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MAGIA-Advanced
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Advanced atomic quantum sensors 
for gravitational physics

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



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



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,…



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



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
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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
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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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Peter J. Mohr, David B. Newell,  and Barry N. Taylor,  
CODATA recommended values of the fundamental physical constants: 2014 
Rev. Mod. Phys., Vol. 88, No. 3 (2016)

CODATA 2014 
G = 6.67408(31)×10-11 m3 kg-1s-2   
[Relative std. uncert.:  4.7×10-5]



	MEasuring	the	Gravitational	constant	with	Atom	
interferometry	for	Novel	fundamental	physics	TEsts

Principal	investigator:

MEGANTE
Host	Institution:

Gabriele	Rosi

Firenze	Division
Budget:	1.55	ME	for	

5	years

A	unique	apparatus	for	precision	measurements	of	G	with	cold	atom	towards		the	
solution	of	puzzle



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)



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
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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)



Ultracold Sr - Experiments in Firenze

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

• 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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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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Lattice population 7×103

2012 
Magnetic field induced spectroscopy 
of cold Sr atoms in an optical lattice 

0 -> 0 intercombination line

N. Poli, C. W. Oates, P. Gill, G. M. Tino,       
Optical Atomic Clocks, Riv. Nuovo Cim. 
36, n.12 (2013) arXiv:1401.2378

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)

http://www.sif.it/riviste/ncr/econtents/2013/036/12/article/0
http://arxiv.org/abs/1401.2378


Microwave vs. optical clocks

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

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



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

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

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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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)

Experiments on gravity at small spatial scale
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Test	of	the	equivalence	principle	with	two	isotopes	of	stronJum	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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From table-top experiments  
to large-scale detectors                               



MAGIA  ➟ MAGIA-Adv
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Advanced atomic quantum sensors 
for gravitational physics

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

Firenze, Urbino, Pisa



• 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

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



Search for Dark-Matter

Guglielmo M. Tino - MAGIA-Advanced - 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].
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Rb LMT gravity gradiometer

- Need high-power lasers 
- Increasing the order n => loss in contrast at large T 
- Bragg transitions need narrow vertical (0.1 ℏk) momentum spread => severe velocity selection => low atomic flux 
- Same internal state at the interferometer output => separate interferometer outputs

Experimental conditions: 3rd Bragg order, T = 80 ms, state F=1, detuning 4.8 GHz,  
Gaussian  pulses (sigma=12 µs),  vertical velocity spread 0.15 ℏk, peak intensity 0.2 W/cm2

G. D’Amico, F. Borselli, L. Cacciapuoti, M. Prevedelli, G. Rosi, F. Sorrentino, G. M. Tino, 
Bragg interferometer for gravity gradient measurements, Phys. Rev. A 93, 063628 (2016)
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Sr LMT Bragg interferometer

T. Mazzoni, X. Zhang, R. Del Aguila, L. Salvi, N. Poli, and G. M. Tino, Large-momentum-
transfer Bragg interferometer with strontium atoms, Phys. Rev. A 92, 053619 (2015)

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)
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Atom Interferometry on the red 
intercombination transition

Gradiometer with artificial gradient

1S0

3P1

R P del Aguila, T Mazzoni, L Hu, L Salvi, G M Tino, N Poli  Bragg gravity-gradiometer 
using the 1S0-3P1 intercombination transition of 88Sr,  New J. Phys. 20 043002 (2018)



Atom interferometry  
with the Sr optical clock transition

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

• 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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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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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



Atom interferometry  
with the Sr optical clock transition

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

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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Squeezing on momentum states  
for atom interferometry

|1S0, 0i

|1P1i

Sr

B1

B2

Bragg

Probe

b̂in

b̂out

a) b)

c)

B1

B2

↵

~g

|1S0, 2n~kbi
|3P1, ~kri

|3P1, 2n~kb + ~kri
D

⇡

2 ✓ ⇡

t

· · ·

|1S0, 0i

|1P1i

Sr

B1

B2

Bragg

Probe

b̂in

b̂out

z

a) b)

c)

|0i

M1 M2

T T

B1

B2

↵

~g
⇡

2

|2n~kbi

|2n~kbi |2n~kbi|0i

|0i

|1S0, 2n~kbi
|3P1, ~kri

|3P1, 2n~kb + ~kri
D

Tm

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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100 m
    |
500 m

Carbonia-Iglesias
ARIA/Darkside Lab

Sos Enattos  
SAR-GRAV Lab?

Large-scale atom interferometer 
⇒ Sardegna?
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