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LA =
Laser cooling: Optical molasses

€

||VL~ ‘L &II

Lab ref. frame

vy (1-v/c) v (1+v/c)
T S ' <<$mmmn

Atom ref. frame

Atomic Temperature : kg7 = Mv2__

Examples:
o hT T T,
Doppler limit: kT o= N o4 ODMK i
o\ Rb 120 uK 360 nK
Recoil limit: T =~ VL Cs 120 uK 200 nK
L Sr 180 nK 460 nK

Idea: T. W. Hinsch, A. Schawlow, 1975
EXp' demonstration: S. Chu et al" 1985 Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Ahk & kv+ Pz
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X positionm

atom number

density n
temperature T
size AX

-
~
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~ 1

09 -1010
011 cm-3
00 ukK
mm

E. Raab et al., Phys. Rev. Lett. 59, 2631 (1987)
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B = ~ Bose-Einstein condensation in dilute gases of atoms

EHELP ABQUT  SEARCH Y%

NOBEL ¢ - MUSEUM

PEACE | ECCNDMICS
{

The Royal Swedish Academy of Sclences has
awarded the Nobel Prize In Physics for 2001 jointly
to Eric A. Cornell, Wolfgang Ketterle and Carl E.
The Nobel Prize in Physics 2001 Wieman “for the achlevement of Bose-Einstein
condensation In dilute gases of alkall atoms, and for
early fundamental studies of the properties of the
condensates”. @
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Atoms
In unison...

fantantc:

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024



salike | UNIVERSITA [
E 2 | DEGLI sTUDI INEN
o

aod — < Light shifts and optical traps

— optical lattices
b,n+1)
|hwu ,n} la,n) 1D optical latt;ce— =: ;‘r;y_of_ 2_D d_is;i-l—ik-e t_ra;)p_in; [:otentials
| Beoy, 0 )
Ej

excited
‘ha)o.- —/: state

il0)

0t ---¥--- ground
e A

e

Vde( r) — —d'E(l‘) oC Oj( (;)L)l E(r) | B 3 D optical lattice = 3D simple cubic array f h.o. péténtials

First exp. demonstration: S. Chu et al., 1986 Review: 1. Bloch, 2005

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Bloch oscillations of Sr atoms in an optical lattice

mirror

red MOT
beams

probe
baam —

.1 CCD

; ; camera
optical lattice _
P v=mg\/2h
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 - DESY, Hamburg - 7 October 2024
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Optical clocks with neutral atoms

 Interrogate atoms in optical lattice without frequency shift
* Long interaction time
« Large atom number (108)
* Lamb-Dicke regime
Excellent frequency stability

« Small frequency shifts:
* No collisions (fermion)
* No recoil effect (confinement below optical wavelength)
« Small Zeeman shifts (only nuclear magnetic moments)...

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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LBSR — & Optical clocks: Towards 10-20

cycle 1

21: Cfringe

average

_ Noise _ Av 1
mtQeSignal v, /N,

e Narrow optical transitions o,
ov, ~1-100 Hz, v, ~ 1014-1015 Hz

-~ o ]
Trapped ions: Hg*, In*, Srt, Yb+,... \}i? i
 Candidate atoms /

\

Cold neutral atoms: H, Ca, Sr, Yb,... .

Optical lattice

* Direct optical-uwave connection by optical frequency comb

20 fs Ti:Sapphire laser, repetition frequency fr = 650 MHz
+ broadening in external PCF — bandwidth > 300 THZ

(a) Time domain
E(f) "‘Mj‘— —»‘ZAO - Self-Referencing of Comb Offset
T I(f)
f
-

‘4| " " lt‘h‘ I“;A
4 1 A\‘ -\ |' | s t es
‘“‘ " 2 A 1 ."" 1064 nm m,’zu"’v'lﬂ) .
i ‘),' \ \ v D N 532 nm
f Femtosecond Laser +

| (S reirsoncy @D =10 Microstructure Fiber . f

yp
fe— 1 fgp =7 —>

y frequency
{b) Frequency domain ! L = = 262 THz - Q f
ﬁ' Clock Output
5 .lllll | “I“ll o fr=fA/m
f=nyfoty N Counter
ety @) . Optical Frequency Standard (f, )

2 1064 nm

> r mode-locked every comb frequency is known
== | nsapphioker J wittihe accuracy of the Cs ciock  Th, Udem et al., Nature 416 , 14 march 2002

N. Poli, C. W. Oates, P. Gill, G. M. Tino, Optical Atomic Clocks,
La Rivista del Nuovo Cimento, 12, 555-624 (2013)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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at millimetre scale

Nature volume 602, pages 420-424 (2022)

Resolving the gravitational redshift acrossa
millimetre-scale atomic sample

https://doi.org/10.1038/s41586-021-04349-7

Received: 24 September 2021

Accepted: 13 December 2021

Published online: 16 February 2022
M Check for updates

-0.5

z (mm)

Fractional frequency uncertainty

10—18.

10:03

1020,

Tobias Bothwell'™, Colin J. Kennedy*?, Alexander Aeppli', Dhruv Kedar', John M. Robinson',
Eric Oelker"’, Alexander Staron' & Jun Ye'™

Einstein’stheory of general relativity states that clocks at different gravitational
potentials tick at different rates relative to lab coordinates—an effect known as the
gravitational redshift'. As fundamental probes of space and time, atomic clocks have
longserved to test this prediction at distance scales from 30 centimetres to thousands
of kilometres® *. Ultimately, clocks will enable the study of the union of general
relativity and quantummechanics once they become sensitive to the finite
wavefunction of quantumobjects oscillating in curved space-time. Towards this
regime, we measure a linear frequency gradient consistent with the gravitational
redshift within a single millimetre-scale sample of ultracold strontium. Our resultis
enabled by improving the fractional frequency measurement uncertainty by more
thana factor of 10, now reaching 7.6 x 10 *'. This heralds a new regime of clock
operation necessitating intra-sample corrections for gravitational perturbations.

—— 4.4 x 1081
3.1 x 10718z
SO\ - 2.6 x 1078z

10° 104
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Article

Gravitational redshift

Nature volume 602, pages 425-430 (2022)

Differential clock comparisonswitha
multiplexed optical lattice clock

https://doi.org/10.1038/s41586-021-04344-y
Received: 24 September 2021

Accepted: 14 December 2021

Published online: 16 February 2022

™ Check for updates

813 nm b
lattice in, v,

Xin Zheng', Jonathan Dolde’, Varun Lochab', Brett N. Merriman', Haoran Li' &
Shimon Kolkowitz'™

Rapid progress in optical atomic clock performance has advanced the frontiers of
timekeeping, metrologyand quantum science'*, Despite considerable efforts, the
instabilities of most optical clocks remain limited by the local oscillator rather than
the atoms themselves'*. Here we implement a ‘multiplexed’ one-dimensional optical
lattice clock, inwhich spatially resolved strontiumatom ensembles are trapped in the
same optical lattice, interrogated simultaneously by a shared clock laser and read-out
in parallel. In synchronous Ramsey interrogations of ensemble pairs we observe
atom-atom coherence times of 26 s,a 270-fold improvement over the measured
atom-laser coherence time, demonstrate a relative instabilityof 9.7(4) x 10 '5/./7
(where tis the averaging time) and reach a relative statistical uncertainty of 8.9 x 10 *
after 3.3 hof averaging. These results demonstrate that applications involving optical
clock comparisons need not be limited by the instability of the local oscillator. We
further realize a miniaturized clock network consisting of 6 atomic ensembles and 15
simultaneous pairwise comparisons with relative instabilities below 3 x10 '7/./T,and
prepare spatially resolved, heterogeneous ensemble pairs of all four stable strontium
isotopes. These results pave the way for multiplexed precision isotope shift
measurements, spatially resolved characterization of limiting clock systematics, the
development of clock-based gravitational wave and dark matter detectors® “and new
testsof relativity in the lab" ™.

- - - Sr atoms
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Atom Interferometry

|

atoms and molecules, Rev. Mod. Phys., Vol. 81, No. 3 (2009)

ggUHDCODDOS

5

-

=2

Fraction of atoms in F

0.3 F

Phase (cycles)

Atomic interference fringes — Firenze 2006

G. M. Tino, M. A. Kasevich (eds) Atom Interferometry, Proc. Int. School Phys. “Enrico Fermi”,
Course CLXXXVIII, Varenna 2013 (SIF and IOS Press, 2014).

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Llliiee = o Atom interferometry

Wave-particle duality in quantum physics

0000001 10000004

h
>\dB — Mo

de Broglie wavelength

Alexander D. Cronin, Jérg Schmiedmayer, David E. Pritchard, Optics and
interferometry with atoms and molecules, Rev. Mod. Phys., Vol. 81, No. 3 (2009)

G. M. Tino, M. A. Kasevich (eds) Afom Interferometry, Proc. Int. School Phys.
“Enrico Fermi”’, Course CLXXXVIII, Varenna 2013 (SIF and IOS Press, 2014).
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Phase (cycles)

Atomic interference fringes — Firenze 2006

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Quantum interference

path I
/ amplitude 4, \
Initial state Final state
) N path I1 /’ Wy
amplitude 4

Interference of transition amplitudes
P(lwy=Iyp) = |4, + Ayl> = |4]> + |42 + 2 Re(A;Ay")

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Atom interferometry

and gravity

=
0

-4 J‘g a 3 ‘} 'f‘-‘x
s 1 Ly ¥y IR 4
e ‘;«J;;wﬁth
. / L * 0t ] o .‘{
n/2-pulse n-pulse T/2-pi = j’ Y 4]
. . S &l \ 1 o
(beamsplitter) (mirror) (beamsy ¥ ¥ ¥ ¥V ¥

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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le, p+2hk>

|F, p&

M. Kasevich, S. Chu, Appl. Phys. B 54, 321 (1992)

Raman pulses

N/N,

1 J
(Deff b
d
Wefr = W1-0,
K= ki-K;
Q.= Q,Q,/A 0
et = ¢y - 92

072‘:/27'2'

27 4 [1/]

5, k2

a
L L

Wy, kl'

05, k2

atom l/v
—_
(Dla kl'

beam-splitter

mirror

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Raman interferometry in a Rb atomic fountain
n 2

Phase difference between the paths:
AD = k. [2(0)-2z(T)+z(2T) ]+, k=k;-k, o.=ck,
with z(t) = -g 22 + vt + 2y & ©,=0 = AP = K, gT2

g=AD/KT?2

e
A |t

« TAAAAR
. o : s S sk . [ ]
+ Final population: ol 1] | f *'.1 ; ) ; )
:‘ o A...d | | cl
N, = N/2 (1+cos[AD]) L] L 37 1 ] T
N “UN M e
Interference fr;lgé:;l— Firenze 2006
106 Rb atoms
S/N = 1000

=
T=150 ms = 2x = 10-6g

Sensitivity 10-9 g/shot

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 - DESY, Hamburg - 7 October 2024
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How do we improve sensitivity
to gravity acceleration?

Large phase Large momentum Long interrogation
resolution transfer times

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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How do we improve sensitivity
to gravity acceleration?

Ap = keff

N
[

Long interrogation
times

Guglielmo M. Tino - DESY, Hai

mburg - 7 October 2024
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Large-scale atom interferometers

8 m fountain - Firenze

10 m fountain - Stanford 12 m fountain - Wuhan (under construction)

N Tuhan Branch
Chinese Academy Of Sciences

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024



MAGIS-100: Detector prototype at Fermilab

Matter wave Atomic Gradiometer Interferometric Sensor

LASER
HUTCH
"E ATOM
SOURCE
Neutrino Beam Line for MINERvVA and MINOS Experiments
e 100-meter baseline atom interferometry in existing shaft at Fermilab ATOM
SOURCE
o 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

F .I b & ¥ R PO ’/\1 Northwestern Jre Northern Ilinois
W Sfrermiia & LIVERPOOL € University  NE Banesy v
STAORD BERKELEY. 5

ﬁ" om J. Ho gan Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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ﬁ”OWl M. S Zhan arXiv:1903.09288v2, accepted for publication in Int.J.Mod.Phys.B

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024



L = o~ MAGIA-Advanced = Sardegna
(2016, Proposal)

Ground
level

Cooling &
trapping

100 m
500 m

Cooling &
. . trapping
Carbonia-lglesias
ARIA/Darkside Lab Detection
In-vacuo

mirror actuator

Sos Enattos
SAR-GRAV Lab

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Terrestrial very-long-baseline atom interferometry:
Workshop summary @

Special Collection: Large Scale Quantum Detectors

Sven Abend; Baptiste Allard; Ivan Alonso; John Antoniadis; Henrique Araujo; Gianluigi Arduini; Aidan S. Amold;
Tobias Asano; Nadja Augst; Leonardo Badurina; Antun Balaz; Hannah Banks; Michele Barone;

Michele Barsanti; Angelo Bassi; Baptiste Battelier; Charles F. A. Baynham; Quentin Beaufils; Aleksandar Beli¢;
Ankit Beniwal; Jose Bernabeu; Francesco Bertinelli; Andrea Bertoldi; Ikbal Ahamed Biswas; Diego Blas;
Patrick Boegel; Aleksandar Bogojevi¢; Jonas Bohm; Samuel Bohringer; Kai Bongs; Philippe Bouyer:;

Christian Brand; Apostolos Brimis; Oliver Buchmueller & © ; Luigi Cacciapuoti; Sergio Calatroni;

Benjamin Canuel; Chiara Caprini; Ana Caramete; Laurentiu Caramete; Matteo Carlesso; John Carlton;

Mateo Casariego; Vassilis Charmandaris; Yu-Ao Chen; Maria Luisa Chiofalo; Alessia Cimbri;

Jonathon Coleman; Florin Lucian Constantin; Carlo R. Contaldi; Yanou Cui; Elisa Da Ros; Gavin Davies;
Esther del Pino Rosendo; Christian Deppner; Andrei Derevianko; Claudia de Rham; Albert De Roeck;

Daniel Derr; Fabio Di Pumpo; Goran S. Djordjevic; Babette Débrich; Peter Domokos; Peter Dornan;

Michael Doser; Giannis Drougakis; Jacob Dunningham; Alisher Duspayev; Sajan Easo; Joshua Eby;

Maxim Efremov; Tord Ekelof;: Gedminas Elertas; John Ellis &% ; David Evans; Pavel Fadeev; Mattia Fani;
Farida Fassi; Marco Fattori; Pierre Fayet; Daniel Felea; Jie Feng; Alexander Friedrich; Elina Fuchs;

Naceur Gaaloul, Dongfeng Gao; Susan Gardner, Barry Garraway; Alexandre Gauguet; Sandra Gerlach;
Matthias Gersemann; Valerie Gibson; Enno Giese; Gian F. Giudice; Eric P. Glasbrenner; Mustafa Gindogan;
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Aurelien Hees; Jaret Heise; Victoria A. Henderson; Sven Herrmann; Thomas M. Hird; Jason M. Hogan;

Bodil Holst, Michael Holynski; Kamran Hussain; Gregor Janson; Peter Jegli¢; Fedor Jelezko; Michael Kagan;
Matti Kalliokoski; Mark Kasevich; Alex Kehagias; Eva Kilian; Soumen Koley; Bernd Konrad; Joachim Kopp;
Georgy Komakov; Tim Kovachy; Markus Krutzik; Mukesh Kumar; Pradeep Kumar; Claus Lammerzahl;

Greg Landsberg; Mehdi Langlois; Bryony Lanigan; Samuel Lellouch; Bruno Leone; Christophe Le Poncin-Lafitte;
Marek Lewicki; Bastian Leykauf; Ali Lezeik; Lucas Lombriser; J. Luis Lopez-Gonzalez; Elias Lopez Asamar;
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Jacques Marteau; Didier Massonnet; Anupam Mazumdar, Christopher McCabe; Matthias Meister,

Jonathan Menu; Giuseppe Messineo; Salvatore Micalizio; Peter Millington; Milan Milosevic; Jeremiah Mitchell;
Mario Montero; Gavin W. Morley; Jurgen Maller; Ozgir E. Mustecapl ioglu; Wei-Tou Ni; Johannes Noller;
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AVS Quantum Sci. 6, 024701 (2024)
https://doi.org/10.1116/5.0185291
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G. M. Tino et al., SAGE: A Proposal for a Space Atomic Gravity Explorer,
Eur. Phys. J. D 73, 228 (2019)

P. Wolf et al., STE-QUEST: Space Time Explorer and QUantum
Equivalence Principle Space Test, arXiv:2211.15412 (2022)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Precision gravity measurement at um scale with Bloch
oscillations of Sr atoms in an optical lattice

mirror

m

\ “ trapped

= — “ T—— atoms

~ . A

probe ‘
beam —

: : camera
optnge;!;ttlce v=mgh/2h

red MOT
beams

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)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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~ Bloch oscillations of 38Sr atoms

FIRENZE NV4

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 - DESY, Hamburg - 7 October 2024
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il = e T rapped-atom interferometer
with ultracold Sr atoms
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- Ramsey—Bordé Bragg interferometer with 38Sr atoms combined with Bloch oscillations

- We demonstrated a total interferometer time of 1 s, limited by technical issues, e.g.,
the atom lifetime in the lattice and geometry imperfections of the lattice beams.

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)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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How do we improve sensitivity
to gravity acceleration?

Large momentum
transfer

Guglielmo M. Tino - DESY, H
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- Counter-propagating laser beams
No change in atomic internal state

Momentum transfer scales linearly

with Bragg diffraction order n,
Ap = 2nhk

High power laser beams (>1W) are
required.

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Atom Interferometry with Rb Blue Transitions

6p

« Enhancing the transferred momentum to the atomic wave packets
0.22
* Most LMT schemes require ultracold atomic samples (=> slow cycle
rate, less atoms) and/or multi-pulse interferometric sequences (=>
4d parasitic interferometers, reduced contrast)

» A still unexplored possibility was to use Rb transitions on the
58S -> 6P manifold @ 420-422 nm instead of the D2 line @ 780 nm

« Even if the signal enhancement is only ~1.9 there are some
major advantages:
> Thermal cold atom samples can be used
> The interferometric sequence is simple
5p > Smaller diffraction, reduced systematic effects

L. Salvi, L. Cacciapuoti, G. M. Tino, G. Rosi, Atom Interferometry with Rb Blue Transitions,

PhyS. 1887 LS 131’ LLSRT0 (2023) Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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How do we improve sensitivity
to gravity acceleration?
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The Standard Quantum Limit and beyond

Shot noise limit Beyond the shot noise limit:
N spin squeezed states
) = 1:[1(0¢| Wi+ er| 1) S,
[t \
A J—W
X
Sy
—
Noise:

> AJ-2)=AJ,=JN /2

Signal: Requires correlations
J|=7=N/2 between particles

| o ]

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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il — < Squeezing on momentum states
for atom interferometry

Goal: production of squeezed states of the atomic center-of-mass motion that can be
injected into an atom interferometer.

Proposed method: dispersive probing in a ring resonator on a narrow transition for a
collective measurement of the relative population of two momentum states.

—|'P)

All A

N

I

= S —p|T

Lo |3P1,p: 2nhk:+hk:R> = o

8| 3 g 2

) 3Py, p = hkg) S : D

S 2 : %)

c Q : Y

© < =

< :

— onhk) i
— — — —)
) —dw Wr, ow W

Frequency splitting from Doppler effect Condition for dispersive regime:

dw = 2mn x 28.6 kHz ow > T

Leonardo Salvi, Nicola Poli, Vladan Vuleti¢, Guglielmo M. Tino, Squeezing on
Momentum States for Atom Interferometry, Phys. Rev. Lett. 120, 033601 (2018)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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il — & Squeezing on momentum states
for atom interferometry

A ‘ Sraoe —— 3Py, 2nhky + hk,)
IMmMmeaess @ DAY /118 ~===g-

' l Bl ‘3P17 hkr>
B2 Bout |1S()7 2nh]€b>— Probe

| 3 15,022

12nhks)

Leonardo Salvi, Nicola Poli, Vladan Vuleti¢, Guglielmo M. Tino, Squeezing on
Momentum States for Atom Interferometry, Phys. Rev. Lett. 120, 033601 (2018)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Atom interferometry

with the Sr optical clock transition
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Liang Hu, Nicola Poli, Leonardo Salvi, Guglielmo M. Tino,

Phys. Rev. Lett. 119, 263601 (2017)

Atom interferometry with the Sr optical clock transition,

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024



Laser frequency noise insensitive detector

Enables 2 satellite configurations

N\/\NW\’VV\NV\N\’VWV

Clock transition in candidate atom ¥Sr

e Long-lived single photon

transitions (e.q. clock .
transition inCa, Yb, Hg, XCi

etc.). ,
] O
e Atoms act as clocks, OW\M#'W \ T
measuring the light travel B E % I
time across the baseline. \ o
Laser noise is
e GWs modulate the laser common
ranging distance.
from M. Kasevich Graham, et al., arXiv:1206.0818, PRL (2013)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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(MISURA ACCURATA di G MEDIANTE INTERFEROMETRIA ATOMICA)

* Measure g by atom interferometry

e Add source mass

* Measure change of g

v

> Precision measurement of G

M M,

I/'

F(r)y=G

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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F(r)y=G
7'
o ; NIST-82 torsion balance
e ; TR&D-96 torsion balance
I—é.—l LANL-97 torsion balance
I L : CODATA 1998 —
§ ] UWash-00 torsion balance
g HH BIPM-01 torsion balance
I—§—0—| UWup-02 simple pendulum
I—.—| CODATA 2002
I-io-l MSL-03 torsion balance
—e— E HUST-05 torsion balance
- | UZur-06 beam balance
|-—.—| CODATA 2006
|Q|- HUST-09 torsion balance
ol - JILA-10 simple pendulum y
|—o—| CODATA 2010 Skt
E o BIPM-13 torsion balance
I I : I I
6.665 6.670 6.675 6.680
G (10"'m’kg"s?)

P.J. Mohr, B. N. Taylor, and D. B. Newell, CODATA recommended values of the Terry Quinn. Measuring big G, NATURE, 408, 919 (2000)
fundamental physical constants: 2010, Rev. Mod. Phys., Vol. 84, No. 4, (2012)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Rb gravity gradiometer + source mass

* | FIRENZE [NV

vibration
isolated
mirror

1000 mm

atom cloud 1

masses &
positions: 2

atom cloud 2

detection, 'm ;
pumping & gl
Raman cooling

MOT &
atomic fountain

Interferometry beams

Sensitivity 10-9g/shot
one shot = AG/G =~ 10-2

top view

side view

2 | a[m/s’]
410V

z[m]

2107

4 .107

6-107 ¢

500 kg tungsten mass

Peak mass acceleration ag = 10-7g

10000 shots = AG/G = 104

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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G. T. Foster et al., Opt. Lett 27, 951 (2002)
Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Source masses and support

g "

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

- -

.....

- L

i

. g p

. . E; » : . ) » £ - - —4
[! ' N/ 4 4 .. SapmyShaping P e

3

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)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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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
» control & mitigation of Coriolis acceleration
» 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
 quantum mechanical phase shift of atomic probes
* detection efficiency

— measured data compared with a Montecarlo simulation

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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i MAGIA: Final sensitivity a

Repetition period of experimental cycle: 1.9 s
el Number of points per ellipse: 720 (23 min)
L Number of launched atoms: ~10° per cloud

-

k,
'
LR
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l I Number of detected atoms: ~4x105 per cloud
masses ‘ .« e . .
N lower Sensitivity to ellipse angle: ~ 9 mrad /shot
gravimeter .. . . . .
) s |« Sensitivity to differential gravity: 3x10 g /vHz
detection o, 0 o .
beams Sensitivity in G measurements: 5.7x102/vHz
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doi:10.1038/nature13433

Precision measurement of the Newtonian
gravitational constant using cold atoms

G. Rosi!, F. Sorrentino', L. Cacciapuoti?, M. Prevedelli® & G. M. Tino'

About 300 experiments have tried to determine thevalue of the New-
tonian gravitational constant, G, so far, but large discrepancies in
the results have made it impossible to know its value precisely'. The
weakness of the gravitational interaction and the impossibility of
shielding the effects of gravity make it very difficult to measure G while
keeping systematic 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. Here we report the precise determi-
nation of G using laser-cooled atoms and quantum interferometry.
Weobtain the value G= 6.67191(99) X 10~ "' m’ kg™ ' s~ *with arela-

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'®. Efforts were devoted to the control of systematics
related to atomic trajectories, 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 Earth’s gravita-
tional gradient in the region containing the atom interferometers, thus
reducing the sensitivity of the experiment to the vertical position and
size of the atomic probes.

The atom interferometer is realized using light pulses to stimulate

1€ LWO-DINOLOI1 RAINdr trar OI1 DELWECT] UNE NVDCT LI

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 - DESY, Hamburg - 7 October 2024
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NBS-82
TR&D-96
LANL-97
UWash-00
BIPM-01
UWup-02
MSL-03

T

HUST-05
UZur-06
HUST-09
BIPM-14

®)

LENS-14

UCI-14
HUST,-18

HUST,-18
JILA-18

o

-3

G-G

CODATA-18

0 1
(1 o™ m? kg'1 3'2)

Source

Identification Method G107 kg™ x m*s~?) Rel. stand. uncert. u,
Luther and Towler (1982) NIST-82 Fiber torsion balance, 6.67248(43) 6.4 x 1073
dynamic mode
Karagioz and Izmailov (1996) TR&D-96 Fiber torsion balance, 6.6729(5) 7.5x 1073
dynamic mode
Bagley and Luther (1997) LANL-97 Fiber torsion balance, 6.673 98(70) 1.0x 107
dynamic mode
Gundlach and Merkowitz UWash-00 Fiber torsion balance, 6.674 255(92) 14 x1073
(2000, 2002) dynamic compensation
Quinn et al. (2001) BIPM-01 Strip torsion balance, 6.675 59(27) 40x 107
compensation mode,
static deflection
KleinevoB (2002) and UWup-02 Suspended body, 6.674 22(98) 1.5x107*
KleinvoB et al. (2002) displacement
Armstrong and Fitzgerald MSL-03 Strip torsion balance, 6.673 87(27) 40x 107
(2003) compensation mode
Hu, Guo, and Luo (2005) HUST-05 Fiber torsion balance, 6.67222(87) 1.3x107*
dynamic mode
Schlamminger ez al. (2006) UZur-06 Stationary body, 6.674 25(12) 1.9 x 1073
weight change
Luo et al. (2009) and HUST-09 Fiber torsion balance, 6.67349(18) 2.7x1075
Tu et al. (2010) dynamic mode
Quinn er al. (2013, 2014) BIPM-14 Strip torsion balance, 6.675 54(16) 24x10°%
compensation mode,
static deflection
Prevedelli et al. (2014) and LENS-14 Double atom interferometer, 6.67191(99) 1.5x107*
Rosi et al. (2014) gravity gradiometer
Newman et al. (2014) UCI-14 Cryogenic torsion balance, 6.674 35(13) 1.9 x 1073
dynamic mode
Li et al. (2018) HUST;-18 Fiber torsion balance, 6.674 184(78) 1.2 x 1075
dynamic mode
Li et al. (2018) HUST,-18 Fiber torsion balance, 6.674 484(77) 1.2 x 1073
dynamic compensation
Parks and Faller (2019) JILA-18 Suspended body, 6.672 60(25) 3.7x107%

displacement

CODATA 2018

G =6.67430(15)x10-11 m3 kg-1s-2
[Relative std. uncert.: 2.2x10]

Eite Tiesinga, Peter J. Mohr, David B. Newell, and Barry N. Taylor,
CODATA recommended values of the fundamental physical constants: 2018
Rev. Mod. Phys., 93, 025010 (2021)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Repetition period of experimental cycle: 1.9 s
Number of points per ellipse: 720 (23 min)
Number of launched atoms: ~10° per cloud
Number of detected atoms: ~4x10° per cloud
Sensitivity to ellipse angle: ~ 9 mrad/shot

s+ - Sensitivity to differential gravity: 3x109 g /vHz
Sensitivity in G measurements: 5.7x102/VHz

we - Integration time to G at 10-4: 100 hours
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G =6.67191(77)(62) x 10~ m3 kg1 s2

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)

Gugliemo M. Tino, Froniers of Quantum Metrology - KITP - 11102023

Florence

Newton’s G measured by gravitational
Aharonov Bohm effect

Optical lastice/
Seagy beam

. Field masses. Slots (not

shown) pass lattice bearms.

Cavity mirror

Tracer laser when masses are moving
o WM&

Application

« Verification of force-free effect
of gravity

*Equal to gravitational redshift
of the Compton frequency 72/ b
*Precision measurement of G at
later stage

Key insight / innovation

«Atom interferometer measures
potentials, not force

*Allows probing potential at
extremum, where dU/dx=0
*W-shaped potential caused by
pair of spheres

Cavity-based interferometer

Technology impact

e At extremum, dU/dx=0
*Position of masses/ atoms
unimportant, removes major
limiting influence

«Cavity: mode filtering,
intensity enhancement

Hohensee et al., PRL 108, 230404 (2012)

Berkeley

Cold strontium atom source
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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 G. W. Biedermann et al., Testing Gravity with Cold-Atom

Interferometers, Phys. Rev. A 91,033629 (2015)

Stanford

From M. Kasevich

Strontium Atom Interferometer for Measurement of G

Use atomic gravity gradiometer to measure phase response to
proof masses

Approach: use ultracold strontium atoms and large momentum
transfer (LMT) atom interferometers with macroscopic scale
delocalizations with single-crystal silicon proof masses that are
horizontally alternated between near and far configurations

Investigating optical-interferometry-based characterization of
proof masses and how this impacts optimal proof mass
geometry

Eventual goal: Al measurement of G at 10 ppm level or better

s

Interferometry Laser System Interference Signal

HUST: Huazhong University of Science & Technology

Source masses : l l

24x10Kg spheres ]

Gravitational signal :
Ag =120Gal
Differential gravity sensitivity :

6, = 0.014Gal @10's

4 A

Project target

3G/ G ~100ppm 1

Xiao-Chun Duan et al., Operating an atom-i y-based gravity
by the dual-fringe-locking method. Phys. Rev. A 90, 023617 (2014)

Wuhan

00 00

MEGANTE

MEasuring the Gravitational constant
with Atom interferometry for Novel fundamental physics TEests (2019 -)

Ewropesn Resesrch Courcil

Pl: Gabriele Rosi

Target uncertainty: 10 ppm

Northwestern University

Florence

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024



o Idea for Advanced MAGIA:
Sr atoms in optical lattice and silicon crystal source mass

mirror

\ “ trapped
red MOT — —
s atoms
P N l

probe »
Hgis —
CCD
optical lattice camera v=mgh/2h
beam

AG/G = 10

\

AG/G=10-6?

G. M. Tino, Testing gravity with atom interferometry, in “Atom Interferometry”, G. M. Tino and M. A. Kasevich (eds), SIF and IOS (2014)

il

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024

G. Rosi et al., Precision Measurement of the Newtonian Gravitational Constant Using Cold Atoms, NATURE vol. 510, p. 518 (2014)
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Test of the Einstein Equivalence Principle

Weak form of the Einstein Equivalence Principle — Universality of Free Fall

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

G. M. Tino, L. Cacciapuoti, S. Capozziello, G. Lambiase, F. Sorrentino, Precision gravity tests and the Einstein Equivalence Principle,
Progress in Particle and Nuclear Physics 112, 103772 (2020)

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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Tests of the weak equivalence principle

. s — ag| |(mi/mg)a — (mi/mg)s]
Eotvos ratio A-B=2" =2
PR  Jan sl T [mifmg)a + (mi/my)e]
Torsion balance N < ~10-13
Lunar laser ranging N < ~10-13

Test masses onboard a satellite 7 < ~10-15
(MICROSCOPE mission)

Atoms - different 1sotopes N < ~10-12 — ~10-14-10-15
e different atoms
* bosons vs fermions
» different spins
e anti-matter

Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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PHYSICAL REVIEW LETTERS 125, 191101 (2020)

Atom-Interferometric Test of the Equivalence Principle at the 10~ Level

Peter Asenbaum®,” Chris Overstreet®,’ Minjeong Kim®, Joseph Curti, and Mark A. Kasevich'
Department of Physics, Stanford University, Stanford, California 94305, USA

® (Received 26 June 2020; accepted 5 October 2020; published 2 November 2020)

We use a dual-species atom interferometer with 2 s of free-fall time to measure the relative acceleration
between *Rb and *'Rb wave packets in the Earth’s gravitational field. Systematic errors arising from
kinematic differences between the isotopes are suppressed by calibrating the angles and frequencies of the
interferometry beams. We find an Edtvés parameter of # = [1.6 =+ 1.8(stat) + 3.4(syst)] x 10712, con-
sistent with zero violation of the equivalence principle. With a resolution of up to 1.4 x 107! g per shot,
we demonstrate a sensitivity to # of 5.4 x 107" //Hz.

DOI: 10.1103/PhysRevLett.125.191101

Does gravity influence local measurements? The equiv-
alence principle (EP), which posits that all gravitational
effects disappear locally [1], is the foundation of general
relativity [2] and other geometric theories of gravity. Most
theoretical unification attempts that couple gravity to the
standard model lead to EP violations [3]. In addition, tests
of the equivalence principle search for perturbations of
geometric gravity and are sensitive to exotic interactions
[4,5] that couple differently to the test masses. These tests
are complementary to searches for large-scale variations of
unknown fields [6] and are carried out with local probes
that can be precisely controlled.

EP tests are often characterized by the E6tvos parameter
i, which is the relative acceleration of the test masses
divided by the average acceleration between the test masses
and the nearby gravitational source. With classical
accelerometers, EP violation has been constrained to 5 <
1.8 x 107'? by torsion balances in a laboratory setting [7]
and to < 1.3 x 107'* by the concluded space mission
MICROSCOPE [8].

We perform an equivalence principle test by interfero-
metrically measuring the relative acceleration of freely
falling clouds of atoms. Atom clouds are well-suited test
masses because they spend 99.9% of the interrogation
time in free fall and the remainder in precisely controlled
interactions with the interferometry lasers. In addition,
atoms have uniform and well-characterized physical pro-
perties. Compared to classical tests, atom-interferometric
(AI) EP tests are influenced by different sources of
systematic error [9]. AI EP tests can be performed
between isotopes that differ only in neutron number,
and quantum tests are especially sensitive to particular
violation mechanisms [10]. However, previous AT EP tests
[11-14] have been limited to 7 < 3 x 10~ in dual-species
comparisons [14] and 5 < 1.4 x 107 in comparisons
between ground states of a single species [15],
largely due to a lack of sensitivity compared to classical
experiments.

0031-9007/20/125(19)/191101(5)

191101-1

In this Letter, we report an atom-interferometric test of
the equivalence principle between ®Rb and *Rb with
7= [1.6 £ 1.8(stat) + 3.4(syst})] x 107*?, consistent with
zero violation at the 1072 level. This result improves by
four orders of magnitude on the best previous dual-species
EP test with atoms [14]. We achieve high sensitivity by
utilizing a long interferometer time 7 and a large momen-
tum splitting between interferometer arms. With a reso-
lution of 1.4 x 107! g per shot and 15 s cycle time, the
interferometer attains the highest sensitivity to 5 of any
laboratory experiment to date [7].

The relative acceleration between *Rb and *Rb is
measured with a dual-species atom interferometer. The
experimental apparatus is described in [16]. We prepare
ultracold clouds of *Rb and ¥Rb by evaporative cooling in
amagnetic trap. The subsequent magnetic lensing sequence
lowers the horizontal kinetic energies to 25 nK but
introduces a 1.8 mm vertical offset between the two
isotopes. The other kinematic degrees of freedom (d.o.f.)
remain matched. The clouds are then trapped in a vertical
1D optical lattice and accelerated to 13 m/s in 20 ms
(launch height ~8.6 m). This laser lattice launch acceler-
ates the atoms to approximately the final lattice velocity.
Each isotope is accelerated to a distinct, even multiple of its
recoil velocity fik/m. We choose a final lattice velocity
such that the vertical velocities of the two isotopes are
overlapped to within 1 mm/s. To spatially overlap the
clouds, we apply species-selective Raman transitions that
kick the two isotopes in opposite directions. After a 77 ms
drift time and removal of untransferred atoms, the Raman
transitions are reversed, and the clouds are overlapped to
within 65 gm. The Raman pulses also provide velocity
selection, and the detunings of the Raman pulses allow the
average vertical velocity of each isotope to be individually
controlled, improving the velocity overlap to within
60 um/s.

The interferometer beam splitters consist of sequences of
two-photon Bragg transitions [16] that transfer 471k, 8#ik, or

© 2020 American Physical Society
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Apparatus

Ultracold atom source
>106 atoms at 50 nK
3e5 atoms at 1.6 nK

Optical Lattice Launch
13.1 m/s with 2372 photon
recoils to 9 m

Atom Interferometry
2 cm 1/e? radial waist
6 W total power

Dynamic nrad control of laser
angle with precision piezo-
actuated stage

Detection
Spatially-resolved fluorescence
imaging
Two CCD cameras on
perpendicular lines of sight

Atom Optics & Lattice Beam
~«———— Delivery Enclosure

-«—— 3 Layer Magnetic Shield
(<1 mG on axis)

Interferometer Region
[
N
3

System

Current demonstrated statistical resolution, ~5e-13 g in 1 hr (87RDb)

STANFORD UNIVERSITY From M. Kasevich, ICAP 2014 % =
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Tests of the weak Equivalence Principle with atoms

Atoms vs macroscopic mass
A. Peters, K.Y. Chung and S. Chu, Nature 400, 849 (1999)

S. Merlet, Q. Bodart, N. Malossi, A. Landragin, F. P. D. Santos, O. Gitlein, L. Timmen, Metrologia
47,19 (2010).

N. Poli, E.Y. Wang, M.G. Tarallo, A. Alberti, M. Prevedelli, G.M. Tino, Phys. Rev. Lett. 106, 038501
(2011)

Different atoms/isotopes
S. Fray, C. A. Diez, T.W. Héansch, and M. Weitz, Phys. Rev. Lett. 93, 240404 (2004).
A. Bonnin, N. Zahzam, Y. Bidel, and A. Bresson, Phys. Rev. A 88, 043615 (2013).
P. Asenbaum , C. Overstreet , M. Kim , J. Curti, M.A. Kasevich, Phys. Rev. Lett. 125, 191101 (2020)

L.Zhou, C.He, S.-T.Yan, X.Chen, W.-T.Duan, R.-D.Xu, C.Zhou, Y.-H.Ji, S.Barthwal, Q.Wang,
Z.Hou, Z.-Y.Xiong, D.-F.Gao, Y.-Z.Zhang, W.-T.Ni, J. Wang, M.-S.Zhan, PRA 104, 022822 (2021)

D. Schlippert, J. Hartwig, H. Albers, L. L. Richardson, C. Schubert, A. Roura, W. P. Schleich, W.
Ertmer, and E. M. Rasel, PRL 112, 203002 (2014)

M.G. Tarallo, T. Mazzoni, N. Poli, D.V. Sutyrin, X. Zhang, G.M. Tino, Phys. Rev. Lett. 113, 023005
(2014)

The ALPHA collaboration, Nature 621, 716 (2023)
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133Cs atoms vs classical gravimeter

87Rb atoms vs classical gravimeter

88Sr atoms vs classical gravimeter

87Rb vs 85Rb

87Rb vs $5Rb

87Rb vs 85Rb

87Rb vs 85Rb

87Rb vs 3K

87Sr vs 88Sr

anti-H

85Rb in two different hyperfine states

87Sr in different Zeeman states

87Rb in different Zeeman states

87Rb in two different hyperfine states and in a coherent
superposition
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lest of the EP for 0-spin and half-integer-spin atoms.
Search for spin-gravity couplzng eﬁects

.s".

Einstein Equivalence Principle
- Universality of the Free Fall

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

E N T X T Y TSRO

WP TR DR N O T R O 0 0 N0S 0
o

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)
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Ad Arcetri nel 1925: Franco Rasetti, Fermi e Nello Carrara con Rita Brunetti
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LIEER = -~ Differential gravity measurements for
88Sr and 57Sr — Equivalence Principle test

Weak Equivalence Principle test with coherent probe masses with and without nuclear
spin: 8Sr (I = 0) and &’Sr (I = 9/2)

Measuring E6tvos ratio that depends only on

. . m AM resonant tunneling spectra AM frequency lock
Bloch frequencies and mass ratio R,;, = —2 (%) \ )

Mgz __"I__""I"'I'\'l"l""l""I""\

_ dgg — g7 _ Vgg — Riyvgy
(agg + agy)/2  (vgg + Ryvgy)/2

n 6x10° 1 -

3x10°
Uncertainty for each point is the quadratic sum of
statistical error and systematics uncertainty 0
o
Final result: 3x10° 4L
n=(02+1.6)x10"7 -
-6x10° F W\ 1
Where uncertainty corresponds to the standard S
error of the weighted mean | A

10 20 30 40 50 60
Measurements

(*) known better than 10-10: Rana et al., PRA 86, 050502 (2012)

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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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

- S, is the projection of the spin along gravity direction
Voa(z) = (1 + Ba + kS,)mugz
k is the model-dependent spin-gravity coupling strength

Each 87Sr spin component S, = I, 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 _I R | | |
linewidth, corrected by systematics (two-body collisions, ] _ + + + |
residual magnetic field) T 0 % ]} +
—> Upper limit on spin-gravity coupling k \E/ i + %+ % + % ? + % _
~
I 4l } % |
AT = 2Ig7klvgy
15 20 25 30
= k=(05+11)x10"" 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)
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Quantum test of the equivalence principle for atoms
in coherent superposition of internal energy states
EOtvos ratio
_ o laa —ag| _ [(mi/mg)a — (mi/mg)B|
NaA—B = 2 - = 2-
aa + as] (mi/mg)a + (mi/mg)B|

Mass—energy operators

A

~ A H Q . H 1 contributions of the internal energy
Ma — maI = a=1g ﬁ to the inertial and gravitational mass
g

2

Quantum test theory r A A~ ar—1
with WEP violations = M; 7 My = a=MzM; g

A A /r']_ T 2
M M ~ . r=|rle*¥r
T T

Zych, M. & Brukner, C. Quantum formulation of the Einstein equivalence principle,
https://arxiv.org/abs/1502.00971 (2015)

Orlando, P. J., Mann, R. B., Modi, K. & Pollock, F. A. A test of the equivalence
principle(s) for quantum superpositions. Class. Quantum Grav. 33, 19LT01 (2016)
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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

<«— Source Masses

Microwave
Antenna

< Bragg/Raman beams >

1) = |F =1,mp =0) a1 = g(1| MM (1) = gry
2) = |[F =2,mp = 0) az = g(2|Mg M (2) = gr>
- - T1 T2
= (D+e2) V2 =gl s) = g | T2 frfcos(pr + )

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

o3

(@]

=

E

2 .

= Table 1 | Measurement systematics.

£

@

§ Effect Uncertainty on g/g( x 10 ~ %)

cﬁl Second order Zeeman shift 0.6

w AC Stark shift 2.6
— Ellipse fitting 03
n Other effects

<0.1

Main error contributions affecting the differential acceleration measurement.

m_s = (1.0 + 1.4) - 10~ ry —ra| <107°

M—s = (3.3£2.9)-107° r|<5-107°

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 Interference of Clocks

TICTOC i
* GRAV

Observe gravity induced “decoherence” in

clock interferometers

M. Zych et al. Nature Commun. 2(505), 1498 (2011)

v" Quantum superposition of clocks in
different locations
(h = height difference)

v Dephasing introduced by differential
time dilation in the two different
paths y; and v,

(T=time)
V' Interferometer contrast loss
v Decoherence induced by “which

path” information from clock state

Test of foundation of quantum mechanics: quantum to classical transition

From N. Poli
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= Observation of a gravitational
Aharonov-Bohm effect
o ; , 01, A
s -&;z 0.1 0.0 o.1RX (m)
s :
el g § }
* : ; ) 0.2 0.1 0.0 0.1R (
7 T -0.02 § : }
/ 0.1 e c
0 T T ¢ { ; o
{ 0.2 I-0.1 ci.o 1
| — p— -0.1 {
—— r— — 0.2 {
4hk 52hk rad

Chris Overstreet, Peter Asenbaum, Joseph Curti, Minjeong Kim, Mark A. Kasevich,
Observation of a gravitational Aharonov-Bohm effect, Science 375, 226229 (2022)
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Test of quantum gravity
PRL 103, 171302 (2009) PHYSICAL REVIEW LETTERS et TR

Constraining the Energy-Momentum Dispersion Relation
with Planck-Scale Sensitivity Using Cold Atoms

. . . . 2 . . . cso5i3
Giovanni Amelino-Camelia,' Claus Laemmerzahl,” Flavio Mercati,' and Guglielmo M. Tino

'Dipartimento di Fisica, Universita di Roma “La Sapienza” and Sezione Romal INFN, Piazzale Moro 2, 00185 Roma, Italy
2ZARM, Universitiit Bremen, Am Fallturm, 28359 Bremen, Germany
3Dipartimento di Fisica and LENS, Universita di Firenze, Sezione INFN di Firenze, Via Sansone 1, 50019 Sesto Fiorentino, Italy
(Received 22 June 2009; published 21 October 2009)

We use the results of ultraprecise cold-atom-recoil experiments to constrain the form of the energy-
momentum dispersion relation, a structure that is expected to be modified in several quantum-gravity
approaches. Our strategy of analysis applies to the nonrelativistic (small speeds) limit of the dispersion
relation, and is therefore complementary to an analogous ongoing effort of investigation of the dispersion
relation in the ultrarelativistic regime using observations in astrophysics. For the leading correction in the
nonrelativistic limit the exceptional sensitivity of cold-atom-recoil experiments remarkably allows us to
set a limit within a single order of magnitude of the desired Planck-scale level, thereby providing the first
example of Planck-scale sensitivity in the study of the dispersion relation in controlled laboratory
experiments.

= \/ p? + m?2+Aga(p,m,Mp)

P> , p3
E~m+ — + + & —
m om | 2M, Eimp + &p &3 =

161 ~ 1 o l&i) - 18

—-6.0< ;<24 |1&] s 10°
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Moftivation

e Physics beyond the standard model

Extra space-time dimensions

Deviations from 1/r2 law
Hierarchy problem: why is gravity so weak?

New boson-exchange forces

Radion — low-mass spin-0 fields with gravitational-strength couplings

Moduli — massive scalar particles producing gravitylike forces
Dilaton — Light scalar in string theory, coupling to nucleons

Axion - pseudoscalar particles explaining smallness of CP violation in QCD for
strong nuclear force

Multi-particle exchange forces

e Small observed size of Einstein
cosmological constant

e Experimental challenge
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Tests of the gravitational 1/r? law
at small distances

* Newton+Yukawa

V(ry=-G MM

r

P 2l l+oe

#

» Exchange of a boson with m =h/Ac
* Extra dimensions

a2 aaaal 1

EXCLUDED REGION

Irvine 1980&1985

/2

1 a2 aaaal 1 i

/

Maryland 1993

This work

1 2 13l

wal

potential
r
106 T IIW| T T T TTTT T U 100
100 b AR EXCLUDED REGION_
moduli
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104 2005, & 2008 - o
103 = Colorado 2003 s
Eot-Wash 2019
10?2 + E6t-Wash 2007—
= dilaton E6t-Wash 2004 s
0 -] HE
100 ' HUST 2072 HUST 2012
_1 i 2 2016
107" F = 10°
10-2 — dark energy scale —
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J. G. Lee, E. G. Adelberger, T. S. Cook, S. M.

Gravitational 1/* Law at Separations down

Fleischer, and B. R. Heckel, New Test of the
to 52 um, Phys. Rev. Lett. 124, 101101 (2020)

10" 10°
A (m)

Jun Ke, Jie Luo, Cheng-Gang Shao, Yu-Jie Tan, Wen-Hai Tan, and Shan-Qing Yang, Combined Test of the
Gravitational Inverse-Square Law at the Centimeter Range, Phys. Rev. Lett. 126, 211101 (2021)
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N =~ Test of the gravitational 1/r? law in the sub-mm range
with atom interferometry sensors

Camoreau] I 95% confidence level constraints on a Yukawa violation of
the gravitational inverse-square law. The vertical axis
represents the strength of a deviation relative to that of
Newtonian gravity while the horizontal axis designates its
characteristic range. The yellow region has been excluded
(From S. J. Smullin et al., 2005)
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* G.M. Tino, in “2001: A Relativistic Spacetime Odyssey”, Firenze, 2001, World Scientific (2003)
* G.M. Tino, Nucl. Phys. B 113, 289 (2002)
* G. Ferrari, N. Poli, F. Sorrentino & G. M. Tino, PRL 97, 060402 (2006)

v=mgh/2h
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Scheme for the measurement of small distance forces

Source mass

a

E %
' trapped

gold coated
suface

.

beams

red MOT I

't
. :

1111 3
|umwuu~muwmlmllmhm»mo»mm a

D ——
beam
CCD
optical lattice ' camera
beam v=mgh/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)

G. M. Tino, Testing gravity with atom interferometry, in “Atom Interferometry”, G. M. Tino and M. A. Kasevich (eds), SIF and 10S (2014)
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il — < Short-distance measurements

* 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:

8F1 T T il | T -
O —— no elevator
®@ —r=771um
4 r=239 um

7 _

| 1—‘exp/ 1—‘Fourier"" 12]

Atomic cloud width [px]

572 573 574 575 576 577 578
Frequency [Hz]

G. M. Tino, Testing gravity with atom interferometry, in “Atom Interferometry”, G. M. Tino and M. A. Kasevich (eds), SIF and IOS (2014)
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e Measurement of small distance forces
The experiment at SYRTE, Paris

Cloud center distance to mirror z,, [pm]

(a) O 20 40 60 80 100 120

Transverse z
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= .’rf‘ L
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’ — é < SR N A
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Yann Balland, Luc Absil, Franck Pereira Dos Santos,
Quectonewton local force sensor, PRL 133, 113403 (2024)
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Measuring the gravitational attraction
of a miniature source mass
with a lattice atom interferometer

2 Optical lattice b
laser
/2 /2 /2 w2
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Cristian D. Panda, Matthew J. Tao, Miguel Ceja, Justin Khoury, Guglielmo M. Tino & Holger Miiller,
Measuring gravitational attraction with a lattice atom interferometer, NATURE 631, 515 (2024)
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Sl = o Measuring the gravitational attraction
of a miniature source mass
with a lattice atom interferometer

W Levitated force sensor, ref. 31 Free-fall atom interferometry Torsion balance
Lattice atom interferometry M Ref.6 M Ref. 5 --- Projected lattice atom interferometry
b 105
Neutron interferometry 104
Chameleon 10° Chameleon
fields £ 102 fields
S
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- = = Projected lattice interferometry with mirror
[ d o Lattice atom interferometry with mirror
—— Lattice atom interferometry
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2t
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fields 2 deviation
s
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Prospects: probing forces at sub-millimeter ranges
* measuring the gravitational constant
* measuring the gravitational Aharonov-Bohm effect
* testing whether the gravitational field has quantum properties

Cristian D. Panda, Matthew J. Tao, Miguel Ceja, Justin Khoury, Guglielmo M. Tino & Holger Miiller,
Measuring gravitational attraction with a lattice atom interferometer, NATURE 631, 515 (2024) Guglielmo M. Tino - DESY, Hamburg - 7 October 2024
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