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Laser cooling: Optical molasses
vνL νL

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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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
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Sr Magneto-Optical Trap (MOT) 
LENS - Firenze
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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

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
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MAGIA 
(MISURA ACCURATA di G MEDIANTE INTERFEROMETRIA ATOMICA)

• Measure g by atom interferometry 

• Add source mass 
• Measure change of  g 

g

aM

! Precision measurement of G  
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MAGIA 
Rb gravity gradiometer + source mass

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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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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Ultracold Sr - Experiments in Firenze

• 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) )
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Optical clocks: Towards 10-18

• 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
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Microwave vs. optical clocks

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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C. W. Chou*, D. B. Hume, T. Rosenband and D. J. Wineland , Optical 
Clocks and Relativity, Science Vol. 329 no. 5999 pp. 1630-1633 (2010)

Measure gravitational red shift in the lab
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Bloch oscillations of Sr atoms in an optical lattice 
Precision gravity measurement at µm scale 

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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Bloch oscillations of  88Sr atoms

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)
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Main ideas

• Detection of GWs by matter waves 
• Drastic reduction of critical noise sources 
• Addressing new interesting frequency ranges

Detection of Gravitational Waves  
by Atom Interferometry  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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 waves 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)
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Gravitational waves detection  
with atom interferometry

• 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)



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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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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SAGE: GW detection
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SAGE: Search for Dark-Matter

(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].
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Atom interferometry  
with the Sr optical clock transition

• 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)  - [Editors’ Suggestion]
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Atom interferometry  
with the Sr optical clock transition

SAGE 
Pathfinder

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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SOC – Space Optical ClockSAGE: SPACE ATOMIC GRAVITY EXPLORER 
Strontium Atomic Interferometers and Clocks 

in Space for Fundamental Physics and Applications

Firenze, 2011
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MAGIA  ➟ MAGIA-Adv
Advanced atomic quantum sensors 

for gravitational physics

• Sezioni: Firenze (+Urbino), Pisa

• Large-scale atom interferometer (Rb & Sr) 
• New schemes for large momentum transfer 
• High-flux atomic sources 
• High-sensitivity detection schemes 
• Squeezed atomic states
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Example:	IMBH	103	–	103	Msol

3	Gpc,		103	–	103	Mo
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Supernovae	Ia	and	sensitivity

at	30	kpc

at	300	kpc

•Possibly	visible	within	Milky	Way,	but	infrequent	(1/100	yr)
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What about Newtonian noise?

• J.Harms,	H.J.Paik,	PRD	92	(2015)	022001	
• Harms,	J.	Living	Rev	Relativ	(2015)	18:	3.

– Potential	show-stopper	
– Cancellation	possible	with	
additional	information	from	
seismometers	and	
microphones	[to	reject	
seismic	and	infrasound	noise	
respectively]	

– Require	high	sensitivity 
[SNR=O(103)	at	micro-seismic	
peak]	

– Getting	below	10-20	at	10-1	Hz	
is	plausible.	

– 10	mHz	is	a	hard	limit
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“Internal” NN cancelling schemes

 
Chaibi	et	al,	PRD 93, 021101(R) (2016) 

 
R&D and dedicated facilities are required to test and demonstrate 
subtraction/ cancellation schemes for Newtonian Noise

– Use	an	array	of	AI	
gradiometers	to	sample	
spatial	variations	of	NN	and	
subtract	

– Promising,	but	claimed	
rejection	factors	[	O(10)	]	still	
insufficient	to	achieve	
required	sensitivity
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10 m fountain at Stanford 12 m fountain at Wuhan

Large-scale atom interferometers
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Large-scale atom interferometer 
⇒ Sardegna?
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Possible experiments with the new apparatus
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EUROPEAN	QUANTUM	FLAGSHIP	PROGRAM

“Gravity Quantum Sensors”
Participant Participant organisation name Country

1 (Coordinator) CNRS FR
2 LUH IQO DE
3 MUQUANS FR
4 LENS IT
5 IOTA FR
6 FORTH EL
7 LUH IFE DE
8 LUH IMPT DE
9 INFN IT
10 INGV IT
11 THALES FR
12 ATOM SENSORS IT
13 LIONIX NL
14 ULM DE
15 TU WIEN AT
16 CNR-INO IT
17 GFZ DE


