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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

Quantum optomechanics at UCL 

https://www.ucloptomechanics.com



• Experimental observation of superposition 
with increasing size, mass and complexity is 
of key importance for testing the validity of 
quantum 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 
quantum mechanics



Schrödinger cat : superposition of an atom being “decayed” 
and “not decayed” mapped onto a superposition of the cat 
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 
quantum mechanics: wave function collapse from intrinsic 
stochastic noise, gravitational collapse, …..

Testing the macroscopic limits of quantum 
mechanics



Testing the macroscopic limits of 
quantum mechanics

• A range of increasingly complex, macroscopic 
and  massive systems have demonstrated 
non-classicality

• Includes cold atoms, BECs, SQUIDs, 
electromechnical systems



single ion

Super position in atomic Ions Superposition in atomic ions



State preparation

Cat state creation and measurement

Superposition in atomic ions

9Be+



80 nm superposition

7 nm wavepacket 
spread

Mass = 1.5x10-26 kg

Larger separation – lifetime of the superposition shortens. 
Decoherence underlies why quantum superpositions are not generally seen in the 
macroscopic world 
Experimental difficulty in preparing and maintaining even mesoscopic 
superpositions

Superposition in atomic ions



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

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

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

For interferometry experiments 
macroscopicity measure is:

Macroscopicity



Macroscopicity



Zinc-coordinated porphyrins around a tetraphenylmethane core

Matter Wave Interferometry of ‘extremely large’ molecules

Matter wave interferometry limits

deBroglie wavelength
λ

DB 
> 5.3x10-14 m 

Mass
m = 8.3x10-24 kg



Macroscopicity

Matter Wave Interferometry of ‘extremely large’ molecules

deBroglie wavelength
λ

DB 
> 5.3x10-14 m 

Mass
m = 8.3x10-24 kg

Coherence time
 τ =7.5 ms

Matter wave interferometry limits



JC interaction Hamiltonian

Electromechanical systems

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

Superposition in phase oscillation of
sapphire crystal

m
eff

 = 1.6x10-8 kg

Δz = 10-18 m (larger than noise)



Electromechanical systems



Coherence time ~ 10 μs 

Electromechanical systems



Levitodynamical systems

Cooling and trapping particles 
levitated in vacuum 

High Q oscillators sensitive to 
external forces

6 important motional degrees of 
freedom

Masses 10-18- 10-3 kg 

With the promise 
of macroscopicity 
> 20 



A new quantum system

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



• Trap and cool

• Switch off the 
levitating field

• Record position 

Superposition with nanoparticles



Nanoparticle nonclassical states

Protocol limits:

• Single particle
• Limited time due to 

decoherence from collisions
• No time of flight
• Small ground state spread 



Nanoparticles with quantum 
impurities (Hybrid systems)

Atomic like system



Nanoparticles with quantum 
impurities (Hybrid systems)



MAQRO



Quantumness of gravity

Casimir, Coulomb, 
diamagnetic 
interactions must be 
taken into account



• Isolation - ultra-high vacuum (> 10-13 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.

Requirements for experiments



Cooling by coherent scattering

Optical tweezer linearly 
polarized along Y

Scattered light can 
populate the cavity field 
depending on angle ϴ 

If the tweezer field is 
resonant with the cavity

Y

Interference term

Cavity anti-node
Cavity  node

Y

X

Z
ϴ=40°



Experimental setup
Monolithic tweezer assembly

Silica nanoparticle

PTW  ~200-500 mW@ 1064nm
Lens NA~0.77 (single lens)

Cavity parameters

Lcav=12.23 ± 0.02 mm
κ/2π=198 ± 1 kHz
Finesse ~ 31000



X mode Y mode

Temperature of r=60 nm Si0
2
 nanosphere

Motion cooled by factor ~107

Zero-point motion ~ 7 pm

As the pressure is reduced

2D cooling in the tweezer 
polarization plane



Cooling of ellipsoidal  
nanoparticles

• Need to consider 2 
cavity modes 

• Elliptical TW polarization



Detection of motion in 
5 degrees of freedom

2.5 mbar – No cavity

Split det.

PBS det.

β

α

Seberson&Robicheaux 
PRA99,013821(2019)

Spectra exploited to calibrate 
each DoF assuming thermal 
equilibrium

Valid for elliptical polarization

γ → free diffusion →  Redefine librational normal modes



Spectral features with time

4x10-5mbar

5x10-7mbar

Very different dynamics at the lowest pressure

Consistent with cooling of γ

This transition is very well reproduced in numerical simulation



Comparison with analytical 
estimates

X mode Y mode Z mode

α mode β mode γ mode

Lowest temperatures 
@ 4x10-7mbar Mean occupation

Cooling all 6 degrees 
of freedom with a 
single field



Applications- Interferometry 
with rotational states 

Rotational state interferometry – Rivals of rotational states



Mitigating decoherence from heating
Heating 

- leads to spin decoherence in Stern-Gerlach experiments
- Increased temperature for gas collisions
- Black body radiation
- Cryostat not effective



PredictionsLaser refrigeration



Shielding of 4f by 5s and 5p shells 
leads to ‘atomic like spectra’ 

Good coupling to phonons – fast 
relaxation within electronic levels 

Low phonon energy – no 
non-radiative relaxation

Internal cooling of levitated crystals

Yb3+



Impulsive force detection

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



Dark matter landscape



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 
 



Directionality



Experimental Setup



Impulsive event detection

Whitening filter

δ  Pattern matching filter

Product of 3 filters

A. Ortolan et al, Gravitational waves. Proceedings, 2nd Edoardo Amaldi Conference, Geneva, Switzerland, July 1-4, 
1997, 204-215

https://inspirehep.net/literature/486941
https://inspirehep.net/literature/486941


Experimental Procedure



Concluding remarks

• Provided an overview of the experimental 
progress towards the creation of macroscopic 
quantum 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



Future directions
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