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Quantum optomechanics at UCL

Macroscopic quantum systems

* Cooling and manipulation of nanoparticles in optical, electric and
magnetic traps

* Creation of non-classical states, wave function collapse

Laser refrigeration — cooling internal degrees of freedom

* Controlling decoherence

Sensing
* Dark matter detection
* Electric field sensing

Applications
* Accelerometers
* Nanoparticle characterisation

https://www.ucloptomechanics.com



Testing the macroscopic limits of

guantum mechanics

Experimental observation of superposition
with increasing size, mass and complexity is
of key importance for testing the validity of
guantum mechanics.
Gain understanding of the transition to
classicality
Lab tests of quantumness of gravity
Important for the development and
establishing limits of macroscopic quantum
technologies
- systems could be easier to engineer and
control



Testing the macroscopic limits of quanturﬁ

mechanics

Schrodinger cat : superposition of an atom being “decayed”
and “not decayed” mapped onto a superposition of the cat ~ Schrodinger, E., 1935, Die Naturwissenschaften 23, 1.

being simultaneously “dead” and “alive.”

Classically counterintuitive:
1) a cat is a macroscopic, everyday object
2) “dead” and “alive” are mutually exclusive

Is our inability to make macroscopic “cats’” or other
non-classical states just technical or a fundamental
limitation?

No observation:

Too complex with many sources of decoherence to sustain a
superposition.

or

Other theories/modifications/effects beyond standard
guantum mechanics: wave function collapse from intrinsic
stochastic noise, gravitational collapse, .....




Testing the macroscopic limits of

guantum mechanics

LETTER

doi:10.1038/nature16155

* Arange of increasingly complex, macroscopic Quantum superposmon at the ha]f—metre scale
and massive systems have demonstrated : Rovacky, B Asenbaum, . Overstreetl, €. A, Bonnellyl, & M. Dickerson' A. Sugarbaerl ;M. Hogarl & M A, Kasevichi

non-classicality
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Superposition in atomic ions
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Superposition in atomic ions
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Superposition in atomic ions
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Macroscopicity

Nimmrichter, S. & Hornberger, K. Macroscopicity of mechanical quantum
superposition states. Phys. Rev. Lett. 110, 160403 (2013).

Measure for any experimental tests of the
quantum super- position principle

Extent to which minimal nonlinear
modifications to quantum mechanics are ruled
out by experiment

Dipn = [H, pw]/ih

Larger macroscopicity - better for ruling out
minimal modifications that predict failure of
the superposition principle.

Leggett, A.J., 1980, Prog. Theor. Phys. Suppl. 69, 80.

1 m ’ T

Modification: decay of off
diagonal elements of pos. and
mom and diffusion ->
classicalising motion

1 (Te>
1 = log
/ 10 I

For interferometry experiments
macroscopicity measure is:
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Macroscopicity

Conceivable experiments 7]

Oscillating micromembrane 11.5
Hypothetical large SQUID 14.5
Talbot-Lau interference [29] at 10° amu| 14.5
Satellite atom (Cs) interferometer [45] |14.5
Oscillating micromirror [30] 19.0
Nanosphere interference [46] 20.5
Talbot-Lau interference [29] at 10® amyf 23.3
Schrodinger gedanken experiment ~ 57

Toward quantum superposition of living organisnis

To cite this article: Oriol Romero-Isart et al 2010 New J. Phys. 12 033015
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Quantum superposition of molecules
beyond 25 kDa

Yaakov Y. Fein', Philipp Geyer', Patrick Zwick?, Filip Kiatka', Sebastian Pedalino', Marcel Mayor?3*,
Stefan Gerlich' and Markus Arndt '™
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Matter wave interferometry limits »

1.0
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Quantum superposition of molecules
Zinc-coordinated porphyrins around a tetraphenylmethane core beyond 25 kDa

Yaakov Y. Fein ™', Philipp Geyer', Patrick Zwick?, Filip Kiatka', Sebastian Pedalino', Marcel Mayor?3*,
Stefan Gerlich' and Markus Arndt ™



Matter wave interferometry limits 4
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piezo _
qubit W‘ = qubit

electric field

High-overtone bulk acoustic-wave resonator
(HBAR) coupled to a superconducting
transmon qubit.

JC interaction Hamiltonian

H/h=g)(cTa+o a)

Superposition in phase oscillation of
sapphire crystal

_ -8
m_..=1.6x10°kg

Az =108 m (larger than noise)



Electromechanical systems
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Electromechanical systems
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Levitodynamical systems

Cooling and trapping particles
levitated in vacuum

High Q oscillators sensitive to
external forces

6 important motional degrees of
freedom

Masses 10718- 1073 kg

With the promise
of macroscopicity
> 20




A new quantum system

= Science
Cooling of a levitated nanoparticle to the motional
quantum ground state

Microscope
Objective

Mean velocities in um/s range and ground state spread of 10 pm.



Superposition with nanoparticles

* Trap and cool

« Switch off the
levitating field

« Record position

ARTICLE

Received 18 Mar 2014 | Accepted 24 Jul 2014 | Published 2 Sep 2014

Near-field interferometry of a free-falling
nanoparticle from a point-like source

James Bateman', Stefan Nimmrichter?, Klaus Hornberger? & Hendrik Ulbricht!




Nanoparticle nonclassical states &

PNAS

Fast quantum interference of a nanoparticle via optical
potential control

Lukas Neumeier®, Mario A. Clampini®' &), Oriol Romero-lsart”, Markus A: pelmeyer™, and Nikolai Kiesel”
L) .
Protocol limits:
.

Single particle

* Limited time due to
decoherence from collisions

* No time of flight
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Nanoparticles with guantum

impurities (Hybrid systems)

—— y : g cek ending
PRL 111, 180403 (2013) PHYSICAL REVIEW LETTERS | NOVEMBER 2013

> eek 2
PRL 117, 143003 (2016) PHYSICAL REVIEW LETTERS 30 SEPTEMBER 2016

Matter-Wave Interferometry of a Levitated Thermal Nano-Oscillator Induced

and Probed by a Spin Free Nano-Object Ramsey Interferometry for Large Quantum Superpositions

M. Scala,' M. S. Kim,” G. W. Morley." P.F. Barker,' and S. Bose' C. Wan,' M. Scala,' G. W. Morley,> ATM. A. Rahman,** H. Ulbricht,* J. Bateman,’

P.F. Barker,” S. Bose,™” and M. S. Kim'
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Nanoparticles with quantum

impurities (Hybrid systems)

PHYSICAL REVIEW RESEARCH 3, 033218 (2021)

A levitated atom-nanosphere hybrid quantum

Creating atom-nanoparticle quantum superpositions Syste m

M. Toro$,"»? S. Bose,” and P. F. Barker”
'School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom
*Department of Physics and Astronomy, University College London, Gower Street, London WCIE 6BT, United Kingdom To cite this article: A Hopper and P F Barker 2024 New J. Phys' 26 013015

trapping laser




MAQRO

deep space (3K)

optical bench (ZERODUR®)

top surface,
and components (quartz glass)

gold coated

detector chip

aluminum shield,
black painted

titanium fittings between
optical bench and strut

shield MLI,

T gold outer layer
titanium fittings between

shield and strut
<«—harness

o preprocessing chip
loading mechanism

titanium fittings between
spacecraft and strut hollow GFRP struts,

black painted

spacecraft ML,
spacecraft (20°C)  black outer layer

Sun rays



Quantumness of gravity

Spin Entanglement Witness for Quantum Gravity

Sougato Bose, Anupam Mazumdar, Gavin W. Morley, Hendrik Ulbricht, Marko ToroS, Mauro Paternostro, Andrew
A. Geraci, Peter F. Barker, M. S. Kim, and Gerard Milburn
Phys. Rev. Lett. 119, 240401 — Published 13 December 2017

Phy‘STCAS See Synopsis: A Test of Gravity's

d

NEWS & TECHNOLOGY 22 November 2017

Free-fall experiment could test if
gravity is a quantum force

Casimir, Coulomb,
diamagnetic
interactions must be
taken into account

{I— N s
t ' >I

Spin Correlation Measurements Certifying Entanglement




Requirements for experiments

* Isolation - ultra-high vacuum (> 10** mbar) and low environmental
temperatures (10 K)

* Low internal temperatures — 10’s K

* Control and cool all motional degrees of freedom
* Coherent scattering and feedback — 6 DOF cooling
* Sympathetic cooling — all degrees of freedom
* Reducing back action from recoil

* Detailed understanding density, charge, temperature, shape and
material and fluctuations.



Cooling by coherent scattering

Cavity anti-node

Optical tweezer linearly Scattered light can Cavity node
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Experimental setup

Trapping y
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Silica nanoparticle

P,y ~200-500 mW@ 1064nm
Lens NA~0.77 (single lens)

Cavity parameters

Lcav=12.23 + 0.02 mm
K/21m=198 + 1 kHz
Finesse ~ 31000

Engineering and Physical Sciences
Resear uncil




Temperature of r=60 nm S|O2 nanosph%e

Unfiltered calibrated displacement-time trace (y-axis)
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2D cooling in the tweezer
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Cooling of ellipsoidal
nanoparticles

nature physics
Article ttps://dol.org/101038/241567-023-02006-6
Simultaneous cavity cooling of all six degrees
offreedomofalevitated nanoparticle

A.Pontin®' |, H.Fu', M. Toro3@7?, T.S. Monteiro @'

.M. Toro3 @, T. &P.F.Barker @'

* Need to consider 2
cavity modes

 Elliptical TW polarization




Detection of motion in

5 degrees of freedom
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y — free diffusion — Redefine librational normal modes
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Spectral features with time
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Comparison with analytical

estimates h
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Applications- Interferometry

with rotational states

Rotational state interferometry — Rivals of rotational states

=
C\lm qh
3 | g & 0.7-_—
P '.‘1-.;“ \CJ/
= b 4 =
2 " > g = ARATINARAT
'-‘.. ' ) o l'llllllllllllllllIIIIIII
B & 5,
G
=g 4
o ~ |
t=0 Q=xt<T,, =T, t>T., 0 TS R S SRS T S S S SR
0 50 100 150 200

time t[ms]

o~ 1
.£. )
<
. i
New Journal of Physics e D :
AAAAAAAAAAAAAAAAA N Q_,‘) _/
Probing macroscopic quantum superpositions with nanorotors E 0.25
) L
B sy mél}l\'x;‘l:‘en‘nk;k:\dunkuhn . Bjéien Schrinski', James Millen ©, 'Ep
—_— 0 | 7/ 1/
@ ™ g g " 2 2 ' 2 2 '
0 0.005 1.905 1.91 1.915 1.92 3.82  3.825 3.83 3.835

time ¢[ms]



Mitigating decoherence from heating

Heating

leads to spin decoherence in Stern-Gerlach experiments
Increased temperature for gas collisions

Black body radiation

Cryostat not effective '



News and Views

Laser refrigeration

LASER COOLING

Levitating the fridge

. P4
Andrew Geraci

nature .
photonics

Laser refrigeration, alignment and

rotation of levitated Yb>*:YLF nanocrystals

N

A. T. M. Anishur Rahman & P. F. Barker B



Internal cooling of levitated crystals

ey s s g g e Shielding of 4f by 5s and 5p shells
leads to ‘atomic like spectra’
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Impulsive force detection

Collisions with:
 Molecules
* Photons (x-rays)
* Neutrons
 Dark matter

Recombination

éhetector



Dark matter landscape

Ultralight DM Hidden Sector DM MACHOs
1074° 10742 1073° 10736 10733 10730 10727 10724 10721 103! (kg)

peV peVv eV 10Mo
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ationary Axions MPS Drirrordia
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flationary Axions
g anary Hidden Thermal Rels
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Dark matter nuggets

* Fermionic or bosonic dark matter
particle coupling to scalar mediator.

* Coupling can lead to formation of
bound dark matter “nuggets”.

* Mediator able to couple to nucleons.

Long-range, small-angle scattering
my <eV
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Experimental Setup

Waveplate

Mephisto 1064 nm
Laser Coherent Inc.

Fiber

A2
collimator

Waveplate
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Detector - Z
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Impulsive event detection

input signal
h(z: A) detector u(t; A)
—» G '

white Gaussian
Noise
i(r) correlation

acquired signal _ ) filtered signal
x(?) optimum filter A() event
114 > search

M(w) =05 *

Product of 3 filters

M€ (w) = 1/L(w) Whitening filter
M4 (w) = H*(w)/L*(w) J Pattern matching filter
™ (w)

A. Ortolan et al, Gravitational waves. Proceedings, 2nd Edoardo Amaldi Conference, Geneva, Switzerland, July 1-4.
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https://inspirehep.net/literature/486941
https://inspirehep.net/literature/486941

Experimental Procedure
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Concluding remarks

* Provided an overview of the experimental
progress towards the creation of macroscopic
guantum systems

* Conveyed some of the most promising systems,
their limitations and what must be over come

* Personal view focusing on levitated mechanical
systems that are set to establish new limits in the
next few years



Future directions

Approaching the motional ground state of a 10-kg ob-
ject

CHRIS WHITTLE EVAN D. H HEILA DWYER NERGIS MAVALVALA, VIVISHEK SUDHIF

+190 authors Authors Info & Affiliations
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