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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

G. M. Tino et al., SAGE: A Proposal for a Space Atomic Gravity Explorer, Submitted. arXiv:1907.03867
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GOAT
ESA Gravitational Observatory Advisory Team
Final report to the SPC
https://www.cosmos.esa.int/web/goat

https://www.cosmos.esa.int/web/goat
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Laser Cooled Sr Atoms

Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019
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Bose-Einstein condensation in dilute gases of atoms  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BECs	of	Sr

84Sr	BEC,	107	atoms

86Sr	BEC

84Sr	BEC,	2s	cycle	Gme

88Sr	BEC 84Sr		+	86Sr	BEC

84Sr2	molecules SF	to	MI	transiGon	with	84Sr	

From Florian Schreck

S.	Stellmer,	F.	Schreck,	T.	Killian,		
hQp://arxiv.org/abs/1307.0601	

http://arxiv.org/abs/1307.0601


Degenerate	Fermi	gases	of	Sr

87Sr	on	a	la[ce

87Sr	Fermi	gas,	T/TF	=	0.08

84Sr		BEC	+	87Sr	Fermi	gas

control	of	spin	states	in	87Sr

Testo

S.	Stellmer,	F.	Shreck,	T.	Killian,	"Degenerate	quantum	gases	of	stronGum"	
hQp://arxiv.org/abs/1307.0601	From Florian Schreck

http://arxiv.org/abs/1307.0601


Optical clocks: Towards 10-18

Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019

• 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



Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019

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



Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019

Ultracold Sr for new atomic clocks and interferometers

• 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) )



Bloch oscillations of  88Sr atoms

Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019

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

Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019

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

SAGE 
Gravitational waves detection  

with atom interferometry



Gravitational waves detection  
with atom interferometry

Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019

• 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



Atom test mass 
- Provides laser phase reference 
- Provides inertial reference

LISA:

Atom interferometer:

Second baseline needed for 
phase reference:

Atoms

GW detector architecture

Hogan, Kasevich, PRA, 2016
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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from J. Ye
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from J. Ye
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Search for Dark-Matter

Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019

(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].



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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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 

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]



SAGE 
Tests of General Relativity and the 

Einstein Equivalence Principle

• Test of UFF and spin-gravity coupling using 
bosonic and fermionic Sr isotopes  

• Test of LPI through the gravitational redshift

Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019



Quantum correlations and the test of the violation of the 
Bell Inequality are based on an entangled photon pairs 
source on the satellite. 

Polarization entanglement is the first choice due to its 
realization simplicity and easy measurement setup 
(essentially waveplates, polarizers and single photon 
detectors). 

One photon of the pair is measured locally after a suitable 
delay and the other is sent to the other satellite using the 
same optical channel realized for the GW detector and at 
distances up to 5000-30000 km. 

Other possible degrees of freedom for entanglement 
generation is the so called time-bin entanglement. 

Description of the proposed experiment 
and physical quantities to observe

G. Vallone and P. Villoresi - paolo.villoresi@dei.unipd.it  
University of Padova, DEI, Padova, Italy - quantumfuture.dei.unipd.it

SAGE 
Investigate quantum correlations and test Bell inequalities  

for different gravitational potentials and different relative velocities

from P. Villoresi



• Define an ultraprecise frame of reference for Earth and 
Space and compare terrestrial clocks 

• Use clocks and links between satellites for optical VLBI 
in Space

Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019

SAGE 
Other Objectives and Applications
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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)



SOC – Space Optical Clock

Guglielmo M. Tino - SAGE - AEDGE WS, CERN, 22/7/2019

Firenze, 2011
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SAGE:	ESA Conclusions and Actions Plan

Workshop on Quantum Physics - Follow up of the Call for “new science ideas” in the Science Programme
Trento University, 6-7 June 2017
ESA participation: Luigi Cacciapuoti, Luigi Colangeli, Peter Falkner, Fabio Favata, Martin Gehler, Martin Linder, Paul McNamara.
Stefano Vitale (member of ESA GOAT and SSC), Mike Cruise (member of ESA GOAT and SSC)
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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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? AEDGE: Atomic Experiments  
for Dark Matter and Gravity Exploration 

 Strontium Atomic Interferometers and Clocks 
in Space for Fundamental Physics and Applications ?


