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Quantum carpet: 

Talbot interferometer with particle  
of mass: 106 -107 amu (~20nm diameter) 

•  Wigner function model of interference 
pattern  

•  Dominating decoherence effect: Blackbody 
emission and absorption. 

•  Mass of particle is limited by Earth’s 
gravity … future experiment in space? 

Bateman, J., S. Nimmrichter, K. Hornberger, and H. Ulbricht 
Near-field interferometry of a free-falling nanoparticle from a point-like source 
Nature Communications 4, 4788 (2014). 

Collimation/Preparation of spatial coherence  
translates to cooling of the particle  
in the trap. 
 
Advantage compared to other schemes: 
We don’t need ground state of trapped  
particle before the drop. 

Nanoparticle Talbot Interferometer: NaTalI 



LEVITATED 
OPTOMECHANICS 









Experiments with nanoparticles: the particle optical trap 

•  Trap a single particle in vacuum 
•  Optical parametric feedback to cool the centre of mass motion 

Setup schematics: 
Particle in the trap:  
42 nm – 150 nm diameter SiO2, <100 mW,  
NA=0.9, down to 1x10-6 mbar 

Mechanical frequency measurement: 

Trapping, 3d imaging, and 3d cooling done  
with a single beam of 1550nm light. 



Signal for detection of motion of particle: 
optical interference pattern 



Light Interferometry for Particle Detection 
of x,y motion: 

I ∝ Etotal
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= Ediv +Escat
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The total intensity at the detector is: 

Ediv

scatE



See the mechanical oscillation …. 

, with 



Trap and measure position … 
Equation of motion: 

Power spectral density: 



Parametric Feedback Cooling: use the interference 
signal to modulate the trapping laser light intensity 

•  Cooling	the	COM	mo.on		of	the	
par.cle	by	modula.on	of	the	trap	
depth	=>	trapping	laser	power	
modula.on	

•  Increase	trap	depth	when	
par.cle	is	moving	away	from	
center.	

•  Decrease	trap	depth	when	
par.cle	is	moving	towards	
the	depth.	

•  Feedback	signal	in	the	form	of:	
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INTRODUCTION

********** For an analytical expression, something like ẍ + 2�ẋ + !

2
0 (1 + �(t)) = w(t) where w(t) is a Wiener

process (i.e. the stochastic stu↵) with magnitude �kBT , and �(t) is our parametric feedback term.

Through whatever means, we derive �(t) / x(t)2. For a pure oscillator, we have � / sin(2!0t+ �), with � chosen
to cool. A parametrically driven oscillator will, in the presence of damping and noise, naturally phase lock such that
it’s heated; this is why we need to feedback control the phase �.

************ The Schrödinger equation does not explain the apparent collapse of the wave-function during a
quantum measurement, nor the observed absence of macroscopic position superpositions. Since the inception of
quantum theory, various explanations have been put forth to explain these observations. These explanations can
be broadly divided into two classes. The first class consists of those which modify the interpretation and/or math-
ematical formulation of quantum theory without altering any of its experimental predictions. These include the
Copenhagen Interpretation, Bohmian Mechanics, the Many-worlds Interpretation, Decoherence-based explanations
(typically accompanied by additional assumptions such as the environment being an open system, or the many-worlds
assumption), and the Consistent Histories formalism. The second class of explanations demonstrate the collapse of the
wave-function as a dynamical process by suitable modification of the Schrödinger equation as a system approaches the
macroscopic regime, while ensuring that the modified equation reproduces all the successful experimental predictions
of quantum theory. Prominent amongst this second class are Stochastic non-linear and non-relativistic modifications
of the Schrödinger equation, such as gravity-induced wave-function collapse, and the model of Continuous Sponta-
neous Localization (CSL) [1, 2]. For a review, see [3, 4]. The subject of the present paper is a feasibility study for
carrying out a possible experimental test to confirm/rule out the CSL model.

The most important prediction of the CSL model is the breakdown of quantum linear position superposition in
the limit of approach towards the macroscopic regime. E↵ectively, what this means is that as objects with large and
increasing masses are considered, say for instance an object with mass 109 amu, the superposition life-time becomes
smaller ultimately rendering the superposition of states essentially unobservable. Thus for high-mass objects, a
traditional double-slit experiment would not exhibit fringes, but instead show the classical double hump pattern
corresponding to a classical probability distribution. The experimental verification, or otherwise, of this breakdown of
superposition predicted by CSL is one of the motives for world-wide ongoing experiments in molecular interferometry,
and optomechanics [4]. More recently, new ideas for testing and putting bounds on CSL have been proposed - these
include tests of CSL-induced spectral line broadening [5] and bounds deduced from heating of an atomic Bose-Einstein
Condensate [6]. The surge of interest in testing CSL in di↵erent ways serves as a premise for witnessing stronger
bounds on the CSL model in the coming years.

Another important prediction of the CSL model, which is a consequence of its stochastic nature, is a very tiny
violation of energy-momentum conservation. In order that the energy violation does not contradict known physics,
significant bounds have been placed on the rate constant � of the CSL model, which is one of the two new fundamental
constants introduced in the model, the other being a critical length scale rC , assumed to be of the order of 10�5 cm.
In their original work - the GRW model - Ghirardi, Rimini and Weber [7] assumed that �GRW should be 10�16 sec�1.
This is approximately the minimum value required in order to explain the dynamical collapse of a wave-function. The
CSL model, which is an improvement over the GRW model, takes �CSL to be 10�16 sec�1 or 10�17 sec�1. [It has
been brought to our attention by Pearle [Private Communication] that he prefers �GRW = �CSL = 10�16 sec�1, as
used in his paper [1]. To our understanding, the paper [2] works with �CSL = 10�17 sec�1.] More recently, Adler has
argued, based on analysis and interpretation of latent image formation in photography, that the minimum value of �
should be as high as about �ADLER = 10�8 sec�1. Arguments coming from the non-observation of energy violation
set an upper bound on � at roughly 10�8. The strongest direct experimental upper bound coming from laboratory
experiments on interferometry is 10�5. For a detailed recent discussion on these bounds see [4].

The tiny energy-momentum violation predicted by CSL also implies that the stochastic kicks experienced by an
isolated object will induce a random walk. In principle, under completely ideal conditions, this di↵usion should be
experimentally detectable. In practice though, such an experiment is extremely di�cult and challenging to carry out
due to the inevitable presence of various other competing sources of random di↵usion. Principal amongst these are
(i) thermal Brownian motion (recoil due to emission, absorption and scattering of photons) induced by interaction
with photons present in the ambient medium, and (ii) Brownian motion induced by collisions with molecules of the

Setup: 



Studying the dynamics of the trapped 
particle … 

•  26nm to 150nm particle 
•  X,y,z cooled to ~1 mK 
•  Q = 107 measured @10-5 mbar 
•  Damping by gas collision 
•  200fm/sqrt{Hz} position  
     resolution of detection 

Power spectral density: 



The effect of the parametric feedback … 
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•  Result: We have a source, now we build the Talbot Interferometer to test the superposition 
principle in a new mass range!  
•  To cool further we need to overcome the present limit by the noise of the elecgronics. 

Vovrosh, J., M. Rashid, D. Hempston, J. Bateman, and H. Ulbricht, Controlling the Motion of a Nanoparticle 
Trapped in Vacuum, arXiv:1603.02917 (2016). 



LEVITATED 
OPTOMECHANICS: 
SQUEEZING/SQUASHING 



Squeezing/Squashing: by fast switching 
the trap frequency  



RMS position vs time 



Squeezing the thermal motion 

Rashid, M., T. Tufarelli, J. Bateman, J. Vovrosh, D. Hempston, M. S. Kim, and H. Ulbricht, Experimental 
Realisation of a Thermal Squeezed State of Levitated Optomechanics, arXiv:1607.05509 (2016). 



NOW FOR SOMETHING 
COMPLETELY DIFFERENT… 
SEMICLASSICAL GRAVITY 



Schroedinger-Newton (SN): semi-classical 
gravity 

Obvious option for test: study free wavefunction expansion 



Wave function expansion: a case for space 



Our proposal: Predicted shifts of energy 
levels according to SN 

•  SN shift of energy  
levels of mechanical  
harmonic oscillator 
 
•  Feasible for a test  
With existing tech 

A Großardt, J Bateman, H Ulbricht, A Bassi, Optomechanical test of the Schrodinger-Newton equation,  arXiv:1510.01696 (2015) 
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Application: Experimental test of gravity 
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Is Gravity Quantum? Idea for the experimental setup 

M. Bahrami, A. Bassi, S. McMillen, M. Paternostro, H. Ulbricht, Is Gravity Quantum?, arXiv:1507.05733 (2015). 

How does the gravitational field of a spatial quantum superposition state look like?  

This test seems to be feasible with 
todays optomechanics devices and 

technology.  


