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

Atomic interference fringes – Firenze 2006

Atom interferometry 
Wave-particle duality in quantum physics

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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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, Nature 400, 849 (1999) 



MAGIA 
(MISURA ACCURATA di G MEDIANTE INTERFEROMETRIA ATOMICA)
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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
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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



Guglielmo M. Tino, LUH DQ-mat Colloquium - Online - 29/10/2020Guglielmo M. Tino, 2nd PBC technology mini workshop: lasers & optics, 10/12/2021 - Online

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



Ultracold Sr - Experiments in Firenze
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• Optical clocks using visible  
  intercombination lines

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)

• New atomic sensors for 
fundamental physics tests

G. Ferrari, N. Poli, F. Sorrentino, and G. M. Tino,   Long-lived Bloch oscillations with 
bosonic Sr atoms and application to gravity measurement at micrometer scale,  Phys. 
Rev. Lett. 97, 060402 (2006)

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) 

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) )



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) - arXiv:1401.2378

Sr
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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)         
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Test	of	the	equivalence	principle	with	two	isotopes	of	stron4um	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)



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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From table-top experiments  
to large-scale detectors                               



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
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AEDGE:Atomic Experiment  
for Dark Matter and Gravity Exploration
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10 m fountain at Stanford 12 m fountain at Wuhan

Large-scale atom interferometers



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, 2nd PBC technology mini workshop: lasers & optics, 10/12/2021 - Online
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!"#$%#&'Zhaoshan (&'):  a mountain near Wuhan, China

from M. S. Zhan arXiv:1903.09288v2, accepted for publication in Int.J.Mod.Phys.B
Guglielmo M. Tino, 2nd PBC technology mini workshop: lasers & optics, 10/12/2021 - Online
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100 m
    |
500 m

Carbonia-Iglesias
ARIA/Darkside Lab

Sos Enattos  
SAR-GRAV Lab

Large-scale atom interferometer 
⇒ Sardegna?
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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 and John Ellis Guglielmo M. Tino, 2nd PBC technology mini workshop: lasers & optics, 10/12/2021 - Online
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AION – A Staged Programme 

AION-10:  Stage 1 [year 1 to 3]
▪  1 & 10 m Interferometers & Site Development for 100m 

Baseline
AION-100: Stage 2 [year 3 to 6] 
▪ 100m Construction & Commissioning

AION-KM: Stage 3 [ > year 6 ] 
▪ Operating AION-100 and planning for 1 km & Beyond

AION-SPACE: Stage 4 [ after AION-KM ] 
▪ Space based version 

Guglielmo M. Tino, 2nd PBC technology mini workshop: lasers & optics, 10/12/2021 - Onlinefrom O. Buchmueller and John Ellis



Possible	CERN	Location	of	AION-100m			   

We	are	working	with	PBC	Team	
(Gianluigi	Arduini	et	al)	
on	feasibility	study:	

Seismology	
Temperature	
Ventilation	

Radiation	protection	
Electromagnetic	interference Kincsö	Balazs,		

Angelo	Infantino

Guglielmo M. Tino, 2nd PBC technology mini workshop: lasers & optics, 10/12/2021 - Onlinefrom O. Buchmueller and John Ellis



Mini-Workshop	at	CERN
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Searches	for	Light	Dark	Matter
Linear	couplings	to	gauge	fields	and	matter	fermions

AION	Collaboration	(Badurina,	…,	JE	et	al):	arXiv:1911.11755;	Badurina,	Buchmueller,	JE,	Lewicki,	McCabe	&	Vaskonen:	arXiv:2108.02468

Orders	of	
magnitude	

improvement	
over	current	
sensitivities

time

DM 
induced 
oscillationDark matter 

coupling
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Search for Ultra-Light Dark Matter
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More	on	Gravitational	Waves

Probe	formation	of	SMBHs	
Synergies	with	other	GW	experiments	(LIGO,	LISA),	test	GR

AION	Collaboration	(Badurina,	…,	JE	et	al):	arXiv:1911.11755

Badurina,	Buchmueller,	JE,	Lewicki,	McCabe	&	Vaskonen:	arXiv:2108.02468

External	
atom	cloud

White	dwarf	
mergers
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Advanced atomic quantum sensors 
for gravitational physics

• Large-scale atom interferometer 
• New schemes for large momentum transfer 
• Higher power lasers 
• High-flux atomic sources 
• High-sensitivity detection schemes 
• Squeezed atomic states


