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Laser cooling: Optical molasses
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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



Magneto-Optical Trap (MOT)
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atom number    ≈ 109 -1010 
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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Cold Sr atoms in a Magneto-Optical Trap



Bose-Einstein condensation in dilute gases of atoms 
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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
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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)

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)         



• 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)… 
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Optical clocks with neutral atoms
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Optical clocks: Towards 10-20 

• 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


Gravitational redshift  
at millimetre scale
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Nature volume 602, pages 425–430 (2022)Nature volume 602, pages 420–424 (2022)
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https://www.nature.com/
https://www.nature.com/


Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

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
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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



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
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Atom interferometry 
and gravity



Raman pulses
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Δ

ω1, ω2   
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 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)



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



How do we improve sensitivity  
to gravity acceleration?
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How do we improve sensitivity  
to gravity acceleration?
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Atomic fountain
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from C. Salomon
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10 m fountain - Stanford 12 m fountain - Wuhan

Large-scale atom interferometers

8 m fountain - Firenze  
(under construction)



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

•
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0 
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MAGIS-100: Detector prototype at Fermilab

from J. Hogan Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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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
Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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100 m
    |
500 m

Carbonia-Iglesias
ARIA/Darkside Lab

Sos Enattos  
SAR-GRAV Lab

MAGIA-Advanced ⇒ Sardegna  
(2016, Proposal)
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TVLBAI



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)



Precision gravity measurement at µm scale with Bloch 
oscillations of Sr atoms in an optical lattice

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

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)



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)



Trapped-atom interferometer  
with ultracold Sr atoms

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

Xian Zhang, Ruben Pablo del Aguila, Tommaso Mazzoni, Nicola Poli, and Guglielmo M. Tino, 
Trapped-atom interferometer with ultracold Sr atoms, Phys. Rev. A 94, 043608 (2016)

- Ramsey–Bordé Bragg interferometer with 88Sr atoms combined with Bloch oscillations

- We demonstrated a  total interferometer time of  1 s, limited by technical issues, e.g., 
the atom lifetime in the lattice and geometry imperfections of the lattice beams.



How do we improve sensitivity  
to gravity acceleration?
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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.



Atom Interferometry with Rb Blue Transitions
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• 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)



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

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

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

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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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)



Atom interferometry  
with the Sr optical clock transition

Guglielmo M. Tino - DESY, Hamburg - 7 October 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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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 - DESY, Hamburg - 7 October 2024



MAGIA 
(MISURA ACCURATA di G MEDIANTE INTERFEROMETRIA ATOMICA)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

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

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

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
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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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Laser and optical system

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)

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)

MAGIA apparatus
Source masses and support



MAGIA

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024



MAGIA: From proof-of-principle  
to the measurement of G

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

• 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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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



Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

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]



Measuring G with atom interferometry

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

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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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)
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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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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 - PAFT24, Vietri sul Mare, 26/3/2024
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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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Test	of	the	equivalence	principle	with	two	isotopes	of	stronFum	atom:
										88Sr	
•	Total	spin	=	0	
•	Boson

Search	for	EP	viola9ons	due	to	spin-gravity	coupling	effects

Comparison	of	the	accelera9on	of	88Sr	and	87Sr	under	the	effect	of	gravity		
by	measuring	the	Bloch	frequencies	in	a	ver9cal	op9cal	laEce

																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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Differential gravity measurements for  
88Sr and 87Sr – Equivalence Principle test

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

(*)	known	bePer	than	10-10	:	Rana	et	al.,	PRA	86,	050502	(2012)

AM	resonant	tunneling	spectra AM	frequency	lock

Uncertainty	for	each	point	is	the	quadraFc	sum	of	
staFsFcal	error	and	systemaFcs	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	violaFon	due	to	spin-gravity	coupling	generated	by	a	gravitaFonal	potenFal	
of	the	form mA	is	the	rest	mass	of	the	atom	

Sz	is	the	projecFon	of	the	spin	along	gravity	direcFon	

k	is	the	model-dependent	spin-gravity	coupling	strength

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

DeviaFons	ΔΓ	of	measured	linewidth	from	Fourier	
linewidth,	corrected	by	systemaFcs	(two-body	collisions,	
residual	magneFc	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)



⌘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

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

|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

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

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

From N. Poli Guglielmo M. Tino - DESY, Hamburg - 7 October 2024



Observation of a gravitational  
Aharonov-Bohm effect

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

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



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)



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)

• Exchange of a boson with m = ħ/λc 
• Extra dimensions

• Newton+Yukawa 
  potential



Test of the gravitational 1/r2 law in the sub-mm range  
with atom interferometry sensors

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

ρ

a = 2πGρd

Example:

ρAu ∼19 g/cm3 

d ∼ 200 µm a ∼ 2 x 10-9 ms-2

-d-

95% confidence level constraints on a Yukawa violation of 
the gravitational inverse-square law. The vertical axis 
represents the strength of a deviation relative to that of 
Newtonian gravity while the horizontal axis designates its 
characteristic range. The yellow region has been excluded 
(From S. J. Smullin et al., 2005) 

ν = m g λ /2 h 

• G.M. Tino, in “2001: A Relativistic Spacetime Odyssey”, Firenze, 2001,  World Scientific (2003) 
• G.M. Tino, Nucl. Phys. B 113, 289 (2002) 
• G. Ferrari, N. Poli, F. Sorrentino & G. M. Tino, PRL 97, 060402 (2006)



Scheme for the measurement of small distance forces  

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

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)



Short-distance measurements 
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• Op9cal	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

Gegng	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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Yann Balland, Luc Absil, Franck Pereira Dos Santos, 
Quectonewton local force sensor, PRL 133,  113403  (2024)

Measurement of small distance forces 
The experiment at SYRTE, Paris 
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Cristian D. Panda, Matthew J. Tao, Miguel Ceja, Justin Khoury, Guglielmo M. Tino & Holger Müller, 
Measuring gravitational attraction with a lattice atom interferometer, NATURE 631, 515 (2024)

Measuring the gravitational attraction  
of a miniature source mass  

with a lattice atom interferometer



Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

Cristian D. Panda, Matthew J. Tao, Miguel Ceja, Justin Khoury, Guglielmo M. Tino & Holger Müller, 
Measuring gravitational attraction with a lattice atom interferometer, NATURE 631, 515 (2024)

• probing forces at sub-millimeter ranges 
• measuring the gravitational constant 
• measuring the gravitational Aharonov-Bohm effect 
• testing whether the gravitational field has quantum properties

Prospects:

Chameleon
fields

Symmetron
fields

Chameleon
fields

Yukawa-type 
deviation

Measuring the gravitational attraction  
of a miniature source mass  

with a lattice atom interferometer
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Support and funding

Previous  
members  
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http://coldatoms.lens.unifi.it/
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Leonardo Salvi, Researcher, Università di Firenze 
Paolo Vezio, Researcher, Università di Firenze 
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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) 
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Marco  Fattori                        Università di Firenze 
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Sergei Chepurov, Inst. Laser Physics, Novosibirsk, visitor 
Robert  Drullinger,  NIST, Long term guest 
Marco Fattori,   PhD student  
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