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We have used a neutron interferometer to observe the quantum-mechanical phase shift
of neutrons caused by their interaction with Earth’s gravitational field.
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We have used a neutron interferometer to observe the quantum-mechanical phase shift

of neutrons caused by their interaction with Earth’s gravitational field.
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Measurement of
gravitational acceleration
by dropping atoms

Achim Peters, Keng Yeow Chung & Steven Chu
Physics Department, Stanford University, Stanford, California 94305-4060, USA

Laser-cooling of atoms and atom-trapping are finding increasing
application in many areas of science'. One important use of laser-
cooled atoms is in atom interferometers’. In these devices, an
atom is placed into a superposition of two or more spatially
separated atomic states; these states are each described by a
quantum-mechanical phase term, which will interfere with one
another if they are brought back together at a later time. Atom

Nature 2002
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The discrete quantum properties of matter are manifest in a
variety of phenomena. Any particle that is trapped in a sufficiently
deep and wide potential well is settled in quantum bound states.
For example, the existence of quantum states of electrons in an
electromagnetic field is responsible for the structure of atoms'®,
and quantum states of nucleons in a strong nuclear field give rise
to the structure of atomic nuclei”. In an analogous way, the
oravitational field should lead to the formation of quantum states.
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WHAT ABOUT QUANTUM SYSTEMS AS
GRAVITATIONAL ,,SOURCE IMASSES” ?
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An ultimate experiment? Entanglement by gravity... e
B Counter 1 . - VCQ

-~ /1/’__ InterconneCtlonS Vienna Center for Quantum

Science and Technology
O Ball 2

Counter 2 (I Balll)y,+ | Balll)own) ® | Ball2) 2% Balll),, | Ball2)u,+ | Balll)down | Ball2)doun

Beam —<

FEYNMAN: “Therefore, there must be an amplitude for the gravitational field,
provided that the amplification necessary to reach a mass which can pro-
duce a gravitational field big enough to serve as a link in the chain does not
destroy the possibility of keeping quantum mechanics all the way. There
is a bare possibility (which I shouldn’t mention!) that quantum mechanics
fails and becomes classical again when the amplification gets far enough,
because of some minimum amplification which you can get across such a
chain. But aside from that possibility, it you believe in quantum mechan-
ics up to any level then you have to believe in gravitational quantization
in order to describe this experiment.”

Chapel Hill Conference 1957 (29)

WITTEN: “What prevents this from becoming a practical experiment?”

see also Belenchia, Wald, et al., Phys. Rev. D 98, 126009 (2018)
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An ultimate experiment? Entanglement by gravity...
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in order to describe this experiment.”

Chapel Hill Conference 1957 (29)

Example: For 2 lead spheres of diameter 500 ym, an initial

superposition size for sphere 1 of Ar = 5%107” m and preparation aM

of sphere 2 in a motional ground state (100 Hz trap frequency) Fent — (T) AT,OA:IJO
with Axy=10-"m, we obtain I';,=1.5 Hz, i.e. gravitational !

entanglement is established on a second time scale.
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of sphere 2 in a motional ground state (100 Hz trap frequency
with Axy=10-"m, we obtain I';,=1.5 Hz, i.e. gravitational
entanglement is established on a second time scale.
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An ultimate experiment? Entanglement by gravity...

o Refined proposal by Bose, Kim, Milburn et al. 2017:
Entanglement by gravitational phase shift (COW) and CSIGN gate
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. _ ~ Bose etal., PRL 119, 240401 (2017)
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of sphere 2 in a motional ground state (100 Hz trap frequency
with Axy=10-"m, we obtain I';,=1.5 Hz, i.e. gravitational
entanglement is established on a second time scale.



e How small can a source mass be?

* How massive can a guantum system be?
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Measuring gravity between microscopic source masses ? g0 iversitat

Schmdéle et al., Class. Quant. Grav. 33, 125031 (2016)
vVCQ
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Smallest source mass to date: 0.7 g
© Scientific American 1 Mitrofanov & Ponomareva, Zh. Eksp. Teor. Fiz. 94,16-22 (1988)
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J. Pfaff, H. Hepach, M. Dragosits, T. Westphal



The vibration isolation challenge...

1 weekend in the life of milli-g

amplitude [m]

Friday 5.4. ' Saturday 6.4. Sunday 7.4.
12:00 00:00 12:00 00:00 12:00

1 weekend time-series of milli-tor Table or pendulum work
Discharging experiment Nighttime (0:00-7:00/0:30-5:30)
Status: damped & DC-locked Normal weekday
3mHz-100mHz band Something new

Signal & instantaneous amplitude Marathon (15t finisher)

J. Pfaff, H. Hepach, M. Dragosits, T. Westphal



Big G: the open problem

lhesegrenfor
Newton’s constant ]

Clive Speake and Terry Quinn

The “G machine,” now housed at the University of Birmingham
in the UK, was used at the International Bureau of Weights and
Measures in France to measure Newton's gravitational constant.

S G

Three decades of careful experimentation have painted a surprisingly
hazy picture of the constant governing the most familiar force on Earth.

PhYSICS TOday J u Iy 20 14 \S/L?::calegirét%gﬁ;ﬁgzr\;tum
NBS (1982) ——@———
MoScow (1996) s 100 ppm
® Los Alamos (1997)
Washington (2000) @«
—@— BIPM (2001)
Wuppertal (2002) ®
—p— New Zealand (2003)
@ Huazhong (2005)
~@= Ziirich (2006)
Huazhong (2009) —e—
JILA (2010) =@=
—— BIPM (2013)
T T T T T
6.671 6.672 6.673 6.674 6.675 6.676 6.677

G/10 M kg ' m®s?)

Figure 1. Measurements of Newton'’s gravitational constant G have
yielded conflicting results. Here, the results of torsion-balance (maroon),
pendulum (blue), and beam-balance (green) experiments discussed in
the text are shown, along with the location and year in which they were
measured. Error bars correspond to one standard deviation; the shaded
region indicates the assigned uncertainty of the value recommended
by the Committee on Data for Science and Technology in 2010.
(Adapted from T. J. Quinn et al., Phys. Rev. Lett. 111, 101102, 2013.)
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COM superposition states of massive systems: where do we stand?

2,000 atoms
afure Physics 2019

Fein etgl,

lonizing
laser

PFNS10: Cgo[C12F2s]10
(perfluoroalkylated nanosphere)
430 atoms X
m ~ 1023 kg = 6910 AMU
Ax ~ 100 nm (~50x its diameter)

o W ;
e b -
¢ % .
P e e
b \“i;
. - B
A

Arndt group (Vienna): S. \Gerlich, S. Eibenberger et al., Nature Communications 2, 263 (2011)
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Micromechanics, 2x1013 atoms
m ~ 1012 kg = 7x101* AMU
Ax ~ 1015 m (~10% its diameter)

Quantum ground state and sin
control of a mechanical resona

A. D. O'Connell’, M. Hofheinz', M. Ansmann’, Radoslaw C. Bialczak', M. Lenande
D. Sank', H. Wang', M. Weides', J. Wenner', John M. Martinis' & A. N. Cleland'

a b

Q € Mechanical —
{ 4\ resonator . — 1, —1,
&2 e
. Qubit
T
A J
AIN— d 0.7

Al ¢

¥ - ] ' ' :: c 1 .
‘ P - . Cm _E | CO .
: Lm > .
Ro .
: | 60 um Rm 0.3 Ramsey-type interference
) 0.2 ] I ] ] I I ] 4

0 20 40 60
6 GHz thickness oscillation Delay time, 7 (ns)

2n~0.07@ 20 mK Note: E,-E, = h*f, = 20peV

o—NI—o
Pe
o o
S~ (4]




Mechanical Systems IN the quantum regime 3

Quantum ground state of motion

Microwave cavity cooling: Teufel et al., Nature 475, 359 (2011)
Laser cooling: Chan et al., Nature 478, 89 (2011)
... and many more around the world...

Quantum squeezed states of motion
Wollman et al., Science 349, 952 (2015) A
J.-M. Pirkkalainen et al., PRL 115, 243601 (2015)
F. Lecocq et al., PRX 5, 041037 (2015)

-

,reservoir engineering” O, ©, On
(see also Cirac et al. PRL 70, 556 1993) =
T W”\h 71zph ¢ Non-Gaussian quantum states of motion

— Phonon control through superconducting qubit:
O‘Connell et al., Nature 464, 697 (2010)
Photon-phonon correlations:

Riedinger, Hong et al., Nature 530, 313 (2016)

Quantum entanglement
EPR-type entanglement (MW):
Palomaki et al., Science 342, 710 (2013)
Bell-type entanglement (optical):

: Lee et al., Science 334, 1253 (2011)
° 2t f Rl "t —— . Riedinger et al., Nature 556, 473 (2018)
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Pushing mechanical quantum control to the next level

Q: How to achieve large mass AND long coherence time in a quantum experiment? .

Solid-state mechanical quantum devices
(clamped):

—/WW—@ 101° — 1016 atoms

Coherence time 1. 1012 - 108 sec

o 20 40 60 80
Delay time, 7 (ns)

O‘Connell et al., Nature 464, 697 (2010)

TPPF320

Matter-wave interferometry (free-fall):

@ 100 — 104 atoms

Coherence time 7. 103 - 10° sec

T4 s Ca84H190F320N4S12
b, H\‘C\‘\‘: k‘\

T SO
ve YOS ;
B LA
$d ¢ (8 Rl
\*“.&._ T

1 Juffmann et al., Nature
10 nm Nanotech. 7, 297 (2012)

A: Quantum control of levitated mechanical systems!

@ * Quantum control of a trapped massive object >> 1019 atoms
K * Long coherence times (up to seconds)
e Exceptional force sensitivity

» Externally engineerable (and controllable) arbitrary potential landscape



Optically levitating nanoparticles

DPTIcAL LeEVITATION ¢

] - - L+ Qe § PotarizadoeiK
H - —,!; = 46 € oan\"La..Q -LM\H)‘V\M

L) &AW\ '\w\-’UASi 1'3

5 CaADIVT Fo el F < (&%) L

Nanoparticle Microscope
(70nm) objective

N |

; UL R

Magrini (2019)

Pioneering work by Ashkin:
A. Ashkin, PRL 24, 156 (1970).
A. Ashkin, J. M. Dziedzic, APL 28, 333 (1976).
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Towards quantum state preparation of a free particle

— @vca

Vienna Center for Quantum
Science and Technology

Chang et al., PNAS 2010
Romero-Isart et al., NJP 2010
P. F. Barker et al., PRA 2010
early work:

Hechenblaikner, Ritsch et al., PRA / \ m /
58, 3030 (1998) )
Vuletic & Chu, PRL 84, 3787 (2000) ’ ' — | \
X
CJ’_

AN

— Harmonic oscillator in optical potential Q
(negligible support loss, high Q)

- Quantum control via cavity optomechanics

(laser cooling, state transfer, etc.) Cavity-Optomechanics
Rev.Mod.Phys. 86, 1391 (2014)

7 pioneering works by V. Braginsky
OPTONECHANLCS -
~ 'L ValFita) :-
C — £ t =,
L\iul— < ACc_q\/—fkéoO:j(é('L ) 2
C“V\’\’B wdaounCs é |
Yoo T2l ® L e f polakiablis) i w-wn/ "
il 660”- E R ?&; Kxp V., cavky wede urounr ' - t

YW }uo-\{w\‘u’c VITINJEN Frequency [a.u]




Cavity control of levitated particles

» dielectrics and superconductors (100nm — 10um)
. * ultimate goal: anharmonic coupling (e.g. via 2-level systems) & full quantum control

photonic crystal cavity

optical fiber

Grass et al., Appl. Phys. Lett. 108, 221103 (2016): optical control in hc fibres
Kiesel et al., PNAS 110, 14180 (2013): cavity cooling of levitated particles '
Magrini et al., Optica 5, 1597 (2018): near-field coupling to photonic crystal cav
Delic et al., PRL 122, 123602 (2019): cavity cooling via coherent scattering



.avity Optomechanics with levitated nanoparticles

Ashkin since 1967 Feedback loop

Raizen group, Science 2010 Pound-Drever-Hall
Novotny, Quidan 2012
Barker group 2014
Geraci group 2015 Heterodyne detection

Levitation in Cavity @ 4mbar -
. MRS 5@

EOM

Vacuum
Chamber

s 4 \ o A Cavity Finesse ~
Mirror Mirror N 100,000
EOM

Filtering
Cavity

Optical trapping and cavity
cooling (R~200nm)

Kiesel, Delic, Grass et al.,
PNAS USA 110, 14180 (2013)
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Delié, Grass et al., arXiv:1902.06605 VCQ

Vienna Center for Quantum
Science and Technology

—12.7mm

M
Working distance of tweezer < Radius of cavity mirrors
— mirror cutting (@Weitz group, U Bonn)
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Deli¢ et al., arXiv:1911.04406 VCQ

Stokes anti-Stokes
a scptteringi  sgattering

1 L
1 n>>1
. 1
Microscope 1
Objective 1
w_-Q +w 1]
cav X het

i
1

Vienna Center for Quantum
Science and Technology

I
(N
I
[
i

200 nm

S, [* shot noise]

> @, ~ 2rx305 kHz
I w, ~ 2mx80 kHz

/' w, ~ 2mx275 kHz ol s

K = 277:)(193 kHZ -300 -2180 -2160 2;0 2;0 300
w-w, /21 [kHZ]
p = le-6 mbar, T = 300K




Cavity Optomechanics with levitated nanoparticles ) wien

Deli¢ et al., arXiv:1911.04406
Stokes anti-Stokes VCQ __________ n
a scatteringi  sgaftering ° )
Microscope ::

Objective T

W, QA+ 0, 1
I
I
I

7\ =
L c
Q 0 Q S
W0, §
3]
3
i o
E

+— w, ~ 2mx305 kHz
I w, ~ 2rx80 kHz
/| w, = 2mx275kHz n, < 0.5 (ground state probability > 2/3)

K = 2r%193 kHz Center-of-mass Tc = 12uK; environment Te > 300K

p = le-6 mbar, T = 300K

g, = 2 x 71 kHz, Cooperativity C=5




g% niversitat
LJwien

Cavity Optomechanics with levitated nanoparticles
Deli€ et al., arXiv:1911.04406 ven

[ oF Wy P PR ¥ W |

Limitations: ) keThatn 4T
 Sideband resolution _ (K 9  hQ, rec  MNphot

. . n = + So(Qy)
* Gas and recoil scattering 4Q), I —-T,

* Phase noise
0.026 2x105 @ 0.06 mbar <103
0.5 @ 1e-6mbar

0 1 1 1
100 200 300 400 500 600
Detuning A [kHz]

«— w, = 2nx305 kHz
I w, =~ 2nrxX80 kHz
/| w, = 2mx275kHz n, < 0.5 (ground state probability > 2/3)

Center-of-mass Tc = 12uK; environment Te > 300K
g, = 21 x 71 kHz, Cooperativity C=5

Kk = 2mx193 kHz
p = le-6 mbar, T = 300K
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Joos & Zeh, Caldeira & Leggett, Unruh & Zurek

DGCOherence Paz & Zurek, Hu & Paz & Zhang, Milburn, ...
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Vienna Center for Quantum
Science and Technology

Y ()
Master equation approach T
A Y

See also >
O. Romero-Isart et al.,
PRL 107, 020405 (2011)
O. Romero-lsart, PRA
84, 052121 (2011)
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Example: a free nanoparticle

Decoherence due to gas scattering on a Decoherence due to blackbody absorption

glass sphere (Romero-Isart 2011) (50 nm sphere)
1000 <
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Decoherence

Joos & Zeh, Caldeira & Leggett, Unruh & Zurek
Paz & Zurek, Hu & Paz & Zhang, Milburn, ...

In our case (p=1e-6 mbar; Te > 300K): I'gas/2n = 15kHz, I'rec/2n = 6kHz

Photon Recoil & Gas Scattering limit in-trap coherence time to < 8us

(15 coherent oscillations)

Examp Gas Scattering limits free-fall coherence time to < 2us
(wavepacket expansion by factor of 3: 3pm - 10pm)

Decohere

glass sph
1000 ~—
500 1 N ~~< 107" Torr
“ \.\.\. S
100K\ Y . T
fé; 50 Tl 10 " Tor
~ \\ ~~~~~~~~~
e N T
10+ N ~
] \\\\ ............ 107" Tor
107" Tort~~<__ 1072 Torr
1 | . \ . 1 1 . | 1 L S 1 | | | \ \ 1 . I
0 500 1000 1500 2000

D (nm)

t max(ms)

Wavepacket size > particle size will require p < 1e-11mbar and Te < 130K
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Vienna Center for Quantum
Science and Technology
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Towards ,,large‘“ quantum superposition states
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A (x)
X
= [ |& —
. Optical levitation

(Romero-Isart 2011)
PRL107, 020405

Superconducting
levitation

| (x)|?
Vi(x)

‘vca

thth

/L( (5(\ and Technology
0N Free-fall +
s S quantum
measurement
D X

NS AVIYER'A!

6. Inflation / 7. Measure

(Pino 2016) arxiv: 1603.01553
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Towards ,,large“ quantum superposition states ) wien
©vcq
n ’v (’(\ Seance and Techmology
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— | — quantum
measurement

Superconducting oG

Vi(x)

levitation s
(Pino 2016) arxiv: 1603.01553 1




universitat
Jwilen

Shaping the potential landscape of optical tweezers

By

DPTIcAL LEVITATON Gaussian TEMOO provides 3D . ‘°feca T“f“ ooy
. K+ e { PotarizaboliK | harmonic trap (to first order) g
U< {.E ~ £-E £ . dned Lognior
_ — op T O\H'W\M N .
L pee o H Superposition of TEMOO with
o ERY TEMO1 provides control over
= CAMIVT Folcl F < (R6%) L potential landscape, e.g.
from harmonic to repulsive

Mario Clamplnl
(Kiesel group)

a= 033 a= 066 a=1

mtens%\ /\ M /\A ATEMoo(H) + BTEMoy (V)

potential
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An ultimate experiment? Entanglement by gravity...

o Counter l VCQ
/1,.-—"'— Interconnectlons Vienna Center for Quantum
/ : N Science and Technology
Beam \ =(Ball O Ball 2

Counter 2 (| Balll)y+ | Balll)aoun) ® | Ball2) —| Balll),

_______

Entanglement time

10° U |
(Pino2016) |
| | | 8 MAQRO: LTP-based
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Magnetically trapped superconductors T uive

as mechanical resonators

- Q>200,000 @ 20mK Pick-up coil

=

| 200um z&\l @

(20 mKK, <1e-6
@ Q2
Drive rri!
. Q)
n: Wirchmalf QO
0. Romero1=2% 1 ienna)
ael TruP \on

Magnetic levitation in anti-
Helmholtz coil configuration
Trap frequencies ~ 1 kHz

T=20 mK, p = 1e-8 mbar J. Hofer, S. Miniberger, M. Trupke
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Optical levitation in cavities (with
Kiesel Group, V. Vuletic)
Uros Delic
David Grass (@Duke)
Constanze Bach
Yuriy Coroli
Jelena Cvijan
Kahan Dare
Lorenzo Magrini
Manuel Reisenbauer

—
N2 AN

Ritsch-Marte)
Mario Ciampini
Maxime Debiossac
Stefan Lindner
Tobias Wenz|
Qianze Zhu

Tobias Westphal
Mathias Dragosits
Hans Hepach
Jeremias Pfaff

Precision measurements of gravity
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Quantum foundations and the gravity-
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" HBT of single phonons
Hong, Riedinger et al., Science 358, 203 (2017)

Entangled mechanical oscillators
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