, N. Poli, D.V. Sutyrin, X. Zhang, G.M. Tino, Phys. Rev. Lett. 113, 023005 
(2014)

87Sr in different Zeeman states

X.-C. Duan, X.-B. Deng, M.-K. Zhou, K. Zhang, W.-J. Xu, F. Xiong, Y.-Y. Xu, C.-G. Shao, J. Luo, 
Z.-K. Hu, Phys. Rev. Lett. 117, 023001 (2016)

87Rb in different Zeeman states

G. Rosi, G. D’Amico, L. Cacciapuoti, F. Sorrentino, M. Prevedelli, M. Zych, C. Brukner, G.M. Tino, 
Nat. Commun. 8, 1 (2017)

87Rb in two different hyperfine states and in a coherent 
superposition
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Apparatus

Ultracold atom source 
>106 atoms at 50 nK 
3e5 atoms at 1.6 nK 

Optical Lattice Launch 
13.1 m/s with 2372 photon 
recoils to 9 m 

Atom Interferometry 
2 cm 1/e2 radial waist 
6 W total power 
Dynamic nrad control of laser 
angle with precision piezo-
actuated stage 

Detection 
Spatially-resolved fluorescence 
imaging 
Two CCD cameras on 
perpendicular lines of sight

•

Current demonstrated statistical  resolution, ~5e-13 g in 1 hr (87Rb) 
From M. Kasevich, ICAP 2014

Guglielmo M. Tino, LUH DQ-mat Colloquium - Online - 29/10/2020
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N. Poli, F.Y. Wang, M.G. Tarallo, A. Alberti, M. Prevedelli, G.M. Tino, Precision Measurement of Gravity 
with Cold Atoms in an Optical Lattice and Comparison with a Classical Gravimeter,  
Phys. Rev. Lett. 106, 038501 (2011)

140	ppb	relaave	uncertainty

Precision measurement of gravity with cold atoms in an optical lattice 
and comparison with a classical gravimeter
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Test	of	the	equivalence	principle	with	two	isotopes	of	stronaum	atom:
										88Sr	
•	Total	spin	=	0	
•	Boson

Search	for	EP	violaPons	due	to	spin-gravity	coupling	effects

Comparison	of	the	acceleraPon	of	88Sr	and	87Sr	under	the	effect	of	gravity		
by	measuring	the	Bloch	frequencies	in	a	verPcal	opPcal	laTce

																87Sr	
•	Total	spin	≡	nuclear	spin	I	=	9/2	
•	Fermion

Test of the EP for 0-spin and half-integer-spin atoms:  
Search for spin-gravity coupling effects

Einstein	Equivalence	Principle		
à	Universality	of	the	Free	Fall
The	trajectory	of	a	freely	falling	“test”	body		
is	independent	of	its	internal	structure		
and	composi9on

M.G. Tarallo, T. Mazzoni, N. Poli, D.V. Sutyrin, X. Zhang, G.M. Tino, Test of Einstein Equivalence Principle for 
0-Spin and Half-Integer-Spin Atoms:Search for Spin-Gravity Coupling Effects,  Phys. Rev. Lett. 113, 023005 (2014)
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Test of the equivalence principle   
with 88Sr and 87Sr atoms
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500	μm

1×106	atoms	
T:	1.4	μK

8×106	atoms	
T: 1 µK

87Sr88Sr

M.G. Tarallo, T. Mazzoni, N. Poli, D.V. Sutyrin, X. Zhang, G.M. Tino, Test of Einstein Equivalence Principle for 
0-Spin and Half-Integer-Spin Atoms:Search for Spin-Gravity Coupling Effects,  Phys. Rev. Lett. 113, 023005 (2014)



Differential gravity measurements for  
88Sr and 87Sr – Equivalence Principle test
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(*)	known	beger	than	10-10	:	Rana	et	al.,	PRA	86,	050502	(2012)

AM	resonant	tunneling	spectra AM	frequency	lock

Uncertainty	for	each	point	is	the	quadraac	sum	of	
staasacal	error	and	systemaacs	uncertainty

Where	uncertainty	corresponds	to	the	standard	
error	of	the	weighted	mean	

M.G. Tarallo, T. Mazzoni, N. Poli, D.V. Sutyrin, X. Zhang, G.M. Tino, Test of Einstein 
Equivalence Principle for 0-Spin and Half-Integer-Spin Atoms:Search for Spin-Gravity 
Coupling Effects,  Phys. Rev. Lett. 113, 023005 (2014)



Search for spin-gravity coupling 
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We	consider	possible	EEP	violaaon	due	to	spin-gravity	coupling	generated	by	a	gravitaaonal	potenaal	
of	the	form mA	is	the	rest	mass	of	the	atom	

Sz	is	the	projecaon	of	the	spin	along	gravity	direcaon	

k	is	the	model-dependent	spin-gravity	coupling	strength

Each	87Sr	spin	component	Sz	=	Iz	will	feel	different	gravitaaonal	forces	due	to	different	spin-gravity	
coupling.	For	unpolarized	sample	à	broadening	of	the	resonant	tunneling	spectra

Deviaaons	ΔΓ	of	measured	linewidth	from	Fourier	
linewidth,	corrected	by	systemaacs	(two-body	collisions,	
residual	magneac	field)	

à	Upper	limit	on	spin-gravity	coupling	k

M.G. Tarallo, T. Mazzoni, N. Poli, D.V. Sutyrin, X. Zhang, G.M. Tino, Test of Einstein 
Equivalence Principle for 0-Spin and Half-Integer-Spin Atoms:Search for Spin-Gravity 
Coupling Effects,  Phys. Rev. Lett. 113, 023005 (2014)



Observation of the effect of gravity  
on the motion of anti-H

Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024

Anderson, E.K., et al. (ALPHA collaboration), Observation of the effect of gravity 
on the motion of antimatter, Nature 621, 716 (2023)

Nature 621, 699-700 (2023) - News and Views



• QUPLAS-0: Positron interferometry (completed!) 

• QUPLAS-I: Positronium Interferometry 

• QUPLAS-II: Positronium Gravitation

S. Sala, A. Ariga, A. Ereditato, R. Ferragut, M. Giammarchi, M. Leone, C. Pistillo, P. Scampoli 
Science Advances 5 eaav7610 (2019) doi: 10.1126/sciadv.aav7610 

First Observation of Antimatter Quantum Interference – done with positrons in  
single-particle mode. This completes the first part of the program. 

Gravitation with Positronium 
QUPLAS: Quantum interferometry and gravitation with Positrons and LASers

Positron interference in QUPLAS-0: 

 Talbot Lau mode with 

-Positron E from 8 to 16 keV 
-A material grating system 
-Nuclear emulsion detector

The next steps

from M. Giammarchi, 2020



Gravitation with Positronium
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Electrodes

e+	Flux

Ps-

Ps-

Ps-

e+-Ps-	
converter

e+	
production	
system

Ps	
(n=1)

Photo-
detachment

Excitation	
Stage

MZ	Interferometer

Ps	
(n=2)

Milano/Como Firenze

Experimental	Setup	Scheme

Giuseppe Vinelli, Fabrizio Castelli, Rafael Ferragut, Massimiliano Romé, Michele G. Sacerdoti, Leonardo Salvi, 
Valerio Toso, Marco G. Giammarchi, Gabriele Rosi and Guglielmo M. Tino, A large-momentum-transfer matter-wave 
interferometer to measure the effect of gravity on positronium, Class. Quantum Grav. 40 205024 (2023)



Gravitation with Positronium
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UV	
Excitation	
Stage

Microwave	
Excitation	
Stage

MZ	Interferometer	
Laser	System
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z

13S1	(τann=	142	ns)	

23P0
23P1
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23S1	(τann=	1.14	µs)	
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G. Vinelli, F. Castelli, R. Ferragut, M. Romé, M. G. Sacerdoti, L. Salvi, V. Toso, M. G. Giammarchi,  
G. Rosi, G. M. Tino, A large-momentum-transfer matter-wave interferometer to measure the effect of 
gravity on positronium, Class. Quantum Grav. 40 205024 (2023)

Keff=10kl
vPs=6x106 m/s
L≈5 m
T≈0.4 µs
Nf/Ni≈27%
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Tests of Gravitational Quantum Physics 
and Quantum Gravity models
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⌘A�B = 2 · |aA � aB|
|aA + aB|

= 2 · |(mi/mg)A � (mi/mg)B|
|(mi/mg)A + (mi/mg)B|

↵ = i, g
Ĥi

Ĥg

Eötvös ratio

Mass–energy operators

M̂↵ = m↵Î +
Ĥ↵

c2

contributions of the internal energy 
to the inertial and gravitational mass

M̂i 6= M̂g
Quantum test theory  
with WEP violations ⇒ ⇒ â = M̂gM̂

�1
i g

M̂gM̂
�1
i ⇡

✓
r1 r
r⇤ r2

◆
r = |r|ei'r

Zych, M. & Brukner, C. Quantum formulation of the Einstein equivalence principle, 
https://arxiv.org/abs/1502.00971 (2015)

Orlando, P. J., Mann, R. B., Modi, K. & Pollock, F. A. A test of the equivalence
principle(s) for quantum superpositions. Class. Quantum Grav. 33, 19LT01 (2016)

Quantum test of the equivalence principle for atoms  
in coherent superposition of internal energy states
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Quantum test of the equivalence principle for atoms  
in coherent superposition of internal energy states
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|1i = |F = 1,mF = 0i

|2i = |F = 2,mF = 0i

|si =
�
|1i+ ei� |2i

�
/
p
2

a1 = gh1|M̂gM̂
�1
i |1i = gr1

a2 = gh2|M̂gM̂
�1
i |2i = gr2

as = ghs|M̂gM̂
�1
i |si = g


r1 + r2

2
+ |r| cos('r + �)

�

G. Rosi, G. D’Amico, L. Cacciapuoti, F. Sorrentino, M. Prevedelli, M. Zych, C. Brukner, G.M. Tino Quantum test of 
the equivalence principle for atoms in coherent superposition of internal energy states,  Nature Commun. 8, 15529 (2017)



⌘1�2 = (1.0± 1.4) · 10�9

⌘1�s = (3.3± 2.9) · 10�9

|r1 � r2|  10�9

|r|  5 · 10�8

Quantum test of the equivalence principle for atoms  
in coherent superposition of internal energy states
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G. Rosi, G. D’Amico, L. Cacciapuoti, F. Sorrentino, M. Prevedelli, M. Zych, C. Brukner, G.M. Tino Quantum test of 
the equivalence principle for atoms in coherent superposition of internal energy states,  Nature Commun. 8, 15529 (2017)



Quantum Interference of Clocks

TICTOC

GRAV

TICTOC	
																		GRAV

✓ 	Dephasing	introduced	by	differential	
time	 dilation	 in	 the	 two	 different	
paths	γ1	and	γ2

✓ 	Quantum	superposition	of	clocks	in	
different	locations			

																														

M.	Zych	et	al.		Nature	Commun.	2(505),	1498	(2011)	

Observe	gravity	induced	“decoherence”	in	
clock	interferometers

h

(h	=	height	difference)

✓ 	 Decoherence	 induced	 by	 “which	
path”	information	from	clock	state

Test	of	foundation	of	quantum	mechanics:	quantum	to	classical	transition

(T=time)

T

✓ 	Interferometer	contrast	loss



Observation of a gravitational 
Aharonov-Bohm effect
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Chris Overstreet, Peter Asenbaum, Joseph Curti, Minjeong Kim, Mark A. Kasevich, 
Observation of a gravitational Aharonov-Bohm effect, Science 375, 226–229 (2022)



Key insight / innovation 
•Atom interferometer measures 
potentials, not force 
•Allows probing potential at 
extremum, where dU/dx=0 
•W-shaped potential caused by 
pair of  spheres 
•Cavity-based interferometer

Technology impact 
•At extremum, dU/dx=0  
•Position of  masses/ atoms 
unimportant, removes major 
limiting influence 
•Cavity: mode filtering, 
intensity enhancement

Application 
• Verification of  force-free effect 
of  gravity 
•Equal to gravitational redshift 
of  the Compton frequency mc2/h 
•Precision measurement of  G at 
later stage

Hohensee et al., PRL 108, 230404 (2012)

Newton’s G measured by gravitational 
Aharonov Bohm effect
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from E. Rasel



from E. Rasel



Test of quantum gravity
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Experiments on gravity at small spatial scale
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Motivation
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• Physics beyond the standard model
Extra space-time dimensions
  Deviations from 1/r2 law  
 Hierarchy problem: why is gravity so weak? 
   
New boson-exchange forces
 Radion – low-mass spin-0 fields with gravitational-strength couplings 
 Moduli – massive scalar particles producing  gravitylike forces
  Dilaton – Light scalar in string theory, coupling to nucleons
 Axion – pseudoscalar particles explaining smallness of CP violation in QCD for 

strong nuclear force
 Multi-particle exchange forces
 

• Small observed size of Einstein 
cosmological constant

 
• Experimental challenge

N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys. Lett. B 429, 263 (1998)  
N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys. Rev. D 59, 086004 (1999)

S. Dimopoulos and G. F. Giudice, Phys. Lett. B 379, 105 (1996) 
I. Antoniadis, S. Dimopoulos, and G. Dvali, Nuc. Phys. B 516,70 (1998)

T.R. Taylor, G. Veneziano, Phys. Lett. B 213, 450  (1988) 
D. B. Kaplan, M. B. Wise, J. High Energy Phys. 8, 37 (2000) 

Moody and Wilczek, Phys Rev. D 30, 130 (1984) 
R. Barbieri, A. Romanino, A. Strumia, Phys. Lett. B 387, 310  (1996) 
L.J. Rosenberg, K.A. van Bibber, Phys. Rep. 325, 1 (2000)) 

S.R. Beane, Gen. Rel. Grav. 29, 945 (1997) 
R. Sundrum, Phys. Rev. D 69, 044014 (2004)



Deviations from Newtonian gravity
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• Exchange of a boson with m = ħ/λc 
• Extra dimensions

• Modification of power 
  law in Newton-type force

• Newton+Yukawa 
  potential

• Modified power-law 
   potential  Exchange of  2 massless particles



Extra Dimensions
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N. Arkani-Hamed, S. Dimopoulos, G. Dvali, The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 
429, 263 (1998)  

N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phenomenology, astrophysics, and cosmology of theories with submillimiter 
dimensions and TeV scale quantum gravity, Phys. Rev. D 59, 086004 (1999)

1 extra dimension     ⇒    F ∝ 1/r3    size ≈ 1011 m   
2 extra dimensions   ⇒    F ∝ 1/r4    size ≈ 10-4 m 
3 extra dimensions   ⇒    F ∝ 1/r5    size ≈ 10-9 m  
    …



Tests of the gravitational 1/r2 law  
at small distances
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J. G. Lee, E. G. Adelberger, T. S. Cook, S. M. Fleischer, and B. R. Heckel, New Test of the 
Gravitational 1/r2 Law at Separations down to 52  µm, Phys. Rev. Lett. 124, 101101 (2020)

Jun Ke, Jie Luo, Cheng-Gang Shao, Yu-Jie Tan, Wen-Hai Tan, and Shan-Qing Yang, Combined Test of the 
Gravitational Inverse-Square Law at the Centimeter Range, Phys. Rev. Lett. 126, 211101 (2021)



Accessible region with atomic probes
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• Exchange of a boson with m = ħ/λc 
• Extra dimensions

• Newton+Yukawa 
  potential



Scheme for the measurement of small distance forces  
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Objective: λ = 1-10 µm, α = 103-104

ν = m a λ /2 h 

Source mass

ν = m g λ /2 h 

F. Sorrentino, A. Alberti, G. Ferrari, V. V. Ivanov, N. Poli, M. Schioppo, and G. M. Tino, Quantum sensor for atom-surface interactions 
below 10 µm, Phys. Rev. A 79, 013409 (2009)

G. M. Tino, Testing gravity with atom interferometry, in “Atom Interferometry”, G. M. Tino and M. A. Kasevich (eds), SIF and IOS (2014)
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Vertical size of the atomic sample: 15 µm 

Atom elevator:  
upward acceleration (1.35 g) for 10 ms 
uniform velocity (133 mm/s) for variable time 
downward acceleration (-1.35 g) for 10 ms 
rest for 470 ms 
reverse motion back to the starting point 

Vertical position fluctuations: 3 µm rms

•Vertical size reduced to 4 µm with 
an optical tweezer 

Scheme for the measurement of small distance forces  

F. Sorrentino, A. Alberti, G. Ferrari, V. V. Ivanov, N. Poli, M. Schioppo, and G. M. Tino, 
Quantum sensor for atom-surface interactions below 10 µm, Phys. Rev. A 79, 013409 (2009)



Short-distance measurements 
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• OpPcal	elevator	to	bring	atoms	close	to	a	sample	surface:	trying	to	
measure	Casimir-Polder	force	

⇒	AM	measurement	close	to	the	surface	(preliminary)

Δz = 2 mm	
Δtstop = 2 s	
Γ = 165 mHz

	Fourier-limited:	no	effects	
from	the	elevator

Gewng	closer:

Γexp/ΓFourier∼ 12 !

G. M. Tino, Testing gravity with atom interferometry, in “Atom Interferometry”, G. M. Tino and M. A. Kasevich (eds), SIF and IOS (2014)
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Experiment	at	SYRTE,	Paris

From Franck Pereira Dos Santos, 2024
Yann Balland, Luc Absil, and Franck Pereira Dos Santos, 
Quectonewton local force sensor, arXiv:2310.14717 (2023)
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From Franck Pereira Dos Santos, 2024
Yann Balland, Luc Absil, and Franck Pereira Dos Santos, 
Quectonewton local force sensor, arXiv:2310.14717 (2023)

Experiment	at	SYRTE,	Paris



Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024

From Franck Pereira Dos Santos, 2024
Yann Balland, Luc Absil, and Franck Pereira Dos Santos, 
Quectonewton local force sensor, arXiv:2310.14717 (2023)

Experiment	at	SYRTE,	Paris



Measuring atom-surface forces
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Express trap frequency changes as 
normalized frequency shifts:

Negative curvature 
attractive potential                  

Trap frequency decrease 

Unperturbed 
trap, ωx

Modified 
trap, ω

Move near the 
surface

Use trapped BEC as a mechanical oscillator 
Measure changes in dipole oscillation frequency

Oscillating 
BEC

Surface

From E.A. Cornell, San Feliu Conference, 2005 
D. M. Harber, J. M. Obrecht, J. M. McGuirk, E. A. Cornell, Measurement of the Casimir-Polder 
force through center-of-mass oscillations of a Bose-Einstein condensate, PRA 72, 033610 (2005)
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Cristian D. Panda, Matthew J. Tao, Miguel Ceja, Holger Müller, 
Measuring gravity by holding atoms, arXiv:2310.01344 (2023)
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Cristian D. Panda, Matthew J. Tao, Miguel Ceja, Holger Müller, 
Measuring gravity by holding atoms, arXiv:2310.01344 (2023)

Search for dark energy



Search for dark matter
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SAGE: Search for Dark-Matter
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(Left) An atomic clock sweeps through the DM. DM is assumed to be composed of extended 
objects (or clumps). If there is a difference of fundamental constants (such as the fine-structure 
constant in the figure) inside and outside the clumps, the clumps can cause the clock to slow 
down or speed up [A. Derevianko and M. Pospelov. Hunting for topological dark matter with 
atomic clocks. Nature Phys., 10:933, 2014]. 

(Right) Ultralight fields can lead to oscillating fundamental constants at the field Compton 
frequency. By Fourier-transforming a time series of clock frequency measurements, one could 
search for peaks in the power spectrum and potentially identify DM presence [A. Arvanitaki, J. 
Huang, and K. Van Tilburg. Searching for dilaton dark matter with atomic clocks. Phys. Rev. D, 
91(1):015015, 2015].

G. M. Tino et al.,  SAGE: A Proposal for a Space Atomic Gravity Explorer,  
Eur. Phys. J. D 73, 228 (2019)



Toward atomic gravitational wave detectors
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Main ideas
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• Detection of GWs by matter waves 
• Drastic reduction of critical noise sources 
• Addressing new interesting frequency ranges

Gravitational wave detection  
with atom interferometry



Virgo

• R.Y. Chiao, A. D. Speliotopoulos, “Towards MIGO, the matter-wave interferometric gravitational-wave observatory, and the intersection of quantum 
mechanics with general relativity”, Journal of Modern Optics  (2004),  51(6-7),  861-899 

• C. Bordè, G. M. Tino, F. Vetrano, "Can we use atom interferometers in searching for gravitational waves?", 2004 Aspen Winter College on Gravitational 
Waves. Available online at:  http://www.ligo.caltech.edu/LIGO_web/Aspen2004/pdf/vetrano.pdf 
• A. Roura, D.R. Brill, B. L. Hu, C.W. Misner, W.D. Phillips, “Gravitational wave detectors based on matter wave interferometers (MIGO) are no better 
than laser interferometers (LIGO)”, Physical Review D: Particles and Fields  (2006),  73(8),  084018/1-084018/14 

• G.M. Tino, F. Vetrano,  "Is it possible to detect gravitational waves with atom interferometers?", Class. Quantum Grav. 24, 2167 (2007) 

• S. Dimopoulos, P.W. Graham, J.M. Hogan, M. A. Kasevich, S. Rajendran, “Atomic gravitational wave interferometric sensor”, Phys. Rev. D 78, 122002 
(2008)

Gravitational wave detection  
with atom interferometry
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• Single atom interferometer

•  Differential scheme

G.M. Tino and F. Vetrano, Is it possible to detect gravitational waves with atom
interferometers?  Class. Quantum Grav. 24, 2167 (2007)

S. Dimopoulos, P. W. Graham, J. M. Hogan, M. A. Kasevich, S. Rajendran, Atomic 
gravitational wave interferometric sensor,  Phys. Rev. D 78, 122002 (2008)

Gravitational wave detection  
with atom interferometry
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Special issue on  
Gravitational Waves Detection with Atom Interferometry  

G.M. Tino, F. Vetrano, C. Laemmerzahl  Editors,  
General Relativity and Gravitation 43, 1901 (2011)



Laser frequency noise insensitive detector

Graham, et al., arXiv:1206.0818, PRL (2013)

•  Long-lived single photon 
transitions (e.g. clock 
transition in Sr, Ca, Yb, Hg, 
etc.). 

•  Atoms act as clocks, 
measuring the light travel 
time across the baseline. 

•  GWs modulate the laser 
ranging distance.

Laser noise is 
common 

Excited 
state

Enables 2 satellite configurations

from M. Kasevich
Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024



Testing gravity  
with atomic clocks
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 Gravitational red shift 

 A clock close to a massive body runs slower 

At a distance h from  
the surface of the Earth

→



The current GPS configuration consists of a network of 24 satellites in high orbits around the Earth. Each satellite in the GPS constellation orbits at an 
altitude of about 20,000 km from the ground, and has an orbital speed of about 14,000 km/hour (the orbital period is roughly 12 hours). Each satellite 
carries with it an atomic clock. 
Because an observer on the ground sees the satellites in motion relative to them, Special Relativity predicts that we should see their clocks ticking 
more slowly. Special Relativity predicts that the on-board atomic clocks on the satellites should fall behind clocks on the ground by about 7 
microseconds per day because of the slower ticking rate due to the time dilation effect of their relative motion. 
The satellites are in orbits high above the Earth, where the curvature of spacetime due to the Earth's mass is less than it is at the Earth's surface. As 
such, when viewed from the surface of the Earth, the clocks on the satellites appear to be ticking faster than identical clocks on the ground. A 
calculation using General Relativity predicts that the clocks in each GPS satellite should get ahead of ground-based clocks by 45 microseconds per day. 
The combination of these two relativitic effects means that the clocks on-board each satellite should tick faster than identical clocks on the ground by 
about 38 microseconds per day 

If these effects were not properly taken into account, errors in global positions  
would continue to accumulate at a rate of  about 10 km/day. 

GPS  (→ GALILEO)

Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024From Wikipedia
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"David J. Wineland - Nobel Lecture: Superposition, Entanglement, and Raising Schroedinger´s Cat".  
Nobelprize.org. 7 Feb 2013 http://www.nobelprize.org/nobel_prizes/physics/laureates/2012/wineland-lecture.html

Measure gravitational red shift in the lab



Measure gravitational red shift in the lab
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C. W. Chou, D. B. Hume, T. Rosenband and D. J. Wineland  
Optical Clocks and Relativity, Science 329, 1630 (2010)

http://www.sciencemag.org/search?author1=C.+W.+Chou&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=D.+B.+Hume&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=T.+Rosenband&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=D.+J.+Wineland&sortspec=date&submit=Submit
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Gravitational redshift  
at millimetre scale
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Nature volume 602, pages 425–430 (2022)
Nature volume 602, pages 420–424 (2022)

https://www.nature.com/
https://www.nature.com/
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Gravitational redshift  
at millimetre scale

Ksenia Khabarova, Atomic clouds stabilized to measure dilation 
of time, Nature 602, 391-392 (2022) - News and Views

1. Bothwell, T. et al. Nature 602, 420–424 (2022)
2. Zheng, X. et al. Nature 602, 425–430 (2022)
3. Vessot, R. F. C. et al. Phys. Rev. Lett. 45, 2081–2084 (1980)
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LETTERS
https://doi.org/10.1038/s41566-020-0619-8

1Quantum Metrology Laboratory, RIKEN, Wako, Saitama, Japan. 2Space-Time Engineering Research Team, RIKEN, Wako, Saitama, Japan. 3Department of 
Applied Physics, Graduate School of Engineering, The University of Tokyo, Bunkyo-ku, Tokyo, Japan. 4Geospatial Information Authority of Japan, Tsukuba, 
Ibaraki, Japan. 5Osaka Institute of Technology, Kitayama, Hirakata, Osaka, Japan. ✉e-mail: katori@amo.t.u-tokyo.ac.jp

A clock at a higher altitude ticks faster than one at a lower  
altitude, in accordance with Einstein’s theory of general rela-
tivity. The outstanding stability and accuracy of optical clocks, 
at 10−18 levels1–5, allows height differences6 of a centimetre 
to be measured. However, such state-of-the-art clocks have 
been demonstrated only in well-conditioned laboratories. 
Here, we demonstrate an 18-digit-precision frequency com-
parison in a broadcasting tower, Tokyo Skytree, by developing 
transportable optical lattice clocks. The tower provides the 
clocks with adverse conditions to test the robustness and a 
450!m height difference to test the gravitational redshift at 
(1.4!±!9.1)!×!10−5. The result improves ground-based clock 
comparisons7–9 by an order of magnitude and is comparable 
with space experiments10,11. Our demonstration shows that 
optical clocks resolving centimetres are technically ready for 
field applications, such as monitoring spatiotemporal changes 
of geopotentials caused by active volcanoes or crustal defor-
mation12 and for defining the geoid13,14, which will have an 
immense impact on future society.

Einstein formulated general relativity (GR) as the theory of  
gravity in 1915, in which he explained the origin of gravity is the 
curvature of space and time. Over the century since then, alternative 
theories of gravity have been proposed, and they have been tested 
in many ways15. Although GR is believed to be the best theory of 
gravity, there are aspects that are not completely satisfactory. First, 
although special relativity has been integrated with quantum theory 
as quantum field theory, GR is not yet unified, preventing a single 
ultimate theory. Second, the current standard cosmological model 
based on GR has to introduce unknown ‘dark energy’ to explain 
the accelerating Universe16. Plausible solutions to the ‘dark energy’ 
problem are to throw away the cosmological principle (a homoge-
neous and isotropic Universe) or to modify GR. Thus, the precise 
measurement of the validity of GR is an important step towards 
understanding fundamental physics, even in the classical regime.

GR predicts the dilation of time in a deeper gravitational poten-
tial; this is referred to as gravitational redshift. The gravitational 
redshift between clocks (Δν = ν2 − ν1) located at positions 1 and 2 
is given by their gravitational potential difference ΔU = U2 − U1 as

Δν
ν1

¼ 1þ αð ÞΔU
c2

ð1Þ

to first order of ΔU, where ν1(2) is the clock frequency at location 1 
(2), c is the speed of light and α denotes the violation from GR (α = 0 
for GR). The measurement of α at different locations serves as a test 

of local position invariance (LPI), which describes the result of a 
non-local gravitational experiment being independent of place and 
time, which is at the heart of Einstein's equivalence principle, the 
starting principle of GR.

The first redshift measurement was carried out in the series of 
Pound–Rebka–Snider experiments7 in the early 1960s, in which 
they obtained jαj<O 10!2ð Þ

I
 with a height difference of Δh = 23 m. 

Later, the Gravity Probe A mission17 obtained |α| ≈ 1.4 × 10−4 using 
a hydrogen maser in a spacecraft launched to Δh = 10,000 km. 
Recently, using two Galileo satellites that accidentally took elliptic 
orbits with a height difference of Δh ≈ 8,500 km, new constraints were 
reported as α = (0.19 ± 2.48) × 10−5 (ref. 10) and α = (4.5 ± 3.1) × 10−5 
(ref. 11). The uncertainty of α is mainly given by c2

ΔU
δν
ν1

I
, suggesting 

that accurate frequency measurement of clocks (uc = δν/ν1) is at the 
heart of the endeavour, in particular, for ground experiments with 
Δh less than a kilometre, as ΔU is nearly four orders of magnitude 
smaller than the space experiments. A comparison of optical lattice 
clocks at RIKEN and The University of Tokyo8 with Δh ≈ 15 m has 
so far demonstrated α = (2.9 ± 3.6) × 10−3, limited by uc = 5.7 × 10−18. 
Constraining α to better than 10−3 on the ground has remained 
uninvestigated, as it requires outstanding clock accuracy or  
height differences.

Transportable optical clocks with uncertainties below 10−16  
(refs. 18–20) and laboratory-based clocks with uncertainties of 10−18 
(refs. 1–3,5) or below4 offer new possibilities for testing fundamental  
physics on the ground, for example, a test of Lorentz symmetry21 or a 
search for dark matter22–27. The Physikalisch-Technische Bundesanstalt 
(PTB) and Istituto Nazionale di Ricerca Metrologica (INRiM) team 
has reported α ≈ 10−2 by comparing a transportable clock in the 
middle of a mountain and a laboratory clock, with Δh ≈ 1,000 m 
(ref. 9). Here, we demonstrate a test of the gravitational redshift of 
α = (1.4 ± 9.1) × 10−5 by developing a pair of transportable optical  
lattice clocks and operating them with a height difference of 
Δh ≈ 450 m at Tokyo Skytree.

To operate Sr-based optical lattice clocks at 10−18 uncertainty, 
reducing the blackbody radiation (BBR) shifts1–3 and the higher-
order light shifts28,29 is of prime concern. Applying a small-sized 
BBR shield as depicted in Fig. 1a, the ambient temperature in the 
spectroscopy region is controlled at 245 K by a four-stage Peltier 
cooler. In addition, we reduce the total lattice light shift to 1 × 10−18 
by tuning the lattice laser to frequency νL = 368,554,470.4 ± 0.2 MHz, 
with polarization parallel to the bias magnetic field (Fig. 1a), and 
by setting the lattice depth to 81ER, where ER is the lattice photon 
recoil energy29, compensating the multipolar- and hyperpolari-
zability-induced light shift with the electric-dipole light shift28. To 

Test of general relativity by a pair of transportable 
optical lattice clocks
Masao Takamoto1,2, Ichiro Ushijima! !3, Noriaki Ohmae! !1,2, Toshihiro Yahagi4, Kensuke Kokado4, 
Hisaaki Shinkai! !5 and Hidetoshi Katori! !1,2,3 ✉

NATURE PHOTONICS | VOL 14 | JULY 2020 | 411–415 | www.nature.com/naturephotonics 411



SOC – Space Optical Clock
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Space Optical Clock

Firenze, 2011



Quantum Interference of Clocks

TICTOC

GRAV

TICTOC	
																		GRAV

✓ 	Dephasing	introduced	by	differential	
time	 dilation	 in	 the	 two	 different	
paths	γ1	and	γ2

✓ 	Quantum	superposition	of	clocks	in	
different	locations			

																														

M.	Zych	et	al.		Nature	Commun.	2(505),	1498	(2011)	

Observe	gravity	induced	“decoherence”	in	
clock	interferometers

h

(h	=	height	difference)

✓ 	 Decoherence	 induced	 by	 “which	
path”	information	from	clock	state

Test	of	foundation	of	quantum	mechanics:	quantum	to	classical	transition

(T=time)

T

✓ 	Interferometer	contrast	loss



Measurement of the gravitational redshift
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From table-top experiments  
to large-scale detectors                               
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10 m fountain - Stanford 12 m fountain - Wuhan

Large-scale atom interferometers

8 m fountain - Firenze  
(under construction)
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The VLBAI facility

17
 m

Upper atomic source

Seismic attenuation 
system

Lower atomic source

Magnetic  
shield

Drop mode
2T ~ 0.8 s

Launch mode
2T ~ 2.8 s

Atomic sources
➢ Rubidium & ytterbium 

(quantum-degenerate)
➢ Drop/launch mode

AI-zone  
& magnetic shield
➢ 10.5 m CF 200 Al tube
➢ Dual-layer mu-metal  

(octagonal geometry; 
collaboration with  
P. Fierlinger, TU 
München)

Inertial reference
➢ Geometric anti-spring 

system (f0 ~ 320 mHz) with 
active stabilization

➢ Rotation compensation 
system (cf. Kasevich, Müller groups)

[DS et al., arXiv:1909.08524]
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Rubidium source @10m facility
Recent progress
• Migration of Rb source 04/23
• Vibration isolation 07/23
• Optical dipole trap ~09/23
• Evaporated ensembles 11/23

• Atom optics lasers operational at 
the top lab

• Dipole trap launch for initial 
velocity à subsequent Bloch 
lattice launch

Vishu 
Gupta

Kai  
Grensemann

2x107 at à 
3x104 at @~100 
nK



MIGA,	GDR	Ondes	Gravitationnelles,	20/06/2018

MIGA Project

A	new	large	instrument	combining	matter-wave	and	laser	
interferometry

• Gravitational	wave	physics	

• Demonstrator	for	future	sub-Hz	ground	based	GW	detectors	
• Geoscience	

• Gravity	sensitivity	of	10-10	g/Sqrt(Hz)	@	2Hz	

• Gradient	sensitivity	of	10-13	s-2/Sqrt(Hz)	@	2Hz:	geology,	hydrogeology…

Nice

Toulon

• Two	200	m	horizontal	optical	cavity	coupled	with	3	AI	
• Possible	evolutions	towards	2D	or	3D	instrument	on	site

A	Large	research	infrastructure	
hosted	in	a	low	noise	laboratory	

from P. Bouyer
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100 m
    |
500 m

Carbonia-Iglesias
ARIA/Darkside Lab

Sos Enattos  
SAR-GRAV Lab

MAGIA-Advanced ⇒ Sardegna  
(2016, Proposal)



Matter wave Atomic Gradiometer Interferometric Sensor

• 100-meter baseline atom interferometry in existing shaft at Fermilab 

• Intermediate step to full-scale (km) detector for gravitational waves 

• Clock atom sources (Sr) at three positions to realize a gradiometer 

• Probes for ultralight scalar dark matter beyond current limits (Hz range) 

• Extreme quantum superposition states: >meter wavepacket separation, 

up to 9 seconds duration

•

10
0 

m
et

er
s

MAGIS-100: Detector prototype at Fermilab

from J. Hogan Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024



ZAIGA

z

x

y

30
0 

m

- EP 
- CR 
- RM

- GM 
- GG

1 à 3 à 10 km

武汉 鄂州 沼山Zhaoshan (沼山):  a mountain near Wuhan, China

from M. S. Zhan arXiv:1903.09288v2, accepted for publication in Int.J.Mod.Phys.B
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Birmingham
Kai Bongs* 
M. Holynski*
Y. Singh*
Cambridge
V. Gibson**
U. Schneider* 
Imperial College London
O. Buchmueller** [co-coord.]
M. Tarbutt*
B. Sauer*
Kings College London
J. Ellis*
Liverpool 
T. Bowcock**
J. Coleman** [co-coord.]
National Physical Lab.
W. Bowden* 
P. Gill*
R. Hobson* 

ICL, KCL, NPL

Birmingham

Liverpool

UK

●8	Institutes	
●21	Core	Members	
●Many	Associates

Oxford

Cambridge

RAL

AION Project: Core Team

Main UK funding source: 
*EPSRC; **STFC

Oxford
E. Bentine*
C. Foot*
J. March-Russell**
I. Shipsey** 
Rutherford Appleton Lab.
P. Majewski**
T. Valenzuela**
I. Willmut**

from O. Buchmueller
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https://arxiv.org/abs/2310.08183 
Accepted for publication in AVS Quantum Science

https://arxiv.org/abs/2310.08183
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https://indico.cern.ch/event/1369392/



Towards space
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ACES - Atomic Clock Ensemble in Space
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From Luigi Cacciapuoti, 2024
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From Luigi Cacciapuoti, 2024
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SOC – Space Optical Clock
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Space Optical Clock

Firenze, 2011



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

Improving knowledge of 
fine-structure constant

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 



Space Atom Interferometer - SAI
Space Atom Interferometer: Pre-phase A study of a space instrument based on matter-
wave interferometry for inertial sensing in space 
Team: Firenze Univ. (I), IOTA (F), IQ (D), Hamburg Univ. (D), HU Berlin (D), SYRTE (F), 
LENS (I), Ulm Univ. (D), ZARM (D) 
Objective: Ground based prototype of an atom interferometer for precision 
measurements  
Duration: 3 years, funded within the ELIPS-2 Programme 
ESA AO-2004 peered review: Outstanding

Demonstrated on 
ground

Anticipated on ground Projected in space

Gyroscope

ARW 
Bias stability 
Scale factor

2x10-6 deg/hr1/2 

6x10-5 deg/hr 
5 ppm

<1x10-6 deg/hr1/2 

<10-5 deg/hr 
<1 ppm

<10-8 deg/hr1/2 

<10-7 deg/hr 
<1 ppm

Accelerometer

Sensitivity 
Bias stability 
Scale factor

10-9 g/Hz1/2 

<10-10 g 
<10-10

<10-10 g/Hz1/2 

<10-10 g 
<10-10

<10-13 g/Hz1/2 

<10-16 g ? 
<10-12

From M. Kasevich
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F. Sorrentino et al., A Compact Atom Interferometer for Future 
Space Missions, Microgravity Sci. Technol. 22, 551 (2010) 



Raman laser system

Modular laser system

2D-MOT

• Single-axis accelerometer 
• Sensitivity target 10-7 m/s2 @1s 
• Repetition rate ≈ 2 Hz 
• Modular laser system + optical fibers 
• MOT + atomic fountain 
• Same chamber for MOT and detection 
• Load from 2D-MOT 
• Compatible with drop-tower capsule

SAI - Space Atom Interferometer 

Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024

F. Sorrentino et al., A Compact Atom Interferometer for Future 
Space Missions, Microgravity Sci. Technol. 22, 551 (2010) 
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PRIMARY GOAL:
• Observe Gravitational Waves in new frequency ranges with atomic sensors.

SECONDARY GOALS:
• Search for Dark-Matter
• Measure the Gravitational Red Shift
• Test the Equivalence Principle of General Relativity and search for spin-gravity coupling
• Define an ultraprecise frame of reference for Earth and Space and compare terrestrial clocks
• Investigate quantum correlations and test Bell inequalities for different gravitational potentials and velocities
• Use clocks and links between satellites for optical VLBI in Space

Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024

G. M. Tino et al.,  SAGE: A Proposal for a Space 
Atomic Gravity Explorer, Eur. Phys. J. D 73, 228 (2019)



Laser frequency noise insensitive detector

Graham, et al., arXiv:1206.0818, PRL (2013)

•  Long-lived single photon 
transitions (e.g. clock 
transition in Sr, Ca, Yb, Hg, 
etc.). 

•  Atoms act as clocks, 
measuring the light travel 
time across the baseline. 

•  GWs modulate the laser 
ranging distance.

Laser noise is 
common 

Excited 
state

Enables 2 satellite configurations

from M. Kasevich
Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024
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S. Kolkowitz, I. Pikovski, N. Langellier, M.D. Lukin, R.L. Walsworth, J. Ye,   
Gravitational wave detection with optical lattice atomic clocks,  Phys. Rev. D 94, 124043 (2016) 

from J. Ye
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G. M. Tino et al.,  SAGE: A Proposal for a Space Atomic Gravity Explorer,  
Eur. Phys. J. D 73, 228 (2019)

Space Atomic Gravity Explorer (SAGE) 
Submitted to ESA in response to the call for New Science Ideas 

(2016)



SAGE: GW detection
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G. M. Tino et al.,  SAGE: A Proposal for a Space Atomic Gravity Explorer,  
Eur. Phys. J. D 73, 228 (2019)



SAGE: Search for Dark-Matter

Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024

(Left) An atomic clock sweeps through the DM. DM is assumed to be composed of extended 
objects (or clumps). If there is a difference of fundamental constants (such as the fine-structure 
constant in the figure) inside and outside the clumps, the clumps can cause the clock to slow 
down or speed up [A. Derevianko and M. Pospelov. Hunting for topological dark matter with 
atomic clocks. Nature Phys., 10:933, 2014]. 

(Right) Ultralight fields can lead to oscillating fundamental constants at the field Compton 
frequency. By Fourier-transforming a time series of clock frequency measurements, one could 
search for peaks in the power spectrum and potentially identify DM presence [A. Arvanitaki, J. 
Huang, and K. Van Tilburg. Searching for dilaton dark matter with atomic clocks. Phys. Rev. D, 
91(1):015015, 2015].

G. M. Tino et al.,  SAGE: A Proposal for a Space Atomic Gravity Explorer,  
Eur. Phys. J. D 73, 228 (2019)



Atom interferometry  
with the Sr optical clock transition

Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024

• 88Sr	isotope	
• B=300	G	->	Δν=20	µHz		
• Rabi	frequency	Ω ~	1kHz

Liang Hu, Nicola Poli, Leonardo Salvi, Guglielmo M. Tino,  
Atom interferometry with the Sr optical clock transition,  
Phys. Rev. Lett. 119, 263601 (2017) 
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SAGE 
Pathfinder 

Successful !!
Liang Hu, Nicola Poli, Leonardo Salvi, Guglielmo M. Tino,  
Atom interferometry with the Sr optical clock transition,  
Phys. Rev. Lett. 119, 263601 (2017)  - [Editors’ Suggestion]
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Permanent-magnets Zeeman slowerLow power (20W) atomic oven Small coils (no water cooling)

Vacuum chamber

Development of a strontium optical lattice clock for the SOC mission on the ISS

K. Bongs et al.,  Development of a strontium optical lattice clock for the SOC mission on the ISS, C. R. Physique 16, 553–564 (2015)



AEDGE:Atomic Experiment  
for Dark Matter and Gravity Exploration
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SOC – Space Optical Clock
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SAGE: SPACE ATOMIC GRAVITY EXPLORER 
Strontium Atomic Interferometers and Clocks 

in Space for Fundamental Physics and Applications
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The International Conference on Laser Spectroscopy  
ICOLS 2025 

Elba Island, Congress Centre and Hotel Hermitage 
2-7 June 2025 

Guglielmo M. Tino, SIGRAV School 2024 - Vietri sul Mare - 22-23/2/2024
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Support and funding

Previous  
members  
and visitors

http://coldatoms.lens.unifi.it/

Gabriele Rosi, Researcher, INFN-Firenze 
Nicola  Poli, Associate professor, Università di Firenze 
Leonardo Salvi, Researcher, Università di Firenze 
Paolo Vezio, Researcher, Università di Firenze 
Huaqing Luo, Post-doc, INFN/ICTP 
Jonathan Tinsley, Post-doc, Università di Firenze 
Giuseppe Vinelli, PhD student, LENS 
Liu Chao, PhD student, Harbin Inst. Techn./UNIFI 
Christian Mancini, PhD student, Scuola Superiore Meridionale 
Tommaso Mariani, Diploma student, Università di Firenze 
Wang Enlong, PhD student, LENS (now at NUDT, Hefei) 
Joep Assendelft, PhD student, LENS/ESA (now at at ASML, NL) 
Gunjan Verma, Post-doc, CNR/ICTP (now in Pune) 
Manan Jain, PhD student, Università di Firenze (now in Birmingham)  
Giulio D’Amico, PhD student, Università di Firenze (now at GEM) 
Liang Hu, Post-doc, Università di Firenze/ICTP (now at Shanghai Jiao Tong University) 
Tommaso Mazzoni, Post-doc, Università di Firenze (now at Muquans) 
Xian Zhang, Post-doc, LENS/ICTP (now at Zhejiang Un.) 
Ruben del Aguila, PhD student, Università di Firenze (now in London) 

Luigi  Cacciapuoti                  ESA-Noordwijk 
Marella de Angelis CNR - Firenze 
Marco  Fattori                        Università di Firenze 
Marco  Prevedelli                   Università di Bologna 
Fiodor Sorrentino INFN - Genova 

Long-term  
collaborators

PhD & post-doc  positions available
Andrea Alberti,  PhD student 
Andrea Bertoldi,  Post-doc 
Quentin Bodart, Post-doc   
Filippo Borselli, Diploma student 
Sergei Chepurov, Inst. Laser Physics, Novosibirsk, visitor 
Robert  Drullinger,  NIST, Long term guest 
Marco Fattori,   PhD student  
Gabriele  Ferrari, Researcher, INFM/CNR   
Antonio  Giorgini, PhD and Post-doc 
Jacopo Grotti, Diploma student, Università di Firenze  
Vladyslav Ivanov, Post-doc 
Marion  Jacquey, Post-doc 
Giacomo Lamporesi,  PhD student  
Yu-Hung Lien, Post-doc 
Marco Marchetti, Diploma student 
Marco Menchetti,  Diploma student, Univ. di Bologna 

Chris Oates, NIST, visitor 
Torsten Petelski,  PhD student  
Marco  Schioppo, PhD and Post-doc 
Juergen Stuhler,  Post-doc  
Zhan Su, Post-doc 
Denis Sutyrin, Post-doc 
Marco  Tarallo, Phd and Post-doc 
Fu-Yuan Wang, Post-doc

ü European Commission (EC) 
ü European Research Council (ERC) 
ü Istituto Nazionale di Fisica Nucleare (INFN) 
ü Ministero dell’Università e della Ricerca (MUR) 
ü European Laboratory for Non-linear Spectroscopy (LENS) 
ü Consiglio Nazionale delle Ricerche (CNR) 
ü European Space Agency (ESA) 
ü Agenzia Spaziale Italiana (ASI) 
ü Istituto Nazionale Geofisica e Vulcanologia (INGV) 
ü ENI 
ü Ente Cassa di Risparmio di Firenze (CRF)
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