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Atom interferometry
and gravity
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Raman interferometry in a Rb atomic fountain
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Interference fringes — Firenze 2006

106 Rb atoms

S/N = 1000 —> Sensitivity 10-9 g/shot
T=150 ms = 2t = 10-6g

M. Kasevich, S. Chu, Appl. Phys. B 54, 321 (1992)
A. Peters, K.Y. Chung and S. Chu, Nature 400, 849 (1999)

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019



MAGIA a

(MISURA ACCURATA di G MEDIANTE INTERFEROMETRIA ATOMICA)

 Measure g by atom interferometry

e Add source mass

* Measure change of g
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» Precision measurement of G
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Abstract

We report on progress towards an atom interferometric determination of the Newtonian gravitational constant. Free-falling
laser-cooled atoms will probe the gravitational potential of nearby source masses. To reduce systematic errors, we will perform
double differential measurements between two vertically separated atom clouds and with different source mass positions.

© 2003 Elsevier B.V. All rights reserved.

PACS: 04.80.-y; 39.20.4q; 03.75.Dg: 93.85

1. Introduction

The Newtonian gravitational constant G is—
together with the speed of light—the most popular
physical constant. Invented by Newton in 1686 to de-
scribe the gravitational force between two massive ob-
jects and first measured by Cavendish more than a
hundred years later [1], “big G” became more and
more subject of high precision measurements. There
are many motivations for such measurements,' rang-
ing from purely metrological interest over determi-
nations of mass distributions of celestial objects to
geophysical applications. In addition, many theoreti-
cal models profit from an accurate knowledge of G.

* Corresponding author.
E-mail address: tino@fi.infn.it (G.M. Tino).
LA comprehensive listing of motivations for G measurements
can be found in Ref. [2].
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Despite these severe motivations and some 300
measurements in the past 200 years,? the 1998 CO-
DATA [4] recommended value of G = (6.673 £+
0.010) x 10~ m3kg=!s~2 includes an uncertainty
of 1500 parts per million (ppm). Thus, G is still the
least accurately known fundamental physical constant.
Recently, two measurements with much smaller uncer-
tainties of 13.7 ppm [5] and 41 ppm [6] have been re-
ported. However, the given values for G still disagree
on the order of 100 ppm. Therefore, it is useful to per-
form high resolution G-measurements with different
methods. This may help to identify possible system-
atic effects. It is worthwhile to mention that so far, only
few conceptually different methods have resulted in G
measurements on the level of 1000 ppm or better [3].
All these methods have in common that the masses,

2 For a recent review of the status of G measurements, see, €.g.,
Ref. [3].
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a more exhaustive description of these aspects refer to
[12,21].

5. Conclusion

We presented a scheme that allows to measure
the Newtonian gravitational constant G using a new
method based on atom interferometry. In this scheme,
free-falling atoms probe the gravitational potential
of nearby source masses. Using two atom clouds in
a gradiometer configuration and repeating measure-
ments with different positions of the source masses re-
duce noise and systematic errors. We reported on the
progress of our MAGIA experiment, which—based
on the described scheme—aims at the high precision
measurement of G. The experimental setup is in great
part already functioning. We numerically analyzed the
influence of atomic initial conditions and source mass
locations on the measurement. The results are en-
couraging to determine G to the targeted accuracy
of 100 ppm. Using modified configurations, atom in-
terferometry can also be applied to prove the 1/r%-
dependence of Newton’s law of gravitation or to test
the equivalence principle.
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Measurements of the Newtonian gravitational constant G
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LAl MAGIA apparatus a4

Cavendish 1798: “The apparatus 1s very simple”

MAGIA apparatus is not very simple

Laser system

6 frequency stabilized ECDL sources @ 780 nm (Reference, Cooling 2D-MOT, Cooling 3D-MOT,
Repumper master, Raman master, Raman slave)

3 optically injected diode lasers @ 780 nm (Repumper 2D-MOT, Repumper 3D-MOT, Probe)
4 Tapered Amplifiers @ 780 nm (Cooling 2D-MOT, Cooling 3D-MOT, Raman master, Raman
~20 AOMs

~20 PM optical fibres

Active stabilization loops

Intensity of 3D-MOT Cooling up and down laser beams, master and slave Raman laser beams
and Probe laser

tilt of Raman retro-reflection mirror
Earth rotation compensation with tilt-tip Raman mirror

Vacuum system
2D-MOT chamber, steel, 107 torr Rb pressure

main chambers and interferometer tube, titanium, ~10-10 torr

Electronic control system
real-time system for analog I/O and TTL signals, <5 s jitter
~20 shutter drivers
~10 DDS for AOM and OPLL driving
6 low-noise coil drivers

Laboratory environment
temperature stability 0.1 °C
humidity stability 5%
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L MAGIA apparatus

Source masses and support

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)

Laser and optical system

F
-

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

* Sensitivity
—15-fold improvement of the instrument sensitivity from 2008 to 2013
—1integration 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
e control & mitigation of Coriolis acceleration
e 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
e quantum mechanical phase shift of atomic probes
e detection efficiency

— measured data compared with a Montecarlo simulation
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MAGIA: Final sensitivity a

Repetition period of experimental cycle: 1.9 s

vt Number of points per ellipse: 720 (23 min)
l’ Number of launched atoms: ~10° per cloud

Number of detected atoms: ~4x105 per cloud

o . Sensitivity to ellipse angle: ~ 9 mrad /shot
cravimeler 0 A G o o . c
Sensitivity to differential gravity: 3x10° g /vHz
dextachion O\ C o o
beame Sensitivity in G measurements: 5.7x102/vVHz
MOT Integration time to G at 104: 100 hours
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Precision measurement of the Newtonian
gravitational constant using cold atoms

;. Rosi', F. Sorrentinn’, | . Cacciapnoti’, M. Prevedelli’ & G. M. Tino'

About 300 experiments have tried to determine the value of the New-
tonian gravitational constant, G, so far, but large discrepancies in
the results have made it impossible to know itsvalue precisely'. The
weakness of the gravitational interaction and the impossibility of
shielding the etfects of gravity make it very dithicult to measure Gwhile
keeping systemalic effects under control. Most previous experiments
performed were based on the torsion pendulum or torsion balance
scheme as in the experiment by Cavendish”™ in 1798, and in all cases
macroscopic masses were used. [lere we report the precise determi-
nation of GGusing laser cooled atoms and quantum interferometry.
Weobtain the value G= 6.67191{99) X 10™ "' m kg™ ' s *witharela-

tive uncertaintv of 150 parts per million (the combined standard

' G =6.67191(77)(62) X 10-11 m3 kg1 s2

the relevant gravitational signal. An additional cancellation of common-
mode spurious effects was obtained by reversing the direction of the
two-photon recoil used to split and recombine the wave packets in the
interferometer'’, Lfforts were devoted to the control of systematics
related to atomic trajectaries, the positioning of the atoms and effects
due to stray fields. The high density of tungsten was instrumental in
maximizing the signal and in compensating for the Farth’s gravita-
tional gradient in the region containing the atom interferometers, thus
reducing the sensitivity ot the experiment to the vertical pasition and
size of the atomic probes.

The atom interferometer is realized using light pulses to stimulate
57Rb atoms at the two-photon Raman transition between the hyperfine
|

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)

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019



UNIVERSITA
DIGLI STUDI

FIKENZE
Peker 30 Malu, Tieicd B Nowd 1, sl Bany N Tayloe: CODATA wenommembad valins of M fomdameansd 6_670 6.672 6-674 6.676
' | ' I ' |
TABLE XV. Sunwoary of e nesulls ol icsureieals ol the Newleoian cuastanl ol gravitation relevant W tbe 2001 wldjustioeul. A 107%“(x
Stwer Lelentilivation® Metluxl 10" Gim kg™ 571 Rel starel, uncerl, « —— NIST-82
Lulber und NIST-52 Fiber wesion bulance. 6672 18(13) 64 % 10" p—e— TR&D 06
Towler (1982) dywamic mode . \
Kampioz. and TR&EDIN Fiher rorsion halance, HETINS) 78w 1IN I L 2 1 TLANI-97
Trmailow (1996) dymamic mode -
Raploy aml 1LLANI 297 Fiber lorskom balance, H.673(T0) 1o 10! UWash-00 l'.“
Tasther (1997) danamic mode N3 —e—
Gundlach and LWash-00 Fiber wesion bulance, dynaenae 6.671 255(92) 1A= 10" DIFM-01
Merkowle (2000, 2002 Cuinpeasion k > { UWup-02
Quizn ¢t el (2001) BIPM- Sinp o kdansee 6.675 327 40 10" Y .
enmpensirion modes, craric deflecrion —— MsL-03
Kleineve? (2002) UWup-2Z Swspended body, displaceaweal 6.671 22{98) 1S = 1n! L 1
and Kieinvol er al (2002) ' ® 1 HUST-05
Arustroay and MSL-u3 Stnp s danee, 6.673 87(27) 10 =1 & UZur-08
Firrgerald (2003) onmpensirion mods
Hu, Gue. wd Lue (2005) HUSTS Fiber wesion balance, 6.672 22(57) 13 % 10 e HUST-09
dyririe ek i
Schlsnominger of al. (2006} LZur6 Sttivoury body, weight chunge 6.67125(12) L9 = 10" gl JILA-10
Lo ez al (2009) and HUST-09 Fiber rorsion halance, HETIANIG) 27 = 10" I ~ 1
T ez al, (2000) dynamic mode ! = ’ CAODATA-10
Parkce and Faller (2010) JTA-10 Sumpendad bady, displacement (672 344014) 21 =< 10-° BIPNI-14 —
Quinn ¢z 2l (2013, 2N14) RIPM-14 Smip tarcion halanos, (675 0186) 24 % 10" . :
cunpeasdion mede, t ® 1 LENE-14
staric daflecrion
Prevedelli ef af. 2014) LENS-14  Doubl atom intecferometer 6.67191(99) 15 10 UCI-14 e
and Rosi er ol (20114) armvity gmdiometer o 1 i X
Newman «7 al (2014) cT-14 Cryogenic rorsion halanae, H67435(13) 14 =< 10" | | CODATA-14 l
e 67 l 72 | 74 | 57
NIST: National lostiture of Standards and Techaology. Gasthersbure, Maryland. and Boulder. Colocado, USA; TRE&D: Tebotech 6.670 6.6 6.6 6.676
Rescarch and Dovclopaent Company, Moscow, Russian Fedeaton: LANL: Tos Alamos Natonal [aboratoey, Los Alanws, G/ (ln- 11 g _2)
New Mexseo, USA, UWash: Universaty of Waslungton, Scarthe, Washungron, USA, BIPM. Luematioaal Burcan of Weights and FA=E m a s

Mceasaes. Sivies, France, UWup. Universaty of Wuppenal, Wupgpertal, Gennany: MSL: Measuwement Standards Laboratory. Lower
Hutt. New Zealand: HUST: Huazhong University of Scicnee and Techoology. Wuhan, PRC, UZur: University of Zurich, Zuocich.
Switzarlimd: JTLA: JITA, Univeraty of Colonudo and Nadanal Institnte of Sumdamis imd Technalogy, Boulder, Coloekio, USASTENS:
Torapeim Laboeatoey for Non-Finear Spacrroscopy, University of Tlocence, Tlarence, Haly; UCE Univarsity of California, Trvine, Trvine,
Califormin, USA.

CODATA 2014
The leading unceortainty components arise from the determi- vacuum dowar), thus greatly reducing the period-change
nation of the atomic cloud size, ceater, and launch dircction, sigmal ol the lorsion balance, The lomion balince les) misss G — 6 67408(3 1) X 10-11 m3 kg_ls-z

and the tungyen source mass posilion, and in parts in 10 ;e is a thin fused silica plate as pioncered by Gundlach and

61, 38, 36, and 38, respectively. Although the final uncercainey Merkowalz (2000 thal, when combined wath the ming source .
is not presently competitive, dererminacions of 6 using atom masses, minimizas the sensitivity fo st mass shape, mass [Relatlve Std unCCI‘t. . 47 X 1 0_5]

interferometry could be more competitive in the futare. distribution, and placcment.

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)
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Measurement of G

0124 A - Run 1
T 0114 - L
S 011 TT. o I -
& 010 i 1 I+ 1 1 ﬂ 1
10 4 : - T+ T 1T - 1t _4-
£ 0101, 71 | RYLL R R L et
P “ o \‘l . 1+ E_ -~ . 1
w 00941 1 e ! -
@ ,
8 0.08 - {
& 07 -
05 1m Run 2
B 011
E ™ |
- . ‘ — _
& 0.10 4 EIi LTI [ 4 Tt 1 t_1
= $ Li-1 4 1 11 84T + 2 " 1_ Systematic 3G
w 0094 | _‘{: E‘IL} " I ‘I Ii III"‘ iTII b E Svstemati i\
@ 008 I | - { Initial Atom Velocity 1.88 x 107
g 0,07 Iaitial Atom Position 1.85 x 10°#
. rL Maguclic ricld Oradicuts 1.00 x 107
006 L 1 1 1 L 1 )
~ c8 C Rotations 0.98 x 107
9 Atom Interfaromerer Source Positioning 0.82 x 107°
< 67 - I i I T — Eheh Source Mass Density 0.36 x 10 °
“. - 4 - — —_—— -
£ @) @ - ) ) ® z Source Mass Dimensions 0.34 x 107
:-'o 81 § g g 8 g 3 §_ g % Gravimeter Separation 0.19 x 10°*
= K - 8 - S L : . -
* > o g v S o @ Source Mass Density inhomogengity 0.16 x 10
6.5 1 g .
© TOTAI 315 % 10
L 1 1 1 L 1

Systematic error sources dominated by initial position/velocity of

atomic clouds.

8G/G ~ 0.3%.

Next Generation: <le-4, exp’t in progress at AOSense, Inc. in
colloboration with LLNL.

STANFORD UNIVERSITY
From M. Kasevich

G. W. Biedermann et al., Testing Gravity with Cold-Atom
Interferometers, Phys. Rev. A 91, 033629 (2015)

2019



Source masses:

24x10Kg spheres

Gravitational signal: @

Ag =120 uGal Ol

Differential gravity sensitivity:

o, =0.01uGal@10"s O

U

Project target
5G /G ~100ppm

Xiao-Chun Duan et al., Operating an atom-interferometry-based gravity gradiometer
by the dual-fringe-locking method, Phys. Rev. A 90, 023617 (2014)
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MEasuring the Gravitational constant with Atom
interferometry for Novel fundamental physics TEsts

MEGANTE

Principal investigator: Host Institution:

Firenze Division

Budget: 1.55 ME for
5 years

Gabriele Rosi

A unigue apparatus for precision measurements of G with cold atom towards the
solution of puzzle
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Measurement of the Gravity-Field
Curvature by Atom Interferometry

a)

Raman beams

T -

upper gravimeter

08F

AN
source masses
o

06 f

central gravimeter g
N

04|

02 |l
-<—— |ower gravimeter

00F

= <+—— Raman beams

15 10 05 00 05 10 15 (9)
a, (10° m/s’) '

C + D%ln(ﬂ + ¢y).

= E + Fsin(0 + ¢, + ¢,)

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)
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Quantum test of the equivalence principle for atoms
in coherent superposition of internal energy states

- ——
- Bragg/Raman beams >

- Source Masses ——=

Upper Interferometer

Lower Interferometer

-——— Saurce Masses ——~

Microwave
e
Antenna

- Bragg/Raman beams -

1) =|F=1mr=0) ay = g(1|MgM; 1) = gry
2) = |F = 2, mp = 0) ag = g(2|MgM;~*|2) = gr
; I rL+7r
= (1) +e2) V2 as=gslMMs) = g | =—— +Ir| cos(p, +7)

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)
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Quantum test of the equivalence principle for atoms
in coherent superposition of internal energy states

orm. pOe.
=) <
&) %

F=2 Lower mt. N
Lo’

m—_s = (1.0+£1.4) 1077
Mm_s = (3.3£2.9)-107°

Table 1 | Measurement systematics.

Effect Uncertainty on dg/g( <10 °)
Second order Zeeman shifl 0.6

AC Slark shift 2.6

Ellipse fitting 0.3

Other effecls <= 0.1

Main errer contributions affecting the differential acceleration measurement.

'y — I'z‘ S 10_9
r|<5-10"°

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)

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019
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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.

* Acolé !cm Coslum clockin s'.le
Fundemecstal phy:ica 'cats
« Worlcwide access
Rev. Lett. 97, 060402 (2006)
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,

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
Phys. Rev. Lett. 100, 043602 (2008) )
Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019

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)
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of cold Sr atoms in an optical lattice

0 -> 0 intercombination line
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N. Poli, C. W. Oates, P. Gill, G. M. Tino, oL
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N. Poli, C. W. Oates, P. Gill and G. M. Tino, Optical atomic clocks,
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Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019
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B R Towards BEC of Sr

2000: 88Sr at phase-space density = 0.1

RAPID COMMUNICATIONS

PIIYSICAL RCVICW A, VOLUMEL 61. 061403(R)

Optical-dipole trapping of Sr atoms at a high phase-space density

- ! 12
Telsuya Tdn,l Yosintomo l:;uyn,l and Hideloshi Katori!?

2006: 33Sr/86Sr mixture (optical-sympathetic cooling + evaporative cooling) — phase-space density = (.2

Modern Physics Letters B, Vol. 20, No. 21 (2006) 1287-1320 Worl
© World Scientific Publishing Company orld Scientific

waww. waeldseienlific.com

LASER COOLING AND TRAPPING OF ATOMIC STRONTIUM

FOR ULTRACOLD ATOMS PHYSICS, HIGH-PRECISION
SPECTROSCOPY AND QUANTUM SENSORS

F. SORRENTINO, G. FERRARI, N. POLI, R. DRULLINGER* and G. M. TINO!

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019
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Bloch oscillations of Sr atoms in an optical lattice
Precision gravity measurement at um scale
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beam
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)

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)

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)

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019



UNIVERSITA i, )
DIGLI STUD| AR

" 7 Bloch oscillations of $5Sr 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)

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019
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Scheme for the measurement of small distance forces

Source mass

£oid con el

w
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red MOT ’
beams

probe
beam

optical lattice
beam v=mgMh/2h

v=mah/2h

Objective: \. = 1-10 um, o. = 103-104

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 wm, Phys. Rev. A 79, 013409 (2009)

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019
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Scheme for the measurement of small distance forces

1000004 » _ .
E 1 ‘[
é 100004 10000 * " = . Vertical size of the atomic sample: 15 um
.§ / . Atom elevator:
re) 1 5000 . . upward acceleration (1.35 g) for 10 ms
g 1000 5 . uniform velocity (133 mm/s) for variable time
E . g - downward acceleration (-1.35 g) for 10 ms
Zz L, : . rest for 470 ms
5604 5610 56.16 56.22 . ) )
100 l reverse motion back to the starting point
0 10 20 30 40 50 60 Vertieal mosition fluctuations: 3
O el ertical position fluctuations: 3 um rms
»
Optical
Tweezer
*Vertical size reduced to 4 pm with
an optical tweezer

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 wm, Phys. Rev. A 79, 013409 (2009)

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019
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e Optical elevator to bring atoms close to a sample surface: trying to
measure Casimir-Polder force

= AM measurement close to the surface (preliminary)

Getting closer:

| |

| o — nc elevator
® —r=771um
¢ r =239 um

Atomic cloud width [px]

|
576 577 578
Frequency [Hz]

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019
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lest of the EP for O0-spin and half-integer-spin atoms:
Search for spin-gravity couplmg eﬂects

’,’.

Einstein Equivalence Principle
- Universality of the Free Fall

The trajectory of a freely falling “test” body
is independent of its internal structure

and composition

24N S S N O N T 95 50N 5O 5 50 'if

Test of the equivalence principle with two isotopes of strontium atom:

88Sr 87Sr
e Total spin=0 ® Total spin = nuclear spin 1 =9/2
e Boson ® Fermion

Comparison of the acceleration of 88Sr and 87Sr under the effect of gravity
by measuring the Bloch frequencies in a vertical optical lattice

Search for EP violations due to spin-gravity coupling effects

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)

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019



Search for spin-gravity coupling

We consider possible EEP violation due to spin-gravity coupling generated by a gravitational potential

of the form m, is the rest mass of the atom

VQ’A (2) _ (1 + ﬁA - kSZ,)’nA gz , IS the projection or the spin along gravity direction
k is the model-dependent spin-gravity coupling strength

Each 87Sr spin component S, = |, will feel different gravitational forces due to different spin-gravity
coupling. For unpolarized sample = broadening of the resonant tunneling spectra

Deviations AI' of measured linewidth from Fourier 4 _' T | |
linewidth, corrected by systematics (two-body collisions, (T _ & A + _
residual magnetic field) T i
2 S
- Upper limit on spin-gravity coupling k ; | A $} A %A - A% | + '\ .
Al = 2g7klvgy -4$

k=(05+11)x 10" Measurements

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) ' . .
Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019



From table-top experiments
to large-scale detectors
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—~ & Gravitational wave detection

with atom interferometry

* Single atom interferometer

G.M. Tino and F. Vetrano, Is it possible to detect gravitational waves with atom
interferometers? Class. Quantum Grav. 24,2167 (2007)

* Differential scheme

S. Dimopoulos, P. W. Graham, J. M. Hogan, M. A. Kasevich, S. Rajendran, Atomic
gravitational wave interferometric sensor, Phys. Rev. D 78, 122002 (2008)
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from M. Kasevich
STANFORD UNIVERSITY

Laser frequency noise insensitive detector

(Y8 nm
1 mllz

Clock (ransition in candidate atom ¥'Sr

Long-lived single photon
transitions (e.qg. 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.

Enables 2 satellite configurations

- S W
G VaVara b

Excited
state

. _A_/‘\,‘f",/"-."‘vr\" I

/..::; Sy

Laser noise is
common

Graham, et al., arXiv:1206.0818, PRL (2013)
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GGravitational wave detection with clocks
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from J. Ye

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)
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Proposal title
SPACE ATOMIC GRAVITY EXPLORER

Acronym

SAGE

Lead Proposer

Prof. Guglielmo M. Tino

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

September 13, 2016
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SAGE: Search for Dark-Matter

..*Il

g @

(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].

Guglielmo M. Tino - Workshop on matter-wave interferometry, SYRTE, Paris, 28/6/2019
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with the Sr optical clock transition
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MIGA Project

A new large instrument combining matter-wave and laser
interferometry

e  Gravitational wave physics
 Demonstrator for future sub-Hz ground based GW detectors

* Geoscience
* Gravity sensitivity of 10-10g/Sqrt(Hz) @ 2Hz
e Gradient sensitivity of 10-13 s-2/Sqrt(Hz) @ 2Hz: geology, hydrogeology...

A Large research infrastructure
hosted in a low noise laboratory

[SBB A -

Laboratoire Souterrain & Bas B;uh
Lowr Mok bder Dy Vv Uncwry i & N Tocheokog,

 Two 200 m horizontal optical cavity coupled with 3 Al
 Possible evolutions towards 2D or 3D instrument on site

from P. Bouyer

MIGA, GDR Ondes Gravitationnelles, 20/06/2018



MAGIS-100: Detector prototype at Fermilab

Matter wave Atomic Gradiometer Interferometric Sensor
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e 100-meter baseline atom interferometry in existing shaft at Fermilab ATOM
SOURCE
e Intermediate step to full-scale (km) detector for gravitational waves
e Clock atom sources (Sr) at three positions to realize a gradiometer
e Probes for ultralight scalar dark matter beyond current limits (Hz range)
e Extreme quantum superposition states: >meter wavepacket separation,
up to 9 seconds duration ATOM
SOURCE
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from J. Hogan
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Advanced atomic quantum sensors
for gravitational physics

e Large-scale atom interferometer (Rb & Sr)
* New schemes for large momentum transter
* High-flux atomic sources

 High-sensitivity detection schemes

* Squeezed atomic states
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Squeezing on momentum states
for atom interferometry
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Leonardo Salvi, Nicola Poli, Vladan Vuleti¢, Guglielmo M. Tino, Squeezing on
Momentum States for Atom Interferometry, Phys. Rev. Lett. 120, 033601 (2018)
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Sr and Cd atom interferometers for

fundamental physics test

Pl: Prof. Nicola Poli

WEP test/spin gravity test

Quantum interference of “clocks” in
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