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The Network



Long-term vision and targeted 
breakthrough

The long-term vision of TEQ is the identification of the fundamental 
limitations to the applicability of quantum mechanics towards the 
establishment of a novel paradigm for quantum-enhanced 
technology that makes use of large-scale devices 



Quantum mechanics is 

certainly imposing. But an 

inner voice tells me that it is 

not yet the real thing. 

Albert Einstein

I’m not as sure as I once was 

about the future of quantum 

mechanics.

Steven Weinberg

I think I can safely say that no 
one understands quantum 

mechanics
Richard Feynman

I am inclined to put my 

money on the idea that if you 

push quantum mechanics 

hard enough it will break 

down and something else will 

take over – something we 

can’t envisage at the 

moment.

Anthony J. Leggett



The trouble with Quantum 
Mechanics

Microscopic systems can be in a 
quantum superposition; 
macroscopic systems no… at least 
so far.

Why is it so? How is quantumness
lost when moving from the micro-
to the macro-world?



Is the lack of observation of quantum effects at the macroscopic 

level a manifestation of a breakdown of quantum linearity, or 

simply the consequence of the fact that no one so far was able to 

create a macroscopic quantum superposition? 

We are presented with a compelling case for the exploration of 

quantum effects at the large scale and open up a new route for 

fundamental and technologically relevant investigations.

The core of TEQ



The standard route: large-mass 
matter-wave interferometry

Quantum Mechanics ok! Quantum Mechanics wrong!



A novel route: non-
interferometric experiments

+

= center of mass

A localization of the 
wave function changes 
the position of the 
center of mass

Collapse-induced 
Brownian motion

Also theoretical reasons 
for that

co
lla

p
se



A comparison: interferometric
bounds on the CSL model
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Atom Interferometry
T. Kovachy et al., Nature 528, 530 
(2015) 

M = 87 amu
d = 0.54 m
T = 1 s

Molecular Interferometry
S. Eibenberger et al. PCCP 15, 14696 (2013)
M. Toros et al., ArXiv 1601.03672

M = 104 amu
d = 10-7 m
T = 10-3 s

Entangling Diamonds
K. C. Lee et al., Science. 334, 1253 (2011).
S. Belli et al., PRA 94, 012108 (2016) 

M = 1016 amu
d = 10-11 m
T = 10-12 s

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 



A comparison: non-
interferometric bounds on the 
CSL model
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Cold atom gas

F. Laloë et al. Phys. Rev. A 90, 052119 (2014)
T. Kovachy et al., Phys. Rev. Lett. 114, 143004 (2015)
M. Bilardello et al., Physica A 462, 764 (2016)

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 



A comparison: non-
interferometric bounds on the 
CSL model
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X rays

S.L. Adler et al., Jour. Phys. A 40, 13395 (2009)
S.L. Adler et al., Journ. Phys. A 46, 245304 (2013)
A. Bassi & S. Donadi, Annals of Phys. 340, 70 (2014)
S. Donadi & A. Bassi, Jounr. Phys. A 48, 035305 (2015)
C. Curceanu et al., J. Adv. Phys. 4, 263 (2015) 
+ several more

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 



A comparison: non-
interferometric bounds on the 
CSL model
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Auriga

Ligo

Lisa Pathfinder

M. Carlesso et al. Phys. Rev. D 94, 124036 (2016) 

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 

Auriga

LIGO LISA Pathfinder



A comparison: non-
interferometric bounds on the 
CSL model
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Cantilever

A. Vinante et al., Phys. Rev. Lett. 116, 090402 (2016)

Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 



The overarching goal of the 
project…
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Lower bound: Collapse effective at the macroscopic level
Graphene disk: N = 1011 amu, d = 10-5 m, T = 10-2 s 

TEQ

…is to test CSL in 

a parameter range 

which is two orders 

of magnitude 

beyond any other 

test performed so 

far



1. Trapping 2. Cooling

3. Testing 4. Enabling

TEQ’s 
Objectives

5. Ruling out

 Low-noise trap

 Tailored NCs

 Loading mechanics

 Optimal cooling 

strategies

 Control 

decoherence

 Monitor trapped 

motion

 Compare theory 

and experiment

 Set the theory 

for testing 

collapse models

 Estimate 

decoherence

 Visionary 
perspectives 
on the study 
of the 
foundations 
of quantum 
mechanics 
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Copies of the pre-prints of our papers will be made available through the website of TEQ, which will thus embody an 

effective repository of research outputs. 

b) Communication activities  
Effective communications will be a core activity that will involve the Consortium in many ways. We will work to 
maximize the impact that TEQ will have on the communities working on foundations of quantum mechanics, quantum 

optics and quantum technologies, both theoretically and experimentally. We will reach this goal by seeking publication 
of our results in high-impact international journals, participating to meetings/conferences in areas pertinent to TEQ 

and delivering seminars/talks to other research groups. We will incentivise the establishment of novel scientific links 
beyond our Consortium. TEQ will thus foster the building up of wide awareness and interest in the topics of the 

project and will stimulate scientific endeavours (collaborations, networking, training) that will go far beyond the context 
defined by our Work Plan. TEQ will thus contribute to the current portfolio of Horizon2020 with a genuinely 

European effort. We will take advantage of the communication skills of the project members to engage into outreach 

activities for the communication of our results. The nature of the themes addressed in TEQ is well suited to raise the 
attention of the general public and stimulate the interest of the media. Here we describe the activities that we have 

identified in order to ensure the factual engagement with media, general public, and other stakeholders. Such activities 
will be organic to the programme for dissemination/communication of the results gathered through the development 

of TEQ, and the plan for the maximization of its impact discussed in Sec. 2.2 a), which we now describe: 
Standard routes for scientific communication will be pursued by submitting manuscripts to high-impact journals 

(Nature family, Science/Science Advances, Physical Review Letters, Physical Review). We will consider submissions of 

our experimental activities to the Journal of Visualized Experiments (JoVE), which is a peer reviewed video-and-text 
journal where experiments are filmed for illustration of their working principles.  

External communication will be targeted for specific audiences, including senior/junior researchers, industry, and 
general public. For senior researchers. i. Project website: It will contain the list of scientific papers related to TEQ, and 

the list of events. ii. Reviews: Opportunities will be explored, to contribute with review articles in international scientific 
journals such as Rev. Mod. Phys. and Phys. Rep. iii. Specialized Press: Press releases of the most important findings will 

be prepared and submitted to the specialized press. iv. Workshop on “Redefining the foundations of physics in the quantum 
technology era”  (Trieste, Year 2 of TEQ). About 20 distinguished researchers active in areas relevant to TEQ will be 

invited. The participation of about 100 attendees is estimated, including TEQ members, their students, and researchers 

external to TEQ. v. Seminars &  Talks: Members of TEQ are often invited to present talks and lectures at major 
international conferences, university colloquia and summer schools. We will employ this route to disseminate our 

results. We plan to record ad hoc presentations by members of the Consortium, to be streamed through the individual 
partners’ website, the TEQ website, and its dedicated social-network groups. For junior researchers. i. Project website: It 
will contain calls for positions to join TEQ, and a list of events. ii. Tutorials: Opportunities will be explored, to 
contribute with tutorials in international scientific journals, like Contemp. Phys., the “Tutorials” section of J. Phys. B, 

the “Reviews” section in Nature Phys., and Rep. Prog. Phys. iii. Participation to schools: Project partners are regularly 

invited as lecturers at schools on quantum physics, where they will communicate topics related to TEQ. iv. Posting of 
video-abstracts to Quantiki and/or New. J. Phys., explaining TEQ’s activities. For potential industrial partners. i. 
Reports: Technical reports about TEQ and its findings. ii. V isits: Invitations to visit project groups and labs, and to 
group meetings. iii: Outreach activities: Talks to people in charge of R&D for industries. Activities will be carried out both 

during and after the end of the project. For the general public. i. Popular Press: Significant research findings will be 
advertised on local/national newspapers, popular scientific magazines. ii. Specialized Social Networks: Relevant blogs (e.g. 

FQXi) will be addressed to introduce TEQ and its findings in a jargon-free language. iii. Local scientific events: 
Participation will be encouraged to local scientific events designed for the general public [cf. Step3 in Sec. 2.3a]. 

Internal communication will be planned to guarantee the efficient implementation of TEQ. This includes yearly 

meetings of the project’s governance entity (cf. Sec. 3.2). A newsletter with updates and relevant communications will 
be issued quarterly and distributed electronically to the project partners. 

Section 3: Implementation 
3.1 Work Plan and intermediate targets 
The Work Plan of TEQ is structured in the 6 WPs described in Table 3.1a and summarised (with the effort of each 

partner) in Table 3.1b. The overall duration of the 

project is 48 months. WP1-WP4 address the 
research themes relevant to the targeted goals. They 

will deliver the R&D results that are instrumental to 
our experimental endeavours. They also have 

enabling and transformational character, as they 
develop new tools that will be key to the next 

generation of experiments in the context addressed 

by TEQ. The project will be developed under the 
coordinated management put in place through 

WP5, which will be led by UniTs. 

WP1:%
Trapping%

WP3:%
Tes0ng%

WP4:%
Enabling%

WP2:%
Cooling%

Task%2.1%

Task%2.2%

Task%2.3%

Task%2.4%

%%

Task%1.1%

Task%1.2%

Task%1.3%

Task%1.4%

%%
Task%4.1,%Task%4.2,%Task%4.3,%Task%4.4,%Task%4.5%%

Task%3.1,%Task%3.2,%Task%3.3,%Task%3.4%

%%

TEQ 

UniTs%
AU%
INFN%
OEAW%
QUB%
TUD%
UCL%
UoS%
MSL%
%

 
Pert chart 1: relation among the components of TEQ. 
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H. Ulbricht (UoS)

M. Paternostro (QUB)
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Dissemination/communication activities are organized in WP6. Each WP consists of Objectives, which define the 

Milestones that will be used to gauge the progress of the project. The Objectives are broken down in a series of Tasks 
associated with relevant Deliverables, which will be pursued through a collective endeavour of the Consortium, whose 

partners will engage in a rich network of collaborations and exchange of knowledge. Our Work Plan spans a wide range 

of topics. Theoretical advances will be validated by seminal experiments that will plant the seeds for a new exploration 
of quantum foundations and their potential for quantum technologies. The timing for the development of the Work 

Plan’s components is given in Gantt chart 1. Table 3.1a provides a detailed description of the content of the WPs, 
whose inter-relations are shown in Pert chart 1. Table 3.1b gives a summary of the WPs and the effort (in terms of 

Person Months [PMs]) that the partners will put towards their development. Table 3.1c lists the Deliverables of the 
project. 

Table 3.1a: Work package description  

Work package number  1 Start Date or Starting Event Mth 1 
Work package title Trapping  

Participant number 1 2 3 4 5 6 7 8 
 

9 
Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PM per participant: 8 30 19 8 16 38 5 5 0 
 

Objectives  

O1.1 Construction of a low noise trap for NCs with properties suitable for a cryogenic environment. 
O1.2 Synthesis of NCs with tailored properties. 

O1.3 Robust loading of multiply charged NCs into the trap. 

O1.4 Quantification of heating sources and their effects on the trapped NCs. 
 

Description of work (Leader: AU. Co-leader: TUD) 

Rf trap for charged NCs.  Based on previous designs for experiments with singly 
as well as highly charged ions [1], AU will develop a linear rf trap tailored for 

trapping and manipulating single charged NCs. The trap will be constructed to 
enable the integration of optical feedback-cooling techniques [UCL/UoS] and 

image charge induced resistive cooling [AU/INFN] (cf. WP2), as well as be 
compatible with the final cryogenic setup at UoS (cf. WP3). AU and INFN will 

develop extremely low-noise rf (10-100 kHz) and dc supplies to reduce particle 

heating, thereby improving significantly over state-of-the-art experiments [2].  
Development of NCs suitable for trapping.  TUD will synthesize colloidal NCs with 

minimum light absorption for cooling and detection. Suitable materials are 
CdSe, CdS, CdTe, CdSe/CdS core/shell structures, ZnSe, and Si. The charge state of the NCs will be 

synthesized with robust atomic ligands (for example S2, Cl, F) or non-Carbon based charged clusters (Zintl 
anions). Following feedback from UCL, AU and UoS, TUD will tune the number of surface charges of the NCs 

by controlling the number of inorganic ligands, or by forming NCs in solvent with added counter ions.  
Loading of NCs into the rf traps.  UoS and AU will collaborate with UCL to develop a NC dispenser based on 

ultrasound techniques to reliably load single NCs in a range of sizes (<100 nm - ~10 mm) in UHV. UCL will 

also charge NCs using small low energy electron-beam both for in- and out-trap charging. 
Theoretical quantization of heating effects: QUB, OEAW, and UniTs will work with AU and UoS to identify and 

characterize quantitatively the most relevant sources of heating affecting the trapping mechanism and loss of 
particles. This is essential for the design of the experimental setup at the core of WP3 and WP4.  

Task 1.1 Construction of a rf trap with extremely low electrical noise properties [AU, INFN, UCL, UoS]. 
Task 1.2 Synthesis of colloidal NCs with specific properties [TUD, AU, UCL, UoS]. 

Task 1.3 Development of methods for loading multiply charged NCs into rf traps [UCL, UoS, AU].  

Task 1.4 Theoretical identification of heating mechanisms and their effects [QUB, AU, UCL, UoS, INFN]. 
[1] L. Schöger et al., Science 347, 1233 (2015); [2] J. Millen et al., Phys. Rev. Lett. 114, 123602 (2015). 
 

Deliverables  

D1.1 Commission of an rf trap for NCs with electrical noise properties better than state-of-the-art [Mth 24]. 
D1.2 NCs of controlled size/shape/composition & improved NCs charge-states/absorption [Mth 12 & 24]. 

D1.3 Construct particle loading and charge control device [Mth 36].  

D1.4 Quantification of relevant heating mechanisms limiting the trapping time [Mth 36]. 

 

Work package number  2 Start Date or Starting Event Mth 1 

Work package title Cooling  

Participant number 1 2 3 4 5 6 7 8 

 

9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

Fig. 6: Typical structure of a 
linear rf trap to be applied. 
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Dissemination/communication activities are organized in WP6. Each WP consists of Objectives, which define the 

Milestones that will be used to gauge the progress of the project. The Objectives are broken down in a series of Tasks 
associated with relevant Deliverables, which will be pursued through a collective endeavour of the Consortium, whose 

partners will engage in a rich network of collaborations and exchange of knowledge. Our Work Plan spans a wide range 

of topics. Theoretical advances will be validated by seminal experiments that will plant the seeds for a new exploration 
of quantum foundations and their potential for quantum technologies. The timing for the development of the Work 

Plan’s components is given in Gantt chart 1. Table 3.1a provides a detailed description of the content of the WPs, 
whose inter-relations are shown in Pert chart 1. Table 3.1b gives a summary of the WPs and the effort (in terms of 

Person Months [PMs]) that the partners will put towards their development. Table 3.1c lists the Deliverables of the 
project. 

Table 3.1a: Work package description  

Work package number  1 Start Date or Starting Event Mth 1 
Work package title Trapping  

Participant number 1 2 3 4 5 6 7 8 
 

9 
Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PM per participant: 8 30 19 8 16 38 5 5 0 
 

Objectives  

O1.1 Construction of a low noise trap for NCs with properties suitable for a cryogenic environment. 
O1.2 Synthesis of NCs with tailored properties. 

O1.3 Robust loading of multiply charged NCs into the trap. 

O1.4 Quantification of heating sources and their effects on the trapped NCs. 
 

Description of work (Leader: AU. Co-leader: TUD) 

Rf trap for charged NCs.  Based on previous designs for experiments with singly 
as well as highly charged ions [1], AU will develop a linear rf trap tailored for 

trapping and manipulating single charged NCs. The trap will be constructed to 
enable the integration of optical feedback-cooling techniques [UCL/UoS] and 

image charge induced resistive cooling [AU/INFN] (cf. WP2), as well as be 
compatible with the final cryogenic setup at UoS (cf. WP3). AU and INFN will 

develop extremely low-noise rf (10-100 kHz) and dc supplies to reduce particle 

heating, thereby improving significantly over state-of-the-art experiments [2].  
Development of NCs suitable for trapping.  TUD will synthesize colloidal NCs with 

minimum light absorption for cooling and detection. Suitable materials are 
CdSe, CdS, CdTe, CdSe/CdS core/shell structures, ZnSe, and Si. The charge state of the NCs will be 

synthesized with robust atomic ligands (for example S2, Cl, F) or non-Carbon based charged clusters (Zintl 
anions). Following feedback from UCL, AU and UoS, TUD will tune the number of surface charges of the NCs 

by controlling the number of inorganic ligands, or by forming NCs in solvent with added counter ions.  
Loading of NCs into the rf traps.  UoS and AU will collaborate with UCL to develop a NC dispenser based on 

ultrasound techniques to reliably load single NCs in a range of sizes (<100 nm - ~10 mm) in UHV. UCL will 

also charge NCs using small low energy electron-beam both for in- and out-trap charging. 
Theoretical quantization of heating effects: QUB, OEAW, and UniTs will work with AU and UoS to identify and 

characterize quantitatively the most relevant sources of heating affecting the trapping mechanism and loss of 
particles. This is essential for the design of the experimental setup at the core of WP3 and WP4.  

Task 1.1 Construction of a rf trap with extremely low electrical noise properties [AU, INFN, UCL, UoS]. 
Task 1.2 Synthesis of colloidal NCs with specific properties [TUD, AU, UCL, UoS]. 

Task 1.3 Development of methods for loading multiply charged NCs into rf traps [UCL, UoS, AU].  

Task 1.4 Theoretical identification of heating mechanisms and their effects [QUB, AU, UCL, UoS, INFN]. 
[1] L. Schöger et al., Science 347, 1233 (2015); [2] J. Millen et al., Phys. Rev. Lett. 114, 123602 (2015). 
 

Deliverables  

D1.1 Commission of an rf trap for NCs with electrical noise properties better than state-of-the-art [Mth 24]. 
D1.2 NCs of controlled size/shape/composition & improved NCs charge-states/absorption [Mth 12 & 24]. 

D1.3 Construct particle loading and charge control device [Mth 36].  

D1.4 Quantification of relevant heating mechanisms limiting the trapping time [Mth 36]. 

 

Work package number  2 Start Date or Starting Event Mth 1 

Work package title Cooling  

Participant number 1 2 3 4 5 6 7 8 

 

9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

Fig. 6: Typical structure of a 
linear rf trap to be applied. 
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PMs per participant: 8 15 20 12 16 9 40 10 22 
 

Objectives  

O2.1 To develop low noise trap, detection and feedback electronics. 
O2.2 To determine optimal detection and cooling strategies for trapped charged NCs. 

O2.3 To cool internal states of a trapped NC. 

O2.4 To understand and control sources of decoherence. 
 

Description of work (Leader: UCL. Co-leader: INFN) 

Low-noise electronics: INFN will develop low-noise electronics considerably better than currently available within 
the trapping frequency range. This is crucial for the detection, feedback and control of trap potentials. Both 

analog and digital electronics for amplification of photocurrents and FPGA electronics for feedback protocols 
will be produced. UoS, AU and UCL will collaborate and transfer knowledge from WP1 and WP3. 

Centre-of-mass cooling: UoS will develop optical feedback-based parametric 
cooling systems while AU will develop image charge resistive cooling to 

minimise heating of the trapped particle. UCL will develop both active 

and passive cooling methods based on a high-finesse cavity currently used 
to cool charged NCs in a Paul trap.  Homodyne detection will be 

incorporated with the feedback system developed by UoS and INFN. 
MSL will build the stabilised laser for such experiments [cw laser with 

tuneable wavelength 1000nm-1060nm, low intensity noise: RIN <-
140dB/Hz, stabilised linewidth < 1kHz]. 

Internal cooling: UCL, UoS, AU, and QUB will design schemes for internal-

state cooling via spontaneous anti-Stokes fluorescence on trapped and charged Yb-doped NCs, manufactured by 
TUD, to counter internal heating [2]. MSL will build the laser system for this cavity experiment.   

Analysis of decoherence: We will make use of the techniques developed for manipulation of the trapped NC to 
investigate state preparation and relaxation of its motional state within the trap. By tracking the non-equilibrium 

dynamics of the NC, QUB, OEAW, UCL and UniTs will characterise the dynamically relevant sources of 
decoherence. This will complement the analysis of WP1 and pave the way to implementation in WP3.  

Task 2.1 Design, construct and test low noise electronics [INFN, UoS, UCL, AU, MSL]. 
Task 2.2 Implement optical, resistive and cavity cooling [UoS, MSL, UCL, AU]. 

Task 2.3 Identify materials and perform internal cooling of NCs. [UCL, TUD, AU, QUB, UoS]. 

Task 2.4 Study and measure non-equilibrium dynamics for all systems [QUB, OEAW, UoS, UCL, UniTs]. 
[1] J. Millen et al., Phys. Rev. Lett. 114, 123602 (2015); [2] D. V. Seletskiy et al, Nat. Photon. 4, 161 (2010). 
 

Deliverables  

D2.1 Creation of low noise electronics for state of the art detection and feedback experiments [Mth 12]. 

D2.2 Identification of optimal cooling strategies for charged trapped particles [Mth 27]. 
D2.3 Demonstration of internal state cooling and evaluation for use in final experiments [Mth 38]. 

D2.4 Quantitative understanding of decoherence and how this will affect CSL experiments [Mth 44]. 

 

Work package number  3 Start Date or Starting Event Mth 1 

Work package title Testing  

Participant number 1 2 3 4 5 6 7 8 
 

9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 11 6 10 16 16 3 5.6 36 22 
 

Objectives  

O3.1 To develop a low noise environment for the low noise NC trap with optical cooling in dilution fridge. 
O3.2 To perform tests of CSL noise effects on motion of trapped NC. 

O3.3 To adapt theory to experimental parameters to optimise the test of quantum superposition. 
 

Description of work (Leader: UoS. Co-leader: UniTs) 

The goal of WP3 is the implementation of a platform to test quantum mechanics with trapped NCs. UoS will 
build a low-noise environment, which will host the optimized rf trap with low-noise electronics and loading 

mechanism of the ideal NCs from WP1 and with the best cooling method from WP2. While WP1 and WP2 
focus on the improvement of existing trapping/cooling devices, WP3 will go beyond existing conditions at any 

partnering lab and consist of a cryogenic UHV chamber of <2x10-12mbar inside a 10mK cryostat with ultra-

stable acoustic, mechanical [lowest amplitudes at any frequency <10nm], electromagnetic [Faraday cage around 
the trapping region] and lab temperature conditions [better than +/-0.5°C]. Careful design of the experiment will 

reduce the effects of vibrations on the trapped NCs as generated by the cryostat. This will reduce all known 

Fig. 7: Hybrid rf trap with optical 
cavity to cool motion/ internal states. 
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PMs per participant: 8 15 20 12 16 9 40 10 22 
 

Objectives  

O2.1 To develop low noise trap, detection and feedback electronics. 
O2.2 To determine optimal detection and cooling strategies for trapped charged NCs. 

O2.3 To cool internal states of a trapped NC. 

O2.4 To understand and control sources of decoherence. 
 

Description of work (Leader: UCL. Co-leader: INFN) 

Low-noise electronics: INFN will develop low-noise electronics considerably better than currently available within 
the trapping frequency range. This is crucial for the detection, feedback and control of trap potentials. Both 

analog and digital electronics for amplification of photocurrents and FPGA electronics for feedback protocols 
will be produced. UoS, AU and UCL will collaborate and transfer knowledge from WP1 and WP3. 

Centre-of-mass cooling: UoS will develop optical feedback-based parametric 
cooling systems while AU will develop image charge resistive cooling to 

minimise heating of the trapped particle. UCL will develop both active 

and passive cooling methods based on a high-finesse cavity currently used 
to cool charged NCs in a Paul trap.  Homodyne detection will be 

incorporated with the feedback system developed by UoS and INFN. 
MSL will build the stabilised laser for such experiments [cw laser with 

tuneable wavelength 1000nm-1060nm, low intensity noise: RIN <-
140dB/Hz, stabilised linewidth < 1kHz]. 

Internal cooling: UCL, UoS, AU, and QUB will design schemes for internal-

state cooling via spontaneous anti-Stokes fluorescence on trapped and charged Yb-doped NCs, manufactured by 
TUD, to counter internal heating [2]. MSL will build the laser system for this cavity experiment.   

Analysis of decoherence: We will make use of the techniques developed for manipulation of the trapped NC to 
investigate state preparation and relaxation of its motional state within the trap. By tracking the non-equilibrium 

dynamics of the NC, QUB, OEAW, UCL and UniTs will characterise the dynamically relevant sources of 
decoherence. This will complement the analysis of WP1 and pave the way to implementation in WP3.  

Task 2.1 Design, construct and test low noise electronics [INFN, UoS, UCL, AU, MSL]. 
Task 2.2 Implement optical, resistive and cavity cooling [UoS, MSL, UCL, AU]. 

Task 2.3 Identify materials and perform internal cooling of NCs. [UCL, TUD, AU, QUB, UoS]. 

Task 2.4 Study and measure non-equilibrium dynamics for all systems [QUB, OEAW, UoS, UCL, UniTs]. 
[1] J. Millen et al., Phys. Rev. Lett. 114, 123602 (2015); [2] D. V. Seletskiy et al, Nat. Photon. 4, 161 (2010). 
 

Deliverables  

D2.1 Creation of low noise electronics for state of the art detection and feedback experiments [Mth 12]. 

D2.2 Identification of optimal cooling strategies for charged trapped particles [Mth 27]. 
D2.3 Demonstration of internal state cooling and evaluation for use in final experiments [Mth 38]. 

D2.4 Quantitative understanding of decoherence and how this will affect CSL experiments [Mth 44]. 

 

Work package number  3 Start Date or Starting Event Mth 1 

Work package title Testing  

Participant number 1 2 3 4 5 6 7 8 
 

9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 11 6 10 16 16 3 5.6 36 22 
 

Objectives  

O3.1 To develop a low noise environment for the low noise NC trap with optical cooling in dilution fridge. 
O3.2 To perform tests of CSL noise effects on motion of trapped NC. 

O3.3 To adapt theory to experimental parameters to optimise the test of quantum superposition. 
 

Description of work (Leader: UoS. Co-leader: UniTs) 

The goal of WP3 is the implementation of a platform to test quantum mechanics with trapped NCs. UoS will 
build a low-noise environment, which will host the optimized rf trap with low-noise electronics and loading 

mechanism of the ideal NCs from WP1 and with the best cooling method from WP2. While WP1 and WP2 
focus on the improvement of existing trapping/cooling devices, WP3 will go beyond existing conditions at any 

partnering lab and consist of a cryogenic UHV chamber of <2x10-12mbar inside a 10mK cryostat with ultra-

stable acoustic, mechanical [lowest amplitudes at any frequency <10nm], electromagnetic [Faraday cage around 
the trapping region] and lab temperature conditions [better than +/-0.5°C]. Careful design of the experiment will 

reduce the effects of vibrations on the trapped NCs as generated by the cryostat. This will reduce all known 

Fig. 7: H ybrid rf trap with optical 
cavity to cool motion/ internal states. 
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environmental noise effects to values smaller than the predicted CSL effect [1,2]. MSL will build the stabilised 

laser system [cw laser with intensity stability RIN<-100dB/Hz, short wavelength for high spatial resolution of 

position detection] for optical detection and feedback stabilisation of the trapped NC. 
Non-interferometric testing: QUB, OEAW and UniTs will develop the theoretical prediction put forward in [2] which 

embodies the basic building block of our inference strategy. Such calculations will be reformulated for the needs 
of the experimental setting discussed here. The CSL mechanism results in the introduction of a mass-dependent 

non-linear term, which induces an additional heating affecting the dynamics of a mechanical oscillator. The effect 
is observed from the study of the noise properties of the system. This approach will allow us to bound 

theoretically the entity of such effects and falsify/confirm them. We expect to be able to test all collapse models 

with a CSL-  parameter of 10-13 Hz or smaller with a particle of size 100nm. We will trap and cool the motion 

of the particle (<1mK)[4] and observe its undamped oscillation as reheated by the present noise, as described in 
[3]. For a mechanical quality factor of 1010, we need to stabilise and integrate the data for some days. This 

requires the detailed study of systematic effects over that period.  
Task 3.1 Set up dilution cryostat with a vacuum chamber and the laser for the ultimate experiment [UoS, MSL]. 
Task 3.2 Investigation of systematic effects (vibration, thermal, optical) [UoS, MSL, INFN, AU, TUD, UCL].  
Task 3.3 Perform the ultimate experiment [UoS, AU, INFN, TUD, UCL]. 
Task 3.4 Adapt theory and predict experimental outcomes [QUB, UniTS, OEAW, UoS, UCL]. 

[1] S. Bera et al., Sci. Rep. 5, 7664 (2015). [2] M. Bahrami et al., Phys. Rev. Lett. 112, 012023 (2014), S. 
Nimmrichter et al., ibid. 113, 020405 (2014); [3] D. Goldwater et al., Phys. Rev. A 94, 010104(R) (2016); [4] J. 
Vovrosh, et al. arXiv:1603.02917 (2016). 
 

Deliverables  

D3.1 Low noise environment for the ultimate experiment created [Mth 12]. 
D3.2 Systematic effects investigated [Mth 28]. 

D3.3 The ultimate experiment assembled and performed [Mth 40]. 
D4.4 General bound on macroscopicity of quantum systems from experiment [Mth 48]. 

 

Work package number  4 Start Date or Starting Event Mth 1 

Work package title Enabling  

Participant number 1 2 3 4 5 6 7 8 
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Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS M2 

PMs per participant: 30 2 4 33 27.2 3 2 2 0 
 

Objectives  
O4.1 To set-up a theoretical framework for the test of quantum mechanics at the mesoscopic level. 

O4.2 To design experimental tests able to refine the framework of collapse models. 
O4.3 To investigate macro-realism at the mesoscopic level through the experiments at the core of TEQ. 
 

Description of work (Leader: QUB. Co-leader: OEAW) 
Testing non-standard models of quantum mechanics: QUB, OEAW and UniTs will assess the energy-non-conserving 

nature of the CSL mechanism. The latter is characterised by an unbound increase of the mean energy of the 

system it affects. Attempts at ‘curing’ such syndrome have been made [1]. However, some difficulties remain, in 
that the collapse operator of the energy-conserving CSL (ecCSL) mechanism is not self-adjoint [1]. WP4 will 

identify an ecCSL-equivalent stochastic potential to be used in the equations describing the motion of the system 
at the core of TEQ. AU, INFN, TUD, UCL and UoS will establish experimental scenarios to test ecCSL 

mechanisms and (classical) gravity-induced collapse theories. TEQ will also identify suitable experimental 
strategies for the amplification of the effects of collapse mechanisms, so to bring them within the realm of 

experimental addressability. QUB, OEAW, and UniTs will use the quadratic coupling of light to the position of a 

mechanical system to magnify small effects, such as those entailed by the Schrödinger-Newton (SN) model [2].  
Time-dilation decoherence and gravity-induced collapse models: OEAW, QUB and UniTs will investigate whether 

gravitationally-induced collapse can be understood as stemming from entanglement between the position of the 
system used in TEQ and a “sea of clocks” embodied by uncontrollable internal degrees of freedom of the system 

itself. 
Assessing quantumness of gravity: The Work Plan of TEQ will allow for the further exploration of the potential 

quantum nature of gravity, thus addressing Obj 5). The staring point of our approach in this respect will be that 
the observation of entanglement between two non-interacting masses would invalidate the view of gravity as a 

classical interaction and provide a clear evidence that gravitational field necessitates a quantum description in 

some intermediate stage of the entangling process. By measuring Bell’s inequality on the test masses or otherwise 
proving their entanglement, one could exclude the very idea of a classical theory of gravity in a “theory-

independent” way, without assuming any details of the underlying physical theory of gravity and of the 
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interaction between the field and the test masses. Such “theory-independent” approach has been proven as 

extremely successful methodological tool in quantum information for testing multi-party correlations. While such 

an approach would not “prove” the existence of gravitons or inform on the structure of future quantum theory 
of gravity, it will rule out a purely classical description. QUB, OEAW, UniTs and UoS will work on the 

theoretical aspects of this approach, designing an experimental setup for its assessment.  
Measuring the size of a coherent superposition state: QUB, OEAW and UniTs will quantify the ‘size’ of a quantum 

superposition by means of recent measures of macroscopicity [3]. They will design non-tomographic strategies 
for the assessment of such figures of merit, studying the effect of decoherence and gravity-induced influences.  

Task 4.1 To assess decoherence on the experimental setup at the core of WP3 [QUB, UoS, OEAW]. 

Task 4.2 To determine experiment-specific bounds to CSL and SN mechanisms [UniTs, QUB]. 
Task 4.3 To develop schemes to quantify the macroscopicity of quantum superposition states [QUB, UniTs]. 
Task 4.4 To design setting for the test of energy–conserving CSL and SN model [UniTs, QUB]. 
Task 4.5 To compare time dilation decoherence and gravity induced collapse [OEAW, UniTs, QUB].    

[1] A. Smirne, and A. Bassi, arXiv:1408.6446 (2014); [2] L. Diósi, Phys. Lett. A 105, 199 (1984); R. Penrose, Gen. 
Relat. Gravit. 28, 581 (1996); [3] A. Xuereb, et al., Opt. Commun. 337, 53 (2015). 
 

Deliverables  
D4.1 Quantification of environmental decoherence effects and experimental calibration [Mth 12]. 

D4.2 Provision of bounds on the effects of CSL, and SN mechanisms [Mth 18]. 
D4.3 Design of experimental schemes for the quantification of the size of quantum superpositions [Mth 24].  

D4.4 Provision of bounds on the effects of energy-conserving CSL mechanism [Mth 36]. 
D4.5 Quantitative comparison between time-dilation decoherence and gravity-induced collapse [Mth 44]. 

 

Work package number  5 Start Date or Starting Event Mth 1 

Work package title Management  

Participant number 1 2 3 4 5 6 7 8 9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 40 2 4 2 2 2 2 2 2 
 

Objectives  

O5.1 Coordination of the project, for the achievement of the objectives. 
 

Description of work (Leader: UniTs. Co-leader: INFN) 

Management is discussed in Sec. 3.2 where the description of Tasks and deliverables is discussed in details. All 

partners participate in management activities, coordinated by the WP Leader and assisted by the WP Co-Leader, 
with the support of a dedicated Administrative Officer. 

Task 5.1 Preparation of the Consortium Agreement, according to the DESCA 2020 model. 
Task 5.2 Organization of the project meetings (kick-off, yearly, final). Management of unforeseen events. 

Task 5.3 Setting up and maintenance of the website. 
Task 5.4 Monitoring of Work Plan. Preparation of periodic and final scientific & financial reports. 

Task 5.5 Preparation, implementation and update of the Data Management Plan (DMP). 
 

Deliverables  

D5.1 Consortium Agreement [Mth 0]. 
D5.2 Website and logo (as in the cover page) [Mth 2]. 

D5.3 Preparation and management of the Data Management Plan [Mth 6]. 

 

Work package number  6 Start Date or Starting Event Mth 1 

Work package title Dissemination  

Participant number 1 2 3 4 5 6 7 8 9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 18 2 4 2 2 2 2 2 2 
 

Objectives  
O6.1 Implementation of targeted dissemination and communication activities, as per Sec. 2.3. 
 

Description of work (Leader: UniTs. Co-leader: INFN) 
Dissemination and Communication are discussed in Sec. 2.3. All partners participate, coordinated by the WP 

Leader, assisted by the WP Co-Leader and supported by press offices of partners’ institutions. 

Task 6.1 Coordinate and promote dissemination of TEQ and its findings.  
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interaction between the field and the test masses. Such “theory-independent” approach has been proven as 

extremely successful methodological tool in quantum information for testing multi-party correlations. While such 

an approach would not “prove” the existence of gravitons or inform on the structure of future quantum theory 
of gravity, it will rule out a purely classical description. QUB, OEAW, UniTs and UoS will work on the 

theoretical aspects of this approach, designing an experimental setup for its assessment.  
Measuring the size of a coherent superposition state: QUB, OEAW and UniTs will quantify the ‘size’ of a quantum 

superposition by means of recent measures of macroscopicity [3]. They will design non-tomographic strategies 
for the assessment of such figures of merit, studying the effect of decoherence and gravity-induced influences.  

Task 4.1 To assess decoherence on the experimental setup at the core of WP3 [QUB, UoS, OEAW]. 

Task 4.2 To determine experiment-specific bounds to CSL and SN mechanisms [UniTs, QUB]. 
Task 4.3 To develop schemes to quantify the macroscopicity of quantum superposition states [QUB, UniTs]. 
Task 4.4 To design setting for the test of energy–conserving CSL and SN model [UniTs, QUB]. 
Task 4.5 To compare time dilation decoherence and gravity induced collapse [OEAW, UniTs, QUB].    

[1] A. Smirne, and A. Bassi, arXiv:1408.6446 (2014); [2] L. Diósi, Phys. Lett. A 105, 199 (1984); R. Penrose, Gen. 
Relat. Gravit. 28, 581 (1996); [3] A. Xuereb, et al., Opt. Commun. 337, 53 (2015). 
 

Deliverables  
D4.1 Quantification of environmental decoherence effects and experimental calibration [Mth 12]. 

D4.2 Provision of bounds on the effects of CSL, and SN mechanisms [Mth 18]. 
D4.3 Design of experimental schemes for the quantification of the size of quantum superpositions [Mth 24].  

D4.4 Provision of bounds on the effects of energy-conserving CSL mechanism [Mth 36]. 
D4.5 Quantitative comparison between time-dilation decoherence and gravity-induced collapse [Mth 44]. 

 

Work package number  5 Start Date or Starting Event Mth 1 

Work package title Management  

Participant number 1 2 3 4 5 6 7 8 9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 40 2 4 2 2 2 2 2 2 
 

Objectives  

O5.1 Coordination of the project, for the achievement of the objectives. 
 

Description of work (Leader: UniTs. Co-leader: INFN) 

Management is discussed in Sec. 3.2 where the description of Tasks and deliverables is discussed in details. All 

partners participate in management activities, coordinated by the WP Leader and assisted by the WP Co-Leader, 
with the support of a dedicated Administrative Officer. 

Task 5.1 Preparation of the Consortium Agreement, according to the DESCA 2020 model. 
Task 5.2 Organization of the project meetings (kick-off, yearly, final). Management of unforeseen events. 

Task 5.3 Setting up and maintenance of the website. 
Task 5.4 Monitoring of Work Plan. Preparation of periodic and final scientific & financial reports. 

Task 5.5 Preparation, implementation and update of the Data Management Plan (DMP). 
 

Deliverables  

D5.1 Consortium Agreement [Mth 0]. 
D5.2 Website and logo (as in the cover page) [Mth 2]. 

D5.3 Preparation and management of the Data Management Plan [Mth 6]. 

 

Work package number  6 Start Date or Starting Event Mth 1 

Work package title Dissemination  

Participant number 1 2 3 4 5 6 7 8 9 

Short name of participant UniTs AU INFN OEAW QUB TUD UCL UoS MSL 

PMs per participant: 18 2 4 2 2 2 2 2 2 
 

Objectives  
O6.1 Implementation of targeted dissemination and communication activities, as per Sec. 2.3. 
 

Description of work (Leader: UniTs. Co-leader: INFN) 
Dissemination and Communication are discussed in Sec. 2.3. All partners participate, coordinated by the WP 

Leader, assisted by the WP Co-Leader and supported by press offices of partners’ institutions. 

Task 6.1 Coordinate and promote dissemination of TEQ and its findings.  
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Copies of the pre-prints of our papers will be made available through the website of TEQ, which will thus embody an 

effective repository of research outputs. 

b) Communication activities  
Effective communications will be a core activity that will involve the Consortium in many ways. We will work to 
maximize the impact that TEQ will have on the communities working on foundations of quantum mechanics, quantum 

optics and quantum technologies, both theoretically and experimentally. We will reach this goal by seeking publication 
of our results in high-impact international journals, participating to meetings/conferences in areas pertinent to TEQ 

and delivering seminars/talks to other research groups. We will incentivise the establishment of novel scientific links 
beyond our Consortium. TEQ will thus foster the building up of wide awareness and interest in the topics of the 

project and will stimulate scientific endeavours (collaborations, networking, training) that will go far beyond the context 
defined by our Work Plan. TEQ will thus contribute to the current portfolio of Horizon2020 with a genuinely 

European effort. We will take advantage of the communication skills of the project members to engage into outreach 

activities for the communication of our results. The nature of the themes addressed in TEQ is well suited to raise the 
attention of the general public and stimulate the interest of the media. Here we describe the activities that we have 

identified in order to ensure the factual engagement with media, general public, and other stakeholders. Such activities 
will be organic to the programme for dissemination/communication of the results gathered through the development 

of TEQ, and the plan for the maximization of its impact discussed in Sec. 2.2 a), which we now describe: 
Standard routes for scientific communication will be pursued by submitting manuscripts to high-impact journals 

(Nature family, Science/Science Advances, Physical Review Letters, Physical Review). We will consider submissions of 

our experimental activities to the Journal of Visualized Experiments (JoVE), which is a peer reviewed video-and-text 
journal where experiments are filmed for illustration of their working principles.  

External communication will be targeted for specific audiences, including senior/junior researchers, industry, and 
general public. For senior researchers. i. Project website: It will contain the list of scientific papers related to TEQ, and 

the list of events. ii. Reviews: Opportunities will be explored, to contribute with review articles in international scientific 
journals such as Rev. Mod. Phys. and Phys. Rep. iii. Specialized Press: Press releases of the most important findings will 

be prepared and submitted to the specialized press. iv. Workshop on “Redefining the foundations of physics in the quantum 
technology era”  (Trieste, Year 2 of TEQ). About 20 distinguished researchers active in areas relevant to TEQ will be 

invited. The participation of about 100 attendees is estimated, including TEQ members, their students, and researchers 

external to TEQ. v. Seminars &  Talks: Members of TEQ are often invited to present talks and lectures at major 
international conferences, university colloquia and summer schools. We will employ this route to disseminate our 

results. We plan to record ad hoc presentations by members of the Consortium, to be streamed through the individual 
partners’ website, the TEQ website, and its dedicated social-network groups. For junior researchers. i. Project website: It 
will contain calls for positions to join TEQ, and a list of events. ii. Tutorials: Opportunities will be explored, to 
contribute with tutorials in international scientific journals, like Contemp. Phys., the “Tutorials” section of J. Phys. B, 

the “Reviews” section in Nature Phys., and Rep. Prog. Phys. iii. Participation to schools: Project partners are regularly 

invited as lecturers at schools on quantum physics, where they will communicate topics related to TEQ. iv. Posting of 
video-abstracts to Quantiki and/or New. J. Phys., explaining TEQ’s activities. For potential industrial partners. i. 
Reports: Technical reports about TEQ and its findings. ii. V isits: Invitations to visit project groups and labs, and to 
group meetings. iii: Outreach activities: Talks to people in charge of R&D for industries. Activities will be carried out both 

during and after the end of the project. For the general public. i. Popular Press: Significant research findings will be 
advertised on local/national newspapers, popular scientific magazines. ii. Specialized Social Networks: Relevant blogs (e.g. 

FQXi) will be addressed to introduce TEQ and its findings in a jargon-free language. iii. Local scientific events: 
Participation will be encouraged to local scientific events designed for the general public [cf. Step3 in Sec. 2.3a]. 

Internal communication will be planned to guarantee the efficient implementation of TEQ. This includes yearly 

meetings of the project’s governance entity (cf. Sec. 3.2). A newsletter with updates and relevant communications will 
be issued quarterly and distributed electronically to the project partners. 

Section 3: Implementation 
3.1 Work Plan and intermediate targets 
The Work Plan of TEQ is structured in the 6 WPs described in Table 3.1a and summarised (with the effort of each 

partner) in Table 3.1b. The overall duration of the 

project is 48 months. WP1-WP4 address the 
research themes relevant to the targeted goals. They 

will deliver the R&D results that are instrumental to 
our experimental endeavours. They also have 

enabling and transformational character, as they 
develop new tools that will be key to the next 

generation of experiments in the context addressed 

by TEQ. The project will be developed under the 
coordinated management put in place through 

WP5, which will be led by UniTs. 

WP1:%
Trapping%

WP3:%
Tes0ng%

WP4:%
Enabling%

WP2:%
Cooling%

Task%2.1%

Task%2.2%

Task%2.3%

Task%2.4%

%%

Task%1.1%

Task%1.2%

Task%1.3%

Task%1.4%

%%
Task%4.1,%Task%4.2,%Task%4.3,%Task%4.4,%Task%4.5%%

Task%3.1,%Task%3.2,%Task%3.3,%Task%3.4%

%%

TEQ 

UniTs%
AU%
INFN%
OEAW%
QUB%
TUD%
UCL%
UoS%
MSL%
%

 
Pert chart 1: relation among the components of TEQ. 

 

This proposal version was submitted by angelo BASSI on 16/01/2017 19:11:26 Brussels Local Time. Issued by the Participant Portal Submission Service.



List of Deliverables
Deliverables, Ethics, DMP, Other Reports for Project 766900

WP No
Del Rel. 

No
Title Lead Beneficiary Nature

Disseminatio

n Level

Est. Del. Date 

(annex I)
Receipt Date Approval Date Status

WP5 D5.1 Website UNITS Websites, patents filling, etc. Public 28 Feb 2018 15 Mar 2018 23 Aug 2018 Approved

WP6 D6.1 Press releases UNITS Websites, patents filling, etc. Public 31 Mar 2018 28 Mar 2018 23 Aug 2018 Approved

WP5 D5.2 Data Management Plan UNITS ORDP: Open Research Data Pilot Public 30 Jun 2018 28 Jun 2018 Submitted

WP1 D1.2 1-Colloidal NCs TU Delft Report Public 31 Dec 2018 19 Dec 2018 Submitted

WP2 D2.1 Low noise electronics INFN Report Public 31 Dec 2018 19 Dec 2018 Submitted

WP3 D3.1 Low noise environment SOUTHAMPTON Report Public 31 Dec 2018 19 Dec 2018 Submitted

WP4 D4.1 Calibration of decoherence QUB Report Public 31 Dec 2018 19 Dec 2018 Submitted

WP6 D6.2 Popular press articles UNITS Websites, patents filling, etc. Public 31 Dec 2018 19 Dec 2018 Submitted

WP6 D6.5 Dissemination and Exploitation Plan UNITS Report Confidential, only for members of the consortium (including the Commission Services)31 Dec 2018 19 Dec 2018 Submitted

WP5 D5.3 Project Review meeting documents M12 UNITS Report Confidential, only for members of the consortium (including the Commission Services)28 Feb 2019 08 Feb 2019 Submitted

WP4 D4.2 Bounds to CSL & SN models QUB Report Public 30 Jun 2019 Pending

WP6 D6.3 Videos UNITS Websites, patents filling, etc. Public 31 Aug 2019 Pending

WP1 D1.1 Rf trap for NCs AU Report Public 31 Dec 2019 Pending

WP1 D1.3 2-Colloidal NCs TU Delft Report Public 31 Dec 2019 Pending

WP4 D4.3 Size of superposition QUB Report Public 31 Dec 2019 Pending

WP6 D6.4 Workshop UNITS Websites, patents filling, etc. Public 31 Dec 2019 Pending

WP2 D2.2 Optimal cooling strategies SOUTHAMPTON Report Public 31 Mar 2020 Pending

WP3 D3.2 Systematic effects investigated SOUTHAMPTON Report Public 30 Apr 2020 Pending

WP5 D5.4 Project Review meeting documents M30 UNITS Report Confidential, only for members of the consortium (including the Commission Services)31 Aug 2020 Pending

WP1 D1.4 Loading and control device UCL Report Public 31 Dec 2020 Pending

WP1 D1.5 Quantification of heating QUB Report Public 31 Dec 2020 Pending

WP4 D4.4 Bounds to the ecCSL model UNITS Report Public 31 Dec 2020 Pending

WP2 D2.3 Internal state cooling UCL Report Public 28 Feb 2021 Pending

WP3 D3.3 Ultimate experiment SOUTHAMPTON Report Public 30 Apr 2021 Pending

WP2 D2.4 Quantify decoherence QUB Report Public 31 Aug 2021 Pending

WP4 D4.5 Time-dilation/gravity collapse OEAW Report Public 31 Aug 2021 Pending

WP3 D3.4 General bound QUB Report Public 31 Dec 2021 Pending

WP5 D5.5 Project Review meeting documents M48 UNITS Report Confidential, only for members of the consortium (including the Commission Services)31 Dec 2021 Pending

Deliverables, Ethics, DMP, Other Reports
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Task 6.2 Manage internal communication.  

Task 6.3 Coordinate and promote external communication to targeted audiences, as per Sec. 2.3 
 

Deliverables  

D6.1 Press releases on the aims and context of TEQ [Mth 3]. 
D6.2 Articles on popular press [Mth 12]. 

D6.3 Videos (video-abstracts of relevant publications, video-interviews, pedagogical videos) [Mth 20]. 

D6.4 Workshop “Redefining the foundations of physics in the quantum technology era” [Mth 24]. 
 

3.2 Management structure, 
milestones and procedures 

Organisational structure and 
decision-making mechanisms- A. 

Bassi (UniTs, male) will be the 
coordinator of TEQ. Besides being a 

recognised leader in the foundations of 
quantum mechanics, and open 

quantum systems, which makes him 
perfectly suited to lead the efforts at 

the core of TEQ, he has considerable 

experience in the management of 

large-scale projects, such as COST 
Actions MP1006 and the current 

CA15220, of which he was/is 

Chair. C. Curceanu (INFN, female) 
will be the deputy-coordinator. A 

full-time Administrative Officer, 
based at UniTs, will be appointed 

for the whole duration of the 
project. A Steering Committee 

(SC), chaired by the coordinator 
(Bassi), will be established as the 

governance entity for the project. 

The SC will be formed by Bassi 
(Chair), Curceanu (Vice-Chair), 

Ulbricht, Paternostro, Barker, 
Dantan, Manna, Brukner, and 

Hempler. It will be supported by 
the Administrative Officer 

appointed to assist with the 

management of the project and 
complemented by the Consortium 

Press Officer (CPO), chosen 
among the members of the 

Consortium, who will be in charge 

of the dissemination plan. The role of the SC includes: 1) The management of resources in order to meet schedules / goals; 2) The 

resolution of any conflicts arising within the Consortium; 3) The creation of a technological/ scientific roadmap and its updating; 4) The 

WP  
Nr. 

WP Title Leader  

Nr. 

Leader  

Name  
PMs Start  

Mth 
End 
Mth 

1 Trapping 2 AU 129 1 48 

2 Cooling 7 UCL 152 1 48 

3 Testing 8 UoS 125.6 1 48 

4 Enabling 5 QUB 103.2 1 48 

5 Management 1 UniTs 58 1 48+ 

6 Dissemination 1 UniTs 36 1 48+ 

    603.8   

 Table 3.1b: List of WPs and total PMs per WP. 

 DNr. Deliverable name WP  Leader  Type DL DM 

D1.1 Rf trap for NCs 1 AU R PU 24 

D1.2 Colloidal NCs 1 AU R PU 12 & 24 

D1.3 Loading and control device 1 AU R PU 36 

D1.4 Quantification of heating 1 AU R PU 36 

D2.1 Low noise electronics 2 UCL R PU 12 

D2.2 Optimal cooling strategies 2 UCL R PU 27 

D2.3 Internal state cooling 2 UCL R PU 38 

D2.4 Quantify decoherence 2 UCL R PU 44 

D3.1 Low noise environment 3 UoS R PU 12 

D3.2 Systematic effects investigated 3 UoS R PU 28 

D3.3 Ultimate experiment 3 UoS R PU 40 

D3.4 General bound 3 UoS R PU 48 

D4.1 Calibration of decoherence 4 QUB R PU 12 

D4.2 Bounds to CSL & SN models 4 QUB R PU 18 

D4.3 Size of superposition 4 QUB R PU 24 

D4.4 Bounds to the ecCSL model 4 QUB R PU 36 

D4.5 Time-dilation/gravity collapse 4 QUB R PU 44 

D5.1 Consortium agreement (CA) 5 UniTs R PU 0 

D5.2 Website 5 UniTs DEC PU 2 

D5.3 Data Management Plan 5 UniTs R PU 6 

D6.1 Press releases 6 UniTs DEC PU 3 

D6.2 Popular press articles 6 UniTs DEC PU 12 

D6.3 Videos 6 UniTs DEC PU 20 

D6.4 Workshop 6 UniTs DEC PU 24 

 

 

 

 

 

 
 WP1 WP2 WP3 WP4 WP5 WP6 Total  

1 – UniTs 3 3 9 20 40 18 93 

2 – AU 30 15 6 2 2 2 57 

3 – INFN 19 20 10 4 4 4 61 

4 – OEAW 8 12 16 33 2 2 73 

5 – QUB 16 16 16 27.2 2 2 79.2 

6 – TUD 38 9 3 3 2 2 57 

7 – UCL 5 40 5.6 2 2 2 56.6 

8 – UoS 10 15.4 53 4 2 2 86.4 

9 – MSL 0 25 25 0 2 2 54 

Total PMs 129 155.4 143.6 95.2 58 36 617.2 

 
Table 3.1c: List of Deliverables. DNr.= Deliverable number; DL = dissemination 
level; DM = delivery month 

 

Milestone number. Name [Related WP] Date  Means of verification 

M1. Preparation of NCs with minimum absorption 
& stable against aggregation [WP1] 

12 Combination of optical, electron microscopy, 
and surface analysis methods [TR]. 

M2. NC-Trapping in low-noise environment [WP1] 24 Measurement of temperature of NCs [TR]. 

M3. Cooling of internal and centre-of-mass (CoM) 
degrees of freedom of a charged NC [WP2] 

36 Changes in the line shape of the mechanical 
CoM and cooling transition [preprint]. 

M4. New tests for ecCSL and SN. [WP4] 36 Rigorous modelling of non-interferometric 
tests for ecCSL and SN [preprint]. 

M5. Experimental test of the quantum 

superposition principle [WP3] 

42 Observation of broadening of mechanical 

spectral line [preprint]. 

M6. Time dilation decoherence & gravity-induced 

collapse.  [WP4] 

48 Connection between time dilation decoherence 

and gravity-induced collapse [preprint]. 

Table 3.2a: List of milestones and means of verification. Dates are in months. TR=technical report 
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compliance with legal obligations as specified in the CA . The powers of the SC will include: 1) The suggestion of potential 
modifications to the project’s roadmap; 2) The internal approval of progress reports. The functioning of the Consortium will be 
detailed in the Consortium Agreement (CA), which will also specify rights and obligations of the partners. The 

Coordinator will also represent the respective node and has been chosen in light of the expertise available at UniTs. 

The pro-active approach to science by Bassi and the leadership that he has demonstrated in coordinating/managing 
large-scale consortia (including two COST Actions) will guarantee effective guidance to the Consortium. Regular 

meetings of the SC will take place twice per year (in person every 12 months, at the institution of one of the project 
members, and remotely [through conference-calls] every 6 months). Additional ad hoc meetings will be called for in case 

of urgent matters to address. When necessary, remote meetings will be held using teleconferencing facilities. The 
relevant documents produced as a result of the meetings (minutes and draft reports) will be made available to the 

project partners through the TEQ website. When distributing roles, gender balance policies will be duly implemented. 

A kick-off meeting will be held at UniTs at month 2 of TEQ. The process of decision-making will be based on 
collective consensus within the SC. Whenever it will not be possible to reach a decision through a consensus, a voting 

procedure will be used, with the prevailing vote of the Chair in the case of a stalemate. Management will be facilitated 
by a web-based information system. The TEQ’s website will host public sections whose aims will be to raise the general 

awareness of the project and disseminate results, but will also include a private one accessible only to the Consortium’s 
members for discussions, data collection and distribution of the progress reports and slides of the seminars and lectures 

delivered by the Consortium’s members. Administrative tasks, which will include handling the financial matters, 

maintaining the project website, collecting and processing data from the Consortium, will be overseen by the 
Coordinator, assisted by the Administrative Officer. The progress of the project will be overseen by the SC, which will 

liaise with international centres/initiatives 

addressing topics relevant to the Work 
Plan, identify funding opportunities to 

further TEQ, establish communication 
channels with industrial actors, and draw 

a roadmap for the grounding of 
mesoscopic quantum physics as a core 

theme in current/future programmes for 

quantum technologies.   
Risk assessment: The partners are 

experts in their field of research (cf. Sec. 
3.3) and have the qualities necessary to 

carry out TEQ. The world-class expertise 
of the TEQ’s experimentalists, and the strategies that have been planned, guarantee the successful implementation of 

the proposed tests. The carefully designed governance structure of the project, and the long-standing history of 
collaborations among the TEQ partners will contribute to minimise any risk. In Table 3.2b we identify the potential 

sources of risk and associated contingency plans. 
 

3.3 Relevance of expertise in the consortium. 
Partners’ contribution &  resources: TEQ brings together in synergy world experts in their respective fields. Specific 
contributions to the stated goals include: Quantum foundations/collapse models (UniTs); Trapping of highly charged 

NCs (AU); Realization of high precision ultra-low noise electronics (INFN); Quantum foundations (OEAW); 
Optomechanics & mesoscopic quantum effects (QUB); Material science: Synthesis/Engineering of colloidal NCs, 

chemical/structural transformations (TUD); Cooling of external/internal degrees of freedom of NCs (UCL); 
Experimental optomechanics (UoS); Generation of high-end laser technology for applications in quantum metrology 

Description of WPs risk [risk level] Proposed risk-mitigation measures 

WP1: No nebulisation of NCs in the 
trap via standard techniques [medium] 

Use of laser desorption and/or large (10-7-10-6m) solvothermally 
prepared particles stabilized with inorganic ligands. 

WP2&3: Strong environmental & 

technical noise within target range of 
mechanical frequency [low] 

Modify total charge on NCs and tune trap properties for 

trapping/cooling in noise-free region. Modify environment to 
reduce low frequency noise sources. 

WP3: Noises in the ultimate experiment 
cannot be supressed [medium] 

Systematic effects will be separated in frequency and studied. 
Detection noise can be averaged out in longer measurement runs.  

WP4: Difficulties in the management of 

the ecCSL [medium] 

Use of quantum unravelling techniques and application of methods 

for open-system quantum Monte-Carlo. 

WP5: Violation of CA by a partner [very 
low] 

Rescheduling of deliverables, interruption of payments, 

removal/substitution of partner. 

Table 3.2b: Critical risks for implementation and associated contingency plans.  

 

 WP1 WP2 WP3 WP4 WP5 WP6 Total  

1 – UniTs 8 8 11 30 40 18 115 

2 – AU 30 15 6 2 2 2 57 

3 – INFN 19 20 10 4 4 4 61 

4 – OEAW 8 12 16 33 2 2 73 

5 – QUB 16 16 16 27.2 2 2 79.2 

6 – TUD 38 9 3 3 2 2 57 

7 – UCL 5 40 5.6 2 2 2 56.6 

8 – UoS 5 10 36 2 2 2 57 

9 – MSL 0 22 22 0 2 2 48 

Total PMs 129 152 125.6 103.2 58 36 603.8 
Table 3.4a: Summary (in terms of PMs) of staff effort per WP. 
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compliance with legal obligations as specified in the CA . The powers of the SC will include: 1) The suggestion of potential 
modifications to the project’s roadmap; 2) The internal approval of progress reports. The functioning of the Consortium will be 
detailed in the Consortium Agreement (CA), which will also specify rights and obligations of the partners. The 

Coordinator will also represent the respective node and has been chosen in light of the expertise available at UniTs. 

The pro-active approach to science by Bassi and the leadership that he has demonstrated in coordinating/managing 
large-scale consortia (including two COST Actions) will guarantee effective guidance to the Consortium. Regular 

meetings of the SC will take place twice per year (in person every 12 months, at the institution of one of the project 
members, and remotely [through conference-calls] every 6 months). Additional ad hoc meetings will be called for in case 

of urgent matters to address. When necessary, remote meetings will be held using teleconferencing facilities. The 
relevant documents produced as a result of the meetings (minutes and draft reports) will be made available to the 

project partners through the TEQ website. When distributing roles, gender balance policies will be duly implemented. 

A kick-off meeting will be held at UniTs at month 2 of TEQ. The process of decision-making will be based on 
collective consensus within the SC. Whenever it will not be possible to reach a decision through a consensus, a voting 

procedure will be used, with the prevailing vote of the Chair in the case of a stalemate. Management will be facilitated 
by a web-based information system. The TEQ’s website will host public sections whose aims will be to raise the general 

awareness of the project and disseminate results, but will also include a private one accessible only to the Consortium’s 
members for discussions, data collection and distribution of the progress reports and slides of the seminars and lectures 

delivered by the Consortium’s members. Administrative tasks, which will include handling the financial matters, 

maintaining the project website, collecting and processing data from the Consortium, will be overseen by the 
Coordinator, assisted by the Administrative Officer. The progress of the project will be overseen by the SC, which will 

liaise with international centres/initiatives 

addressing topics relevant to the Work 
Plan, identify funding opportunities to 

further TEQ, establish communication 
channels with industrial actors, and draw 

a roadmap for the grounding of 
mesoscopic quantum physics as a core 

theme in current/future programmes for 

quantum technologies.   
Risk assessment: The partners are 

experts in their field of research (cf. Sec. 
3.3) and have the qualities necessary to 

carry out TEQ. The world-class expertise 
of the TEQ’s experimentalists, and the strategies that have been planned, guarantee the successful implementation of 

the proposed tests. The carefully designed governance structure of the project, and the long-standing history of 
collaborations among the TEQ partners will contribute to minimise any risk. In Table 3.2b we identify the potential 

sources of risk and associated contingency plans. 
 

3.3 Relevance of expertise in the consortium. 
Partners’ contribution &  resources: TEQ brings together in synergy world experts in their respective fields. Specific 
contributions to the stated goals include: Quantum foundations/collapse models (UniTs); Trapping of highly charged 

NCs (AU); Realization of high precision ultra-low noise electronics (INFN); Quantum foundations (OEAW); 
Optomechanics & mesoscopic quantum effects (QUB); Material science: Synthesis/Engineering of colloidal NCs, 

chemical/structural transformations (TUD); Cooling of external/internal degrees of freedom of NCs (UCL); 
Experimental optomechanics (UoS); Generation of high-end laser technology for applications in quantum metrology 

Description of WPs risk [risk level] Proposed risk-mitigation measures 

WP1: No nebulisation of NCs in the 
trap via standard techniques [medium] 

Use of laser desorption and/or large (10-7-10-6m) solvothermally 
prepared particles stabilized with inorganic ligands. 

WP2&3: Strong environmental & 

technical noise within target range of 
mechanical frequency [low] 

Modify total charge on NCs and tune trap properties for 

trapping/cooling in noise-free region. Modify environment to 
reduce low frequency noise sources. 

WP3: Noises in the ultimate experiment 
cannot be supressed [medium] 

Systematic effects will be separated in frequency and studied. 
Detection noise can be averaged out in longer measurement runs.  

WP4: Difficulties in the management of 

the ecCSL [medium] 

Use of quantum unravelling techniques and application of methods 

for open-system quantum Monte-Carlo. 

WP5: Violation of CA by a partner [very 
low] 

Rescheduling of deliverables, interruption of payments, 

removal/substitution of partner. 

Table 3.2b: Critical risks for implementation and associated contingency plans.  

 

 WP1 WP2 WP3 WP4 WP5 WP6 Total  

1 – UniTs 8 8 11 30 40 18 115 

2 – AU 30 15 6 2 2 2 57 

3 – INFN 19 20 10 4 4 4 61 

4 – OEAW 8 12 16 33 2 2 73 

5 – QUB 16 16 16 27.2 2 2 79.2 

6 – TUD 38 9 3 3 2 2 57 

7 – UCL 5 40 5.6 2 2 2 56.6 

8 – UoS 5 10 36 2 2 2 57 

9 – MSL 0 22 22 0 2 2 48 

Total PMs 129 152 125.6 103.2 58 36 603.8 
Table 3.4a: Summary (in terms of PMs) of staff effort per WP. 

This proposal version was submitted by angelo BASSI on 16/01/2017 19:11:26 Brussels Local Time. Issued by the Participant Portal Submission Service.

Personnel Other Direct Indirect Total % Requested

UniTs 417008 80000 124252,00 621260,00 100 621260,00 

AU 275000 137500 103125,00 515625,00 100 515625,00 

INFN 200000 107500 76875,00 384375,00 100 384375,00 

OEAW 265000 32900 74475,00 372375,00 100 372375,00 

QuB 309259 44500 88439,75 442198,75 100 442198,75 

TUD 251572 63500 78768,00 393840,00 100 393840,00 

UCL 222703 192494 103799,25 518996,25 100 518996,25 

UoS 239997 342396 145598,25 727991,25 100 727991,25 

M2 175000 140850 78962,50 394812,50 100 394812,50 

TOTAL 2355539 1141640 874294,75 4371473,75 4371473,75 
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WP1: TRAPPING
L. Manna – TUD
M. Drewsen - AU

Testing the large-scale

limit of

quantum mechanics



Objectives

O1.1 Construction of a low noise trap for NCs suitable for a 
cryogenic environment.
O1.2 Synthesis of NCs with tailored properties.
O1.3 Loading of multiply charged NCs into the trap.
O1.4 Quantification of heating sources and their effects on the 
trapped NCs.

Tasks

T1.1 Construction of a low-noise rf trap.
T1.2 Synthesis of colloidal NCs with specific properties.
T1.3 Methods for loading charged NCs into rf traps.
T1.4 Theoretical identification of heating mechanisms and their effects.

Deliverables

D1.1 Rf trap for NCs [M 24].
D1.2 1-Colloidal NCs [M 12].
D1.3 2-Colloidal NCs [M 24].
D1.4 Loading and control device [M 36].
D1.5 Quantification of heating [M 36].

Summary of WP1

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

8 30 19 8 16 38 5 5 0



M. Drewsen - AU

Testing the large-scale

limit of

quantum mechanics

Status of TEQ-trap and low-noise electronics



The TEQ-trap design parameters

The nano-crystal

rNC=50 nm
rNC=5 g/cm3

mNC=2.6x10-18kg
QNC=10 e

rNC

Requirements to trapping frequencies

wz=2p x (100-1000) Hz

wr > wz

The TEQ-trap

Z0=0.25 mm

2r0=0.6 mm

𝜔𝑧 =
2𝜅𝑈𝐸𝑛𝑑

𝑧0
2 ×

𝑄𝑁𝐶
𝑚𝑁𝐶

=>  UEnd= 0.3-30 V
for k=0.25

wr = 2wz
=>  URF= 15-1500 V, WRF= 15wz

URF(t)=URFsin(WRFt) 



The TEQ-trap
The blade design



The TEQ-trap
Details of the blades



The TEQ-trap
Details of the blades



Blades after gold coating Blades after anealing

The TEQ-trap
The blade design



The TEQ-trap
The blade after anealing



The TEQ-trap
The blade after anealing

6 mm

Gold layer

Alumina substrate

Thick gold layer
needed for low
ressistance and
good heat con-
duction



The TEQ-trap



The TEQ-trap

The blade support made in Macor®



The TEQ-trap

The blades mounted on support



The TEQ-trap
Blade alignment tools



The TEQ-trap
Blade alignment tools



The TEQ-trap
Blade alignment tools

All trap parts send to the UCL partner for first test at room temperature 



Bulk heating (high freq)

Current bounds on CSL parameter space

TEQ project

rNC

rNC

What noise level can be accept in the TEQ experiments?



What noise level can be accept in the TEQ experiments?

z

z

z

In terms of forces:

In terms of electrode voltages:



5 cm

Cooling laser

Photo-ionizing laser

Cooling laser

Cooling laser

Atomic beam

The Aarhus linear Paul trap setup

The trap



The DC voltage supplies



Cyrille
Vincent

The DC voltage supplies



The noise of the DACs voltages

The DC voltage supplies

1000x amplification
[5Hz-10kHz]



The noise of the DACs voltages

The DC voltage supplies



The noise of the DACs voltages

The DC voltage supplies

Target noise level



The noise of the DAC + 10x amplifier voltages

The DC voltage supplies

1000x amplification
[5Hz-10kHz]



The noise of the DAC + 10x amplifier voltages

Amplifier noise
=
9.9x DAC output !

Very noiseless
amplifier !!

The DC voltage supplies

Target noise level



The noise of the DAC + 10x amplifier voltages

The DC voltage supplies

1000x amplification
[5Hz-340kHz]



The noise of the DAC + 10x amplifier voltages

Amplifier noise
=
12.5x DAC output !

Still very noiseless
amplifier !!

The DC voltage supplies



Spectrum analyser noise power spectrum in the 5Hz to 10kHz range 

The noise of the DAC + 10x amplifier voltages

The DC voltage supplies

: without amplifier
: with the amplifier



In the [5Hz to 340kHz] range

The noise of the DAC + 10x amplifier voltages

The DC voltage supplies

: without amplifier
: with the amplifier

Spectrum analyser noise power spectrum in 5Hz to 340kHz range 



5 cm

Cooling laser

Photo-ionizing laser

Cooling laser

Cooling laser

Atomic beam

The trap

Noise measurements with the Aarhus linear Paul trap setup



5 cm

Cooling laser

Photo-ionizing laser

Cooling laser

Cooling laser

Atomic beam

The trap

Noise measurements with the Aarhus linear Paul trap setup



z

DC Supply

V
end

V
end

V
end

V
end

+

Noise measurements with the Aarhus linear Paul trap setup
The DC voltage setup



z

DC Supply

V
end

V
end

V
end

V
end

+

Noise measurements with the Aarhus linear Paul trap setup



ω
z
/2π ω

z
/2π

Noise measurements with the Aarhus linear Paul trap setup

Motional sideband spectroscopy of a single  40Ca+ ion



ω
z
/2π ω

z
/2π

Noise measurements with the Aarhus linear Paul trap setup

Laser cooling of a single  40Ca+ ion to the motional ground state



Noise measurements with the Aarhus linear Paul trap setup

Motional heating of a single  40Ca+ ion due to noise



Noise measurements with the Aarhus linear Paul trap setup

Motional heating of a single  40Ca+ ion due to electrical noise

• Old DAC
• New DAC
• Old DAC + amplifier
• New DAC + amplifier



Status of the TEQ-trap setup

• First complete trap for room-temperature experiments finalized

• Low-noise digitally controllable DC voltage supplies have constructed

• Test with trapped ions have been performed in the 100 kHz-range  

So far:

Next step:

• Final design for cryogenic-temperature experiments

• Improve low-noise DC voltage supplies further (probably using filters)

• Decide on RF/AC voltage supplies



WP1: TRAPPING
L. Manna – TUD
M. Drewsen - AU

Testing the large-scale

limit of

quantum mechanics



Objectives

O1.1 Construction of a low noise trap for NCs suitable for a 
cryogenic environment.
O1.2 Synthesis of NCs with tailored properties.
O1.3 Loading of multiply charged NCs into the trap.
O1.4 Quantification of heating sources and their effects on the 
trapped NCs.

Tasks

T1.1 Construction of a low-noise rf trap.
T1.2 Synthesis of colloidal NCs with specific properties.
T1.3 Methods for loading charged NCs into rf traps.
T1.4 Theoretical identification of heating mechanisms and their effects.

Deliverables

D1.1 Rf trap for NCs [M 24].
D1.2 1-Colloidal NCs [M 12].
D1.3 2-Colloidal NCs [M 24].
D1.4 Loading and control device [M 36].
D1.5 Quantification of heating [M 36].

Summary of WP1

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

8 30 19 8 16 38 5 5 0



The synthesis and characterization 
of photon upconverting Yb:YLiF4

Delft University of Technology

Department of Chemical Engineering

Opto-Electronic Materials Group



Material requirements

The optimal NC:

• Shape → regular, non-spherical

• Size → 50 nm - 1µm, monodisperse

• Absorption → very low at 1064 and 1550 nm

• Solvent → polar, suitable for electrospray

• Charge → defined for surface

• Optical refrigeration → photon upconversion



Proposed materials

• CdS

• CdSe

• CdTe

• CdSe@CdS

• ZnSe

• SiO2

• Yb:YLiF4

Size difficulties

Spherical

Size and shape fulfil requirements in 
theory



Synthesis
• Synthesis of trifluoroacetate (TFA) salts

• Cracking of the TFA salts

• Purifying and concentrating the particles



XRD Analysis

• XRD pattern fits perfectly

• Planes correspond with CaWO4 structure

DOI: 10.1039/C5RA20633B ISBN: 978-1-62618-097-0 (227)



TEM Imaging samples (Yb : Y)



Material requirements

The optimal NC:

• Shape → regular, non-spherical

• Size → 50 nm - 1µm, monodisperse

• Absorption → very low at 1064 and 1550 nm

• Solvent → polar, suitable for electrospray

• Charge → defined for surface

• Optical refrigeration → photon upconversion



Absorption Spectroscopy
• Requirement: very low absorption at 1064 nm and 1550 nm

• Absorption 1100 – 1500 nm related to solvents and organic surfactants:

→ Removing solvent
→ Changing ligands for shot, non-absorbing ligands
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Material requirements

The optimal NC:

• Shape → regular, non-spherical

• Size → 50 nm - 1µm, monodisperse

• Absorption → very low at 1064 and 1550 nm

• Solvent → polar, suitable for electrospray

• Charge → defined for surface

• Optical refrigeration → photon upconversion



Ligand exchange
• Requirement: defined surface charge

• Removing absorbing ligands (oleate)

• Ligand stripping with Et3OBF4 or NOBF4

DOI: 10.1021/ja108948z



Absorbance change
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• Phase transfer: hexane → methanol

• Very low absorbance at 1064 and 1550 nm

• Charge-stabilized in MeOH



Ligand exchange
• After a ligand exchange with Et3OBF4, the particles can be

better dispersed than the sample prepared in hexane

→



Material requirements

The optimal NC:

• Shape → regular, non-spherical

• Size → 50 nm - 1µm, monodisperse

• Absorption → very low at 1064 and 1550 nm

• Solvent → polar, suitable for electrospray

• Charge → defined for surface

• Optical refrigeration → photon upconversion



Optical refrigeration principle

• Phonon-assisted anti-Stokes photoluminescence

• High quantum yield required for cooling

DOI: 10.1117/12.2080343 

𝐸𝑖𝑛 𝐸𝑜𝑢𝑡



Absorbance of Yb3+ ion

• After subtracting the absorbance features related to solvents
and Rayleigh scattering, different absorption peaks of the
Yb3+ ion can clearly be distinguished from the background



Emission and excitation spectroscopy

• Excitation at 1010nm, emission peaks at 960nm and 995nm

• Photon upconversion of 64meV (960nm) and 19 meV (995nm)



Material requirements

The optimal NC:

• Shape → regular, non-spherical

• Size → 50 nm - 1µm, monodisperse

• Absorption → very low at 1064 and 1550 nm

• Solvent → polar, suitable for electrospray

• Charge → defined for surface

• Optical refrigeration → photon upconversion



Latest results on YLF NCs containing 20% Yb



Outlook

• Size, shape, solvent and absorption parameters meet the requirements

• Charging surface is possible

• More analysis needed for a defined charge

• Nanoparticles show upconversion, but phonon-emission is far larger, hence the
particles are heating up instead of cooling down

• Growing a shell of undoped YLiF4 on top of Yb:YLiF4 might improve PLQY

• Alternative materials will be tested, for example rare earth doped halide
perovskites



PLQY as high as 170% - Quantum Cutting

A possible alternative: Yb doped CsPbCl3 Nanocrystals

References

https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.8b05104
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.8b03966?src=recsys QY 150%
https://pubs.acs.org/doi/10.1021/acs.nanolett.8b01066 QY 170%
https://onlinelibrary.wiley.com/doi/full/10.1002/adma.201704149 QY 146%
https://pubs.acs.org/doi/full/10.1021/acs.jpclett.8b03406

https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.8b03966?src=recsys
https://pubs.acs.org/doi/10.1021/acs.nanolett.8b01066
https://onlinelibrary.wiley.com/doi/full/10.1002/adma.201704149
https://pubs.acs.org/doi/full/10.1021/acs.jpclett.8b03406


WP2: COOLING
P. Barker – UCL

Testing the large-scale

limit of

quantum mechanics



Objectives

O2.1 To develop low noise trap, detection and feedback 
electronics.
O2.2 To determine optimal detection and cooling strategies for 
trapped NCs.
O2.3 To cool internal states of trapped NCs.
O2.4 To understand and control sources of decoherence.

Tasks

T2.1 Design, construct and test low noise electronics.
T2.2 Implement optical, resistive and cavity cooling.
T2.3 Identify materials and perform internal cooling of NCs.
T2.4 Study and measure non-equilibrium dynamics for all systems.

Deliverables

D2.1 Low noise electronics [M 12].
D2.2 Optimal cooling strategies [M 27].
D2.3 Internal state cooling [M 38].
D2.4 Quantify decoherence [M 44].

Summary of WP2

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

8 15 20 12 16 9 40 10 22



Outline

Low noise electronics (2.1) 
Paul trap electronics (INFN) (T2.1)– see also WP1
Homodyne detection (UCL) 

Centre-of-mass cooling (2.2)
Opto-electrical feedback cooling (UCL)

Internal state cooling (2.3)
Loading, trapping and characterisation of Yb:YLF nanoparticles (UCL, TUD)

Understanding and controlling sources of decoherence (2.4)
First measurements of Paul trap stability and noise characterisation (UCL)



Low noise electronics for Paul trap (INFN)



Power Supply Requirements

Due to its ambitious finality, the Particle Trap Power Supply must 
respond to the following specifics:

• Max amplitude 50V

• Typical Bandwidth 10kHz

• Maximum output Noise 22nV/√Hz



Current Power Supply Apparatus

• Raspberry π
microcontroller

• AD5791 DAC

• Custom HV amplifier

• RF DC Mixer



Amplifier Schematic



Power Supply Requirements

Current design has been thoroughly reviewed to check if specifics were 
respected.

DC GAIN = 10 OK

Bandwidth = 300kHz OK

NOISE…

Among all specifics, noise is indeed the most critical. 



Amplifier NOISE measurement

Block diagram of a noise amplifier

Gain x √BW must be in the order of 105÷106



Amplifier NOISE measurement



Amplifier NOISE measurement

Gain 106

BW 10Hz

Special features like 
Utra Low Noise, 
OFFSET and DRIFT 
compensation…



Amplifier NOISE measurement

178nv/√HZ



Amplifier NOISE analysis

NOISE analysis include:

• Identify the main noise sources

• Calculate Noise GAIN for each source

• Output Noise Estimation for each source

• Quadratic Sum of all Noise contibution



Amplifier NOISE analysis

22nV 

7nV 8nV 

3,5nV 

G = 1

G = 10 G = 11

G ≈ 0

MORE THAN 
100nV/√Hz!



Power Supply Adjustements

Current design can be salvaged with a few expedients:
• Reduce resistor values, maintaining DC Gain

• Increase capacitor values, maintaining time constants

• Replace OPA277 with a low noise amplifier 

• AND…  Keep track of all relations to guarantee stability!



Power Supply Adjustements



Power Supply Adjustements

Possible solution is to replace:

• R1=2K5    R7=250R    C1=27pF    C25=2,2nF

• OPA277 replaced with OPA211 (same package, 1nV of noise)

Result is…

20nV/√Hz of noise!

This is the first deliverable



NOISE Measurement Ongoing!



Amplifier NOISE measurement

20nv/√HZ



Drawbacks
Advantages always comes with disadvantages:

• Smaller resistors correspond to higher currents

• With a 5V input, driving current becomes 20mA!

• Feedback current is 20mA as well

20mA



Drawbacks
Advantages always comes with disadvantages:

• A 20mA current is too much for a driving stage

• The heat generated by a single resistor can be too high

(i.e.: the heat genereted by R1 is 1W!)



Solutions

R1 can be replaced with 4 
resistors in parallel of 10k each.

The heat generation is equally 
split.

0.1% tolerance, 10ppm thermal 
drift, 250mW resistors can be 
easily found.

Axial resistor recommended



Solutions
For the driving stage it is necessary to add a block

that provides all the current required
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Amplifier NOISE measurement



Solutions
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This block replaces R7.

Low noise stage (≈2nV).

Can give up to 80mA of current.

This buffer can also accept four 
independent inputs.

The combination of four 
uncorrelated identical sources can 
reduce noise of a factor 2 
compared to the single source.



Q         N

Electronics developed for a 

general homodyne applications.

• Simple pre-Amp configuration

• High dynamic range, necessary to explore all quadratures

• More than 50dB of extinction ratio for intensity noise

Dark noise dominated by Jonhson

noise of the shut resistance.

For low powers (big Rshunt) dark 

noise can be significantly worst 

than in typical commercial 

photodiodes

For high powers (small Rshunt) the 

differences reduces.

There’s a lot of room to improve 

and this is something that could be 

improved by TEQ



Q         N

Phase quadrature of cavity transmitted beam

• Cavity half linewidth ≈ 9  kHz

• Output power ≈ 2  μW

Quadrature PSD

Dark noise
In our typical configuration dark 

noise becomes relevant only at 

high frequency and only due to 

cavity cut-off



Optical Electrical - Feedback cooling



Increase trap stiffness and slow particle  



Parametric Feedback Cooling

Parametric cooling

Reduce stiffness so that particle does not gain
lost kinetic energy



Low-pass
filter

VCO (f)

Multiplier (f+f)Multiplier

Laser

Input Signal (f)

Paul trap

Control signal (f+f)

Optical-electric feedback cooling 



V0 = 100V − 450V
U0 = 1V − 30V
ωd = 2kHz − 8kHz

Linear Paul trap
Demonstration on simple trap



DC

Paul Trap

V0 = 100V − 450V
U0 = 1V − 30V
ωd = 2kHz − 8kHz

Linear Paul trap



AC

Paul Trap

V0 = 100V − 450V
U0 = 1V − 30V
ωd = 2kHz − 8kHz

Linear Paul trap



Ground

HV

AC

Paul Trap

V0 = 100V − 450V
U0 = 1V − 30V
ωd = 2kHz − 8kHz

Linear Paul trap



Electrospray loading
Trap loading with Electrospray



Homodyne detection of motion



ZI

𝝎𝒛

𝝎𝒚
𝝎𝒙

Secular motion

Recorded Spectra



𝝎𝒛

𝑇𝑐𝑚 = 𝑇0
Γ0

Γ0 + 𝛿Γ

𝑆𝑥 𝑥

=
Γ0𝑘𝐵𝑇/(𝜋𝑚)

([Ω0
2
+ 𝛿Ω2]2)2 + Ω2[Γ0 + 𝛿Γ]2

Γ0

Ω0

𝛿Γ

𝛿Ω

Environmental Damping

Additional Feedback Damping

Natural Frequency

Frequency Shift from Feedback

Parametric cooling

Cooled spectra



𝝎𝒙 𝝎𝒚

Temperatures down to mK suitable to begin experiments
Requirements of 10-13 mbar to reduce effects of particle heating
Better detection – via cavity required for lower temperatures (discussion WP3)
Careful reduction of stray fields

Cooled spectra













Internal cooling



Where to next
New laser system from M2 allows us to tune from 975 -1075 nm



Spectra recorded of new Yb:YLF nanocrystals
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Can compare with previous results –
Appear to have low temperatures 200 K



Single beam homodyne detection  



Trap frequency (kHz)

𝑽
𝟐

/H
z

Z axis Y axis
X axis

Trap frequencies at 5 mBar

• Power spectral density           

𝑆𝑥(𝜔) =
2𝑘

𝐵
𝑇

𝑀

𝛾

𝜔2−𝜔
0
2 2+𝛾2𝜔2

• Temperature and damping 

are related as   - 𝑇 ∝ 𝛾2

• Assume

𝑇 = 𝑇𝑐𝑎𝑙
𝛾2

𝛾𝑐𝑎𝑙
2



Collisions -> Internal T leads 
to centre of mass 
temperature. 

Assuming initial temperature 
of 1020 nm at 50 mW was 

TCM=300 K .

Highest temperature was 
TCM=(440±10) K. 

Linewidth with power (5mbar)



Scattered intensity  ̴ particle 
volume

1020 nm light intensity 
reduces at higher power -
reducing in size.

Also agrees with increase 
in linewidth observed 
above 90 mW.

Intensity vs Power at 5mbar

Camera become saturated 
after 130mW at 1060nm.



A dramatic increase in the 
linewidth for 150 mW at 
1015 nm.

Assuming temperature for 
50 mW was TCM=300 K 
then highest temperature 
TCM=(420±10) K. 

Linewidth with wavelength (5mbar)

z axis of the trap



Scattered light as function of wavelength at 5 mbar

Scattered intensity at 1020 
nm
- shows reduced in size.



Trap frequency vs wavelength at 7mbar

The rising in the trap frequency due to 
a 1/λ² dependence of laser spot size.

Between 970 nm and 980 nm -
consistent modulation where we 
changes in optical forces

Vannini, Matteo et al, 2007. Optics Express 15 (13): 7994. 
doi:10.1364/oe.15.007994.



Future work for internal state cooling

- calibration of motional spectrum as does not require assumption of temperature
- place nanoparticle in Paul trap and measure temperature at lower
- model spectra from strongly pumped NC’s
- explore cooling with lower doping Yb already supplied by Delft



Characterising the linear Paul trap stability

Using a camera for low noise trap characterisation  



Detection by photodiode has significant 
noise in PSD

PSD taking from a movie plus 
Gaussian centroiding yields very low noise

Characterising the linear Paul trap stability



Frequency changes measured for > 6 days 

Stable when vacuum 
gauge turned off

Single charge events can 
be observed

Characterising the linear Paul trap stability



Frequency stability limited by 3 
degree C room temperature 
fluctuation
- 200 nm displacement of 

electrodes in holders
- thermal fluctuations in drive 

electronics

Characterising the linear Paul trap stability



Fluctuation in trap 
position with time 
due to build up of 
charges

Effective potential 
change due to 
charge decay after 
loading

Characterising the linear Paul trap stability



Effects of charging on dielectric end plates

Measurement of gas damping

Characterising the linear Paul trap stability



Issues that need to be addressed/explored
- all dielectrics further away from nanoparticles 

-> large fixed by new trap from AU
- lower noise electronics from INFN required

-> has to be implemented
- all conventional vacuum gauges off during measurement

-> this is straightforward
- control of temperature dependence of electronics

-> this needs evaluation
- need to keep charged nanoparticles off electrodes

-> more precise loading and differential pumping
- mass and size calibration required
- larger the charge the more sensitive to stray fields/fluctuations

Characterising the linear Paul trap stability



Objectives

O2.1 To develop low noise trap, detection and feedback 
electronics.
O2.2 To determine optimal detection and cooling strategies for 
trapped NCs.
O2.3 To cool internal states of trapped NCs.
O2.4 To understand and control sources of decoherence.

Tasks

T2.1 Design, construct and test low noise electronics.
T2.2 Implement optical, resistive and cavity cooling.
T2.3 Identify materials and perform internal cooling of NCs.
T2.4 Study and measure non-equilibrium dynamics for all systems.

Deliverables

D2.1 Low noise electronics [M 12].  Achieved
D2.2 Optimal cooling strategies [M 27].
D2.3 Internal state cooling [M 38].
D2.4 Quantify decoherence [M 44].

Summary of WP2

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

8 15 20 12 16 9 40 10 22



WP3: TESTING
H. Ulbricht – UoS

Testing the large-scale

limit of

quantum mechanics

3. Testing

 Monitor 

trapped 

motion

 Compare 

theory and 

experiment



Objectives

O3.1 To develop low noise environment for the low noise trap with 
optical cooling in dilution fridge.
O3.2 To perform tests of CSL noise effects on motion of trapped 
NC.
O3.3 To adapt theory to experimental parameters to optimize the 
test of quantum superposition.

Tasks

T3.1 Set up dilution cryostat and laser for the ultimate experiment.
T3.2 Investigation of systematic effects.
T3.3 Perform the ultimate experiment.
T3.4 Adapt theory and predict experimental outcomes.

Deliverables

D3.1 Low noise environment [M 12].
D3.2 Systematic effects investigated [M 28].
D3.3 Ultimate experiment [M 40].
D3.4 General bound [M 48].

Summary of WP3

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

11 6 10 16 16 3 5.6 36 22



People involved
Experiments on WP3: 
• UoS: Andrea Vinante, Muddassar Rashid, Christopher Timberlake

Ashley Setter, Hendrik Ulbricht
• UCL: Antonio Pontin, Marko Toros, Peter Barker
• AU: Michael Drewsen
• INFN: Max Bazzi, Catalina Curceanu



Outline: WP3 report

① CSL exclusion plot 
i. Force noise measurement approach
ii. Force measurements in levitated optomechanics

② Comparison of CSL noise to thermal noises
i. Evaluation of required parameters for TEQ experiment 
ii. Considerations on detection
iii. Summary of parameters

③ Implementation of low-noise environment at UoS
i. Low pressure
ii. Low temperature
iii. Detection at ultralow power
iv. Low vibrations



CSL parameter space: the region TEQ will explore 

• Non-interferometric test
• How to convert CSL 

parameter into experimental 
ones?

-> Measure force noise

Adler

GRW
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Force (noise) in harmonic oscillator:

Thermal bath affect minimum force measured: 

• Earlier CSL tests are based on force noise measurement
• New in TEQ is levitation, should give higher Q and

lower frequency, few degrees of freedom

M
k=Mw0

2
FCSL

t=Q/w0
Ftherm

M. Bahrami et al, PRL 112 210404 (2014)
S. Nimmrichter et al, PRL 113 020045 (2014)
L. Diosi, PRL 114, 050403 (2015)
D. Goldwater et al. Phys. Rev. A 94, 010104  (2015)
A. Vinante et al, PRL 116, 090402 (2016)



Force (noise) measurements in levitated 
opto-mechanics: to get the feel for it ….

Measured torque: 1.9 ×10-23 Nm @ 10-1 mbar. 
Estimated torque sensitivity: 3.6 × 10-31 Nm/(Hz)1/2 @ 10-7 mbar.

Rashid, M., M. Toroš, A. Setter, H. Ulbricht
Precession Motion in Levitated Optomechanics,
Phys. Rev. Lett. 121, 253601 (2018).

Timberlake, C., M. Toroš, D. 
Hempston, G. Winstone, M. 
Rashid, and H. Ulbricht,
Static force characterization with 
Fano anti-resonance in levitated 
optomechanics,
Appl. Phys. Lett. 114, 023104 
(2019)

Optical parametric feedback cooling to 1 mK for x,y,z-
motion

Static force measurement at 10-15 N level. 

Setter, A., M. Toroš, J. F. Ralph, H. Ulbricht, 
Real-Time Kalman Filter: Cooling of an Optically Levitated Nanoparticle, 
Phys. Rev. A 97, 033822 (2018)

https://arxiv.org/pdf/1805.08042.pdf
https://arxiv.org/pdf/1805.08042.pdf
https://aip.scitation.org/author/Timberlake,+Chris
https://aip.scitation.org/author/Toro%C5%A1,+Marko
https://aip.scitation.org/author/Hempston,+David
https://aip.scitation.org/author/Winstone,+George
https://aip.scitation.org/author/Rashid,+Muddassar


Reduce all noises to be smaller than CSL noise:

To maximize SNR:
• R > rC (> 10-7 m)
• low T   (< 1 K)
• low P   (< 10-10 mbar)

CSL force noise on a nanosphere:

R – radius of sphere
rc and λ – CSL parameter
ϱ - mass density of sphere
m0 - mass of sphere 
m – mass of background gas
Tgas – temperature of background gas
Pgas – pressure of background gas

Thermal noise from gas collisions:

Thermal noise from blackbody photon recoil [negligible]:



Dependence on size for fixed gas T, P

SiO2 nanosphere
P=10-10 mbar
T=1 K
Helium gas

Radius (nm)
CSL PARAMETER SPACE

HOWEVER: small size                              lower vibrational noise  &  easier Paul trap operation

GOOD
TRADE-OFF
to probe
rC= 10-7 m



Challenge: internal heating for optical detection
Internal temperature: determines gas collision effective temperature

Low pressure
High power

Cooling dominated by
blackbody emission

NEED TO WORK IN THIS
REGIME!

High pressure
Low power

Cooling dominated by
Gas collisions

Possible alternative: Electrical Detection (through Paul trap electrodes) + SQUID

• Optical trapping is not an option
• Noise in Paul trap + electronics 

needs to be very low (WP1)



Thermal noise: requirements on gas pressure

CSL noise @ l=10-10 Hz

CSL noise @ l=10-16 Hz

Expected electronics noise

THERMAL NOISE AT
DIFFERENT 
ABSORBED POWER

10-10 W

10-14 W

10-18 W

10-22 W

For optical detection Power > 10-14 W
 P < 10-12 mbar



Detection at ultralow absorbed power
1) Low-finesse (~1000) OPTICAL CAVITY NOISE BUDGET @ P=10-13 mbar, 10-6 W cavity input power

SHOT NOISE

Laser Frequency noise
(commercial)

GOOD EFFECTIVE BANDWIDTH  Hz
(Photon recoil dominated) 

Issues:
• Locking at low power
• Requires very accurate alignment
• Requires feedback to stabilise particle 

position

SIMILAR FOR OPTICAL TWEEZER APPROACH
(limited by NEP of detector …)

total noise
back action noise
Thermal noise
Photon recoil noise



Detection at ultralow absorbed power
2) Electrical readout + SQUID

PAUL TRAP ELECTRODES

Issues:
• Needs a huge superconducting transformer
• Paul trap bias drive could saturate SQUID
Advantages:
• No alignment issues
• No power dissipated in particle
• Lower thermal noise achievable

VERY NARROW BANDWIDTH  mHz
(low coupling, thermal noise dominated)

LOWER FORCE NOISE BUT
NEEDS VERY HIGH FREQUENCY STABILITY!

SQUID imprecision

total noise
electrical noise
thermal gas coll. noise
SQUID backaction noise



Summary of requirements to test CSL:

Parameter Target Comments

Particle size 200 nm To probe CSL @ rc=10-7 m

Frequency 100 Hz – 1 kHz Stable trap and low force noise

Particle material SiO2/Yb:YLiF Low absorption, many charges, consider effects of non-spherical shapes

Temperature < 1 K Reduce thermal noise & gas pressure

Pressure < 10-10 mbar Reduce thermal noise. Desirable <10-12 mbar

Detection power < 10-14 W Minimize backaction noise and heating

Optical access yes Both wedged windows and fibres for maximum flexibility

Vibrational attenuation > 60 dB Will ensure seismic/acoustic noise negligible 



TEQ low-noise environment: now at UoS!!
• Low Temperature:  Wet sorption He-3 refrigerator with 

base temperature 300 mK [for 100 hours, 6 litres of He-3]
• Low Pressure: UHV-compatible cryostat, [CF flanges, beak-

out @ 120 oC, turbo and cryo pump]
• Optical access [wedged windows + 3 fibres, FC-APC, PM, 

single mode] 
• Low vibration mode [no mechanical pumps,

no pulsed tube, only He-4 bubbling]
• Low frequency mechanical isolation integrated in cryostat 

frame (Newport, S-2000A-116, > 30 Hz -> 60 dB 
attenuation)

• Pre-installed wiring, 20 coaxial + 25 twisted pairs, with 
superconducting cryogenic section [to avoid resistive 
heating] for Paul trap voltages.

• Stable laser for detection installed at UoS [SolTis, 
Msquared].

• Vibration survey at UoS performed [low external 
vibrations]

• mcryo = 400 kg
• mgranite =  600 kg



The He-3 refrigerator: design details



Some photographs: cryo now in lab in UoS !!



∂

∂

Next: Testing the cryo and attaching the Paul trap



Next studies:

• Measure noise in the cryo -> D.3.2: Investigation of systematic effects. (M28)
• Different strategies for detection of particle position (together with WP1 and WP2)
• Different strategies for detection of heating (together with all other WP1,2,4)
• Implementation of Paul trap into cryo.
• Particle loading at low T, particle’s charge control at low T



Objectives

O3.1 To develop low noise environment for the low noise trap with 
optical cooling in dilution fridge.
O3.2 To perform tests of CSL noise effects on motion of trapped 
NC.
O3.3 To adapt theory to experimental parameters to optimize the 
test of quantum superposition.

Tasks

T3.1 Set up dilution cryostat and laser for the ultimate experiment.
T3.2 Investigation of systematic effects.
T3.3 Perform the ultimate experiment.
T3.4 Adapt theory and predict experimental outcomes.

Deliverables

D3.1 Low noise environment [M 12].
D3.2 Systematic effects investigated [M 28].
D3.3 Ultimate experiment [M 40].
D3.4 General bound [M 48].

Summary of WP3

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

11 6 10 16 16 3 5.6 36 22



Testing the large-scale
limit of

quantum mechanics

WP4: ENABLING
M. Paternostro - QUB



4. Enabling 5. Ruling out

§ Set the theory for 
testing collapse 
models

§ Estimate 
decoherence

§ Visionary 
perspectives 
on the study 
of the 
foundations 
of quantum 
mechanics 

Testing the large-scale
limit of

quantum mechanics

What WP4 is about

4. Enabling 5. Ruling out

§ Set the theory for 
testing collapse 
models

§ Estimate 
decoherence

§ Visionary 
perspectives 
on the study 
of the 
foundations 
of quantum 
mechanics 



Testing the large-scale
limit of

quantum mechanics

Summary of WP4
Person-Months
UniTS AU INFN OEAW QUB TUD UCL Soton M2

30 2 4 33 27.2 3 2 2 0

Objectives
O4.1 To set up a theoretical framework for the test  
of quantum  mechanics at the mesoscopic level. 
O4.2 To design experimental tests able to refine  
the framework of collapse models. 
O4.3 To investigate macro-realism at the mesoscopic  
level through the experiments at the core of TEQ.

Tasks
T4.1 To assess decoherence on the experimental set up 
at the core of WP3. 
T4.2 To determine experiment-specific bounds to CSL 
and SN mechanisms. 
T4.3 To develop schemes to quantify the macroscopicity 
of quantum superposition states. 
T4.4 To design settings for the test of energy-conserving 
CSL and SN model. 
T4.5 To compare time-dilation decoherence and gravity-
induced collapse.

Deliverables
D4.1 Calibration of decoherence [M12] 
D4.2 Bounds to CSL & SN models [M18] 
D4.3 Size of the superposition [M24] 
D4.4 Bounds to the ecCSL model [M36] 
D4.5 Time-dilation/gravity collapse [M44]



Testing the large-scale
limit of

quantum mechanics

Summary of WP4
Person-Months
UniTS AU INFN OEAW QUB TUD UCL Soton M2

30 2 4 33 27.2 3 2 2 0

Objectives
O4.1 To set up a theoretical framework for the test  
of quantum  mechanics at the mesoscopic level. 
O4.2 To design experimental tests able to refine  
the framework of collapse models. 
O4.3 To investigate macro-realism at the mesoscopic  
level through the experiments at the core of TEQ.

Deliverables
D4.1 Calibration of decoherence [M12] 
D4.2 Bounds to CSL & SN models [M18] 
D4.3 Size of the superposition [M24] 
D4.4 Bounds to the ecCSL model [M36] 
D4.5 Time-dilation/gravity collapse [M44]

Tasks
T4.1 To assess decoherence on the experimental set up 
at the core of WP3. 
T4.2 To determine experiment-specific bounds to CSL 
and SN mechanisms. 
T4.3 To develop schemes to quantify the macroscopicity 
of quantum superposition states. 
T4.4 To design settings for the test of energy-conserving 
CSL and SN model. 
T4.5 To compare time-dilation decoherence and gravity-
induced collapse.



Testing the large-scale
limit of

quantum mechanics
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Noise related to the trapping mechanisms
• Surface losses in the electrodes of the Paul trap 

• Voltage noise in the driving ac and dc biases Potentially limiting factor due to the fact that the 
trap potentials have to be kept active all the time 
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value. Then, for a trapped charge of q = 30 e, and an
e↵ective electrode distance of 500 µm, one estimates a
force noise Sf ' Svq/d = 9.6⇥ 10�23 N/

p
Hz.

As shown in Fig. 3, this noise would be comparable
with the e↵ect predicted by the CSL model for the stan-
dard length parameter rC = 10�7 m and the collapse
rate � = 10�10 Hz. Therefore, a heavy suppression of
electronic noise would be needed in order to probe CSL
collapse rate much lower than the latter value. In addi-
tion, we note that this noise contribution would increase
for larger charge.

D. Environment

The environment of the particle leads to noise and de-
coherence through many di↵erent channels. A minimal
list of sources includes scattering with gas particles and
scattering/absorption/emission of blackbody radiation.
In addition, any trapping mechanism typically involves
some kind of decoherence. For a Paul trap, besides volt-
age and amplitude noise in the driving electrodes, there
will be interaction with the electrode surface, as well as
electrical losses if an electrical detection circuit is coupled
to the trap. Finally, ambient vibrational noise (seismic
or acoustic noise) has to be eventually considered.

Collision with gas particles and emission of blackbody
radiation are also the main mechanisms for the thermal-
ization of the particle. So the residual gas pressure Pg

and temperature Tg, together with the steady state power
Wabs absorbed by the particle will determine its equilib-
rium bulk temperature T .

1. Thermal equilibrium

The heat flow from a hot nanoparticle to a cold sur-
rounding gas in the molecular regime can be calculated
using the formula [6]:

Q̇gas = �↵⇡R2Pgvt
2Tg

� + 1

� � 1
(T � Tg) (2)

where ↵ is a thermal accomodation factor, vt =
p

8kBTg/ (⇡m) is the gas thermal velocity, withmmolec-
ular mass, and � is the specific heat ratio. Here all pa-
rameters can be easily determined, except of the accomo-
dation factor 0 < ↵ < 1. Typical values of order 0.4 are
reported in literature for specific experimental situations
[6].

The heat flow by blackbody radiation is described by
the expression [7]:

Q̇bb = �72�(5)

⇡2

V k5B
c3~4 Im

✏bb � 1

✏bb + 2

�

T 5 � T 5
g

�

(3)

The dependence on T 5 is typical of a subwavelength
nanoparticle. Here, the flow is controlled by the absorp-
tion coe�cient ✏abs = Im [(✏bb � 1) / (✏bb + 2)]. For typ-

ical situations, as for instance silica at 100 K, this term
can be taken of the order of 0.1.
By setting Q̇bb + Q̇gas + Wabs = 0 one can estimate

the equilibrium internal temperature T of the particle
as function of the environment conditions and the input
power. Fig. 1 and Fig. 2 illustrate the dependence of
the equilibrium temperature of the nanosphere on the gas
pressure and input power for some representative sets of
parameters.

FIG. 1: Internal temperature of the nanosphere as a func-
tion of the gas pressure. Curves refer from top to bottom to
an absorbed power of 10�22,10�20,10�18,10�16,10�14 W. The
particle is a silica nanosphere with R = 200 nm, the residual
gas is helium at Tg = 0.3 mK, the thermal accomodation fac-
tor has been set to � = 0.4 and the blackbody emissivity to
�abs = 0.1.

FIG. 2: Internal temperature of the nanosphere as a function
of the steady-state absorbed power. Curves refer from right
to left to a gas pressure of 10�6,10�8,10�10,10�12 mbar. The
other parameters are the same as in Fig. 1.

2. Thermal force noise

To estimate the thermal force noise due to the gas in
a hot-particle scenario we follow the model of ref. [8],
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or acoustic noise) has to be eventually considered.

Collision with gas particles and emission of blackbody
radiation are also the main mechanisms for the thermal-
ization of the particle. So the residual gas pressure Pg

and temperature Tg, together with the steady state power
Wabs absorbed by the particle will determine its equilib-
rium bulk temperature T .

1. Thermal equilibrium

The heat flow from a hot nanoparticle to a cold sur-
rounding gas in the molecular regime can be calculated
using the formula [6]:

Q̇gas = �↵⇡R2Pgvt
2Tg

� + 1

� � 1
(T � Tg) (2)

where ↵ is a thermal accomodation factor, vt =
p

8kBTg/ (⇡m) is the gas thermal velocity, withmmolec-
ular mass, and � is the specific heat ratio. Here all pa-
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The dependence on T 5 is typical of a subwavelength
nanoparticle. Here, the flow is controlled by the absorp-
tion coe�cient ✏abs = Im [(✏bb � 1) / (✏bb + 2)]. For typ-

ical situations, as for instance silica at 100 K, this term
can be taken of the order of 0.1.
By setting Q̇bb + Q̇gas + Wabs = 0 one can estimate

the equilibrium internal temperature T of the particle
as function of the environment conditions and the input
power. Fig. 1 and Fig. 2 illustrate the dependence of
the equilibrium temperature of the nanosphere on the gas
pressure and input power for some representative sets of
parameters.

FIG. 1: Internal temperature of the nanosphere as a func-
tion of the gas pressure. Curves refer from top to bottom to
an absorbed power of 10�22,10�20,10�18,10�16,10�14 W. The
particle is a silica nanosphere with R = 200 nm, the residual
gas is helium at Tg = 0.3 mK, the thermal accomodation fac-
tor has been set to � = 0.4 and the blackbody emissivity to
�abs = 0.1.

FIG. 2: Internal temperature of the nanosphere as a function
of the steady-state absorbed power. Curves refer from right
to left to a gas pressure of 10�6,10�8,10�10,10�12 mbar. The
other parameters are the same as in Fig. 1.

2. Thermal force noise

To estimate the thermal force noise due to the gas in
a hot-particle scenario we follow the model of ref. [8],
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i.e. we separately consider the contributions due to the
impinging and emerging gas particles. The model as-
sumes two di↵erent baths with temperature Ti = Tg for
the impinging molecules and Te = Ti+ a (T � Ti) for the
emerging molecules where a is another phenomenological
accomodation factor 0 < a < 1. The underlying idea is
that the scattering of a gas molecule o↵ the nanoparticle
is not elastic. Instead the particle is assumed to partially
thermalize with the nanoparticle before being reemitted.
This model of scattering is abundantly supported by ex-
perimental literature.

The two baths lead to di↵erent mechanical damping
rates:

�i =
4⇡

3

mR2vtPg

kBTiM
(4)

�e =
⇡

8

r

Te

Ti
�i (5)

The force noise can then be calculated as

Sff,g = 4kBM (�iTi + �eTe) . (6)

There will also be, even in absence of detection, a force
noise due to recoil from emission of blackbody radiation.
Following calculations similar to the one leading to Eq.
(2), one arrives at the formula:

Sff,bb =
160

⇡

R3k6B
c5~4 Im

✏bb � 1

✏bb + 2
T 6. (7)

It is easy to check that this contribution is exceedingly
small compared to the one of the gas for any realistic set
of parameters, except under the condition of extremely
low pressure below 10�15 mbar and relatively high power.
The reason is that photons can remove e�ciently energy
but at the same they carry very little momentum. A
even smaller contribution arises from the scattering and
absorption of blackbody radiation coming from the cold
environment at temperature Tg.

Fig. 3 shows the thermal force noise as a function of
gas pressure for di↵erent values of the absorbed power.
Clearly, going to su�ciently low pressure will eventually
suppress thermal noise below any detectable level. For
instance, for the the lower value of the pressure reported
in literature 10�17 mbar [9] and absorbed power 10�18

W, the thermal noise would compare to the extremely
tiny e↵ect predicted by the CSL force noise according
to the initial Ghirardi-Rimini-Weber proposal. Unfortu-
nately, other e↵ects become dominant in this regime, in
particular electrical noise in the Paul trap and backaction
noise from the detection.

III. DETECTION SCHEMES

Here we come to the key issue we wish to study in
this paper, namely how to choose and to optimize the
detection of the particle. We will consider three detection

FIG. 3: Thermal force noise as a function of the residual
gas pressure. It includes the e�ects of both gas collisions and
blackbody radiation. Solid curves refer from top to bottom to
an absorbed power of 10�10,10�14,10�18,10�22 W. Blackbody
radiation is always negligible except for the flattening of the
10�10 W curve at low pressure. The other parameters are the
same as in Fig. 1. As a reference we also plot the estimated
contribution from the Paul trap bias noise (dashed horizontal
line), see text for details, and the CSL force noise for rc =
10�7 m, � = 10�10 Hz (dotted horizontal line) and GRW
values rc = 10�7 m, � = 2.2�10�17 Hz (dot-dashed horizontal
line).

options. Optical cavity, optical tweezer and electrical
with SQUID readout. In addition, we will consider two
di↵erent measurement strategies, a stationary continuous
one and a stroboscopic reheating.

A. Continuous and stroboscopic measurement

In this section we will try to compare continuous and
stroboscopic measurements. Some relevant considera-
tions can be done regardless of the specific detection tech-
nique.
In a continuous steady-state measurement the posi-

tion of the trapped mechanical harmonic oscillator is
continuously measured. The acquired signal is Fourier-
transformed and periodograms are averaged to provide
an estimation of the power spectral density (PSD). An
example of application of this method in the context of
testing collapse models is given by recent cantilever ex-
periments [10].
In general, there will be two contributions to the PSD,

a wideband position measurement noise Sxx and the true
oscillator noise with PSD given by |� (!) |2Sff where:

� (!) =
1

m [(�!2 + w2
0)� i!�]

(8)

is the Lorentzian mechanical susceptibility. For high-Q
systems, and provided Sxx is low enough, the oscillator
noise will be dominant around the resonant frequency !0,
over a given bandwidth �! which depends on the actual
values of Sxx and Sff .

FIG. 1. (a) Internal temperature of the nanosphere as a function of the gas pressure. From top to bottom,

each curve refers to an absorbed power of 10�22, 10�20, 10�18, 10�16, 10�14W. We have considered a silica

particle with R = 200nm, the surrounding gas is supposed to be helium at Tg = 0.3mK, the thermal

accommodation factor has been set to ↵ = 0.4 and the blackbody emissivity to ✏abs = 0.1. (b) Internal

temperature of the nanosphere against the absorbed power at the steady state. From leftmost to rightmost,

the curves refer to the case of a gas pressure of 10�6, 10�8, 10�10, 10�12mbar. The other parameters are the

same as in panel (a). (c) Thermal force noise as a function of the residual gas pressure. We include the

e↵ects of both gas collisions and blackbody radiation. Solid curves refer (from top to bottom) to an absorbed

power of 10�10, 10�14, 10�18, 10�22W. Blackbody radiation is always negligible except for the flattening of

the 10�10W curve at low pressure. The other parameters are the same as in panel (a). As a reference we

also plot the estimated contribution from the Paul trap bias noise (dashed horizontal line), and the CSL

force noise for rC = 10�7m, �CSL = 10�10 Hz (dotted horizontal line) and GRW values rC = 10�7m,

�GRW = 2.2⇥ 10�17 Hz (dot-dashed horizontal line).

By setting Q̇
bb

+ Q̇
gas

+W
abs

= 0, one can estimate the equilibrium internal temperature T of

the particle as a function of the environmental conditions and the input power. Fig. 1 (a) and (b)

illustrate the dependence of the equilibrium temperature of the nanosphere on the gas pressure

and input power for some typical sets of parameters.

2. Thermal force noise

To estimate the thermal force noise due to the gas in a hot-particle scenario we follow the

model of Ref. [3], i.e. we separately consider the contributions due to the impinging and emerging

gas particles. The model assumes two di↵erent baths at temperature T
i

= T
g

for the impinging

molecules, and T
e

= T
i

+ a(T � T
i

) for the emerging molecules, where a 2 [0, 1] is another phe-

nomenological accommodation factor. The underlying idea is that the scattering of a gas molecule

o↵ the nanoparticle is not elastic. Instead the particle is assumed to partially thermalize with the

nanoparticle before being reemitted. This model of scattering is well supported by experimental

CSL force noise

GRW force noise

Observation: A substantive 
reduction of electronic noise is 
needed to observe CSL noise.
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B. Noise related to the surrounding environment

The environment of the particle leads to noise and decoherence through many di↵erent mecha-

nisms. A realistic list of sources includes scattering with gas particles and scattering/absorption/emission

of (blackbody) radiation, as well as scattering of photons from the field driving the motion of the

nanoparticle. The latter will be characterised in Section calibration of decoherence by scat-

tering.

In addition, any trapping mechanism should be typically associated with decoherence of some

strength. For a Paul trap, besides voltage and amplitude noise in the driving electrodes, there

will be interaction with the electrode surface, as well as electrical losses if an electrical detection

circuit is coupled to the trap. Finally, ambient vibrational noise (seismic or acoustic noise) has

to be eventually considered. Collisions with gas particles and emission of blackbody radiation are

also important mechanisms for the thermalisation of the particle: the surrounding gas pressure P
g

and temperature T
g

, together with the power Wabs absorbed by the particle at the steady-state

will determine its equilibrium bulk temperature T . For the sake of this Deliverable report, an

analysis based on classical considerations will be su�cient to calibrate and estimate the e↵ect of

such sources of noise.

1. Thermal relaxation

The heat flux from a hot nanoparticle to a cold surrounding gas in the molecular regime can be

calculated using the formula provvided in Ref. [2]

Q̇
gas

=
↵⇡R2P

g

v
t

2T
g

� + 1

� � 1
(T � T

g

), (A-1)

where ↵ 2 [0, 1] is a (dimensionless) thermal accommodation factor, � is the specific heat ratio,

R the radius of the levitated particle (assumed to be spherical for simplicity) at temperature T ,

v
t

=
p

8k
B

T
g

/(⇡m) is the thermal velocity of the gas particles (of mass m) at temperature T
g

and

pressure P
g

(k
B

is the Boltzmann constant). Typical values of ↵ are in the range of 0.4. The flux

due to blackbody radiation, on the other hand, reads

Q̇
bb

' �72

⇡2

V k5
B

c3~4 ✏abs(T
5 � T 5

g

) (A-2)

with ✏
abs

= Im[(✏
bb

� 1)/(✏
bb

+ 2)] the absorption coe�cient of the particle. For spheres made of

silica, at 100K, we have ✏
abs

' 0.1.

Heat flux from particle 
to cold environment 
(classical study)
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value. Then, for a trapped charge of q = 30 e, and an
e↵ective electrode distance of 500 µm, one estimates a
force noise Sf ' Svq/d = 9.6⇥ 10�23 N/

p
Hz.

As shown in Fig. 3, this noise would be comparable
with the e↵ect predicted by the CSL model for the stan-
dard length parameter rC = 10�7 m and the collapse
rate � = 10�10 Hz. Therefore, a heavy suppression of
electronic noise would be needed in order to probe CSL
collapse rate much lower than the latter value. In addi-
tion, we note that this noise contribution would increase
for larger charge.

D. Environment

The environment of the particle leads to noise and de-
coherence through many di↵erent channels. A minimal
list of sources includes scattering with gas particles and
scattering/absorption/emission of blackbody radiation.
In addition, any trapping mechanism typically involves
some kind of decoherence. For a Paul trap, besides volt-
age and amplitude noise in the driving electrodes, there
will be interaction with the electrode surface, as well as
electrical losses if an electrical detection circuit is coupled
to the trap. Finally, ambient vibrational noise (seismic
or acoustic noise) has to be eventually considered.

Collision with gas particles and emission of blackbody
radiation are also the main mechanisms for the thermal-
ization of the particle. So the residual gas pressure Pg

and temperature Tg, together with the steady state power
Wabs absorbed by the particle will determine its equilib-
rium bulk temperature T .

1. Thermal equilibrium

The heat flow from a hot nanoparticle to a cold sur-
rounding gas in the molecular regime can be calculated
using the formula [6]:

Q̇gas = �↵⇡R2Pgvt
2Tg

� + 1

� � 1
(T � Tg) (2)

where ↵ is a thermal accomodation factor, vt =
p

8kBTg/ (⇡m) is the gas thermal velocity, withmmolec-
ular mass, and � is the specific heat ratio. Here all pa-
rameters can be easily determined, except of the accomo-
dation factor 0 < ↵ < 1. Typical values of order 0.4 are
reported in literature for specific experimental situations
[6].

The heat flow by blackbody radiation is described by
the expression [7]:

Q̇bb = �72�(5)

⇡2

V k5B
c3~4 Im

✏bb � 1

✏bb + 2

�

T 5 � T 5
g

�

(3)

The dependence on T 5 is typical of a subwavelength
nanoparticle. Here, the flow is controlled by the absorp-
tion coe�cient ✏abs = Im [(✏bb � 1) / (✏bb + 2)]. For typ-

ical situations, as for instance silica at 100 K, this term
can be taken of the order of 0.1.
By setting Q̇bb + Q̇gas + Wabs = 0 one can estimate

the equilibrium internal temperature T of the particle
as function of the environment conditions and the input
power. Fig. 1 and Fig. 2 illustrate the dependence of
the equilibrium temperature of the nanosphere on the gas
pressure and input power for some representative sets of
parameters.

FIG. 1: Internal temperature of the nanosphere as a func-
tion of the gas pressure. Curves refer from top to bottom to
an absorbed power of 10�22,10�20,10�18,10�16,10�14 W. The
particle is a silica nanosphere with R = 200 nm, the residual
gas is helium at Tg = 0.3 mK, the thermal accomodation fac-
tor has been set to � = 0.4 and the blackbody emissivity to
�abs = 0.1.

FIG. 2: Internal temperature of the nanosphere as a function
of the steady-state absorbed power. Curves refer from right
to left to a gas pressure of 10�6,10�8,10�10,10�12 mbar. The
other parameters are the same as in Fig. 1.

2. Thermal force noise

To estimate the thermal force noise due to the gas in
a hot-particle scenario we follow the model of ref. [8],
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Wabs absorbed by the particle will determine its equilib-
rium bulk temperature T .
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the expression [7]:
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nanoparticle. Here, the flow is controlled by the absorp-
tion coe�cient ✏abs = Im [(✏bb � 1) / (✏bb + 2)]. For typ-

ical situations, as for instance silica at 100 K, this term
can be taken of the order of 0.1.
By setting Q̇bb + Q̇gas + Wabs = 0 one can estimate

the equilibrium internal temperature T of the particle
as function of the environment conditions and the input
power. Fig. 1 and Fig. 2 illustrate the dependence of
the equilibrium temperature of the nanosphere on the gas
pressure and input power for some representative sets of
parameters.

FIG. 1: Internal temperature of the nanosphere as a func-
tion of the gas pressure. Curves refer from top to bottom to
an absorbed power of 10�22,10�20,10�18,10�16,10�14 W. The
particle is a silica nanosphere with R = 200 nm, the residual
gas is helium at Tg = 0.3 mK, the thermal accomodation fac-
tor has been set to � = 0.4 and the blackbody emissivity to
�abs = 0.1.

FIG. 2: Internal temperature of the nanosphere as a function
of the steady-state absorbed power. Curves refer from right
to left to a gas pressure of 10�6,10�8,10�10,10�12 mbar. The
other parameters are the same as in Fig. 1.

2. Thermal force noise

To estimate the thermal force noise due to the gas in
a hot-particle scenario we follow the model of ref. [8],
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i.e. we separately consider the contributions due to the
impinging and emerging gas particles. The model as-
sumes two di↵erent baths with temperature Ti = Tg for
the impinging molecules and Te = Ti+ a (T � Ti) for the
emerging molecules where a is another phenomenological
accomodation factor 0 < a < 1. The underlying idea is
that the scattering of a gas molecule o↵ the nanoparticle
is not elastic. Instead the particle is assumed to partially
thermalize with the nanoparticle before being reemitted.
This model of scattering is abundantly supported by ex-
perimental literature.

The two baths lead to di↵erent mechanical damping
rates:

�i =
4⇡

3

mR2vtPg

kBTiM
(4)

�e =
⇡

8

r

Te

Ti
�i (5)

The force noise can then be calculated as

Sff,g = 4kBM (�iTi + �eTe) . (6)

There will also be, even in absence of detection, a force
noise due to recoil from emission of blackbody radiation.
Following calculations similar to the one leading to Eq.
(2), one arrives at the formula:

Sff,bb =
160

⇡

R3k6B
c5~4 Im

✏bb � 1

✏bb + 2
T 6. (7)

It is easy to check that this contribution is exceedingly
small compared to the one of the gas for any realistic set
of parameters, except under the condition of extremely
low pressure below 10�15 mbar and relatively high power.
The reason is that photons can remove e�ciently energy
but at the same they carry very little momentum. A
even smaller contribution arises from the scattering and
absorption of blackbody radiation coming from the cold
environment at temperature Tg.

Fig. 3 shows the thermal force noise as a function of
gas pressure for di↵erent values of the absorbed power.
Clearly, going to su�ciently low pressure will eventually
suppress thermal noise below any detectable level. For
instance, for the the lower value of the pressure reported
in literature 10�17 mbar [9] and absorbed power 10�18

W, the thermal noise would compare to the extremely
tiny e↵ect predicted by the CSL force noise according
to the initial Ghirardi-Rimini-Weber proposal. Unfortu-
nately, other e↵ects become dominant in this regime, in
particular electrical noise in the Paul trap and backaction
noise from the detection.

III. DETECTION SCHEMES

Here we come to the key issue we wish to study in
this paper, namely how to choose and to optimize the
detection of the particle. We will consider three detection

FIG. 3: Thermal force noise as a function of the residual
gas pressure. It includes the e�ects of both gas collisions and
blackbody radiation. Solid curves refer from top to bottom to
an absorbed power of 10�10,10�14,10�18,10�22 W. Blackbody
radiation is always negligible except for the flattening of the
10�10 W curve at low pressure. The other parameters are the
same as in Fig. 1. As a reference we also plot the estimated
contribution from the Paul trap bias noise (dashed horizontal
line), see text for details, and the CSL force noise for rc =
10�7 m, � = 10�10 Hz (dotted horizontal line) and GRW
values rc = 10�7 m, � = 2.2�10�17 Hz (dot-dashed horizontal
line).

options. Optical cavity, optical tweezer and electrical
with SQUID readout. In addition, we will consider two
di↵erent measurement strategies, a stationary continuous
one and a stroboscopic reheating.

A. Continuous and stroboscopic measurement

In this section we will try to compare continuous and
stroboscopic measurements. Some relevant considera-
tions can be done regardless of the specific detection tech-
nique.
In a continuous steady-state measurement the posi-

tion of the trapped mechanical harmonic oscillator is
continuously measured. The acquired signal is Fourier-
transformed and periodograms are averaged to provide
an estimation of the power spectral density (PSD). An
example of application of this method in the context of
testing collapse models is given by recent cantilever ex-
periments [10].
In general, there will be two contributions to the PSD,

a wideband position measurement noise Sxx and the true
oscillator noise with PSD given by |� (!) |2Sff where:

� (!) =
1

m [(�!2 + w2
0)� i!�]

(8)

is the Lorentzian mechanical susceptibility. For high-Q
systems, and provided Sxx is low enough, the oscillator
noise will be dominant around the resonant frequency !0,
over a given bandwidth �! which depends on the actual
values of Sxx and Sff .

FIG. 1. (a) Internal temperature of the nanosphere as a function of the gas pressure. From top to bottom,

each curve refers to an absorbed power of 10�22, 10�20, 10�18, 10�16, 10�14W. We have considered a silica

particle with R = 200nm, the surrounding gas is supposed to be helium at Tg = 0.3mK, the thermal

accommodation factor has been set to ↵ = 0.4 and the blackbody emissivity to ✏abs = 0.1. (b) Internal

temperature of the nanosphere against the absorbed power at the steady state. From leftmost to rightmost,

the curves refer to the case of a gas pressure of 10�6, 10�8, 10�10, 10�12mbar. The other parameters are the

same as in panel (a). (c) Thermal force noise as a function of the residual gas pressure. We include the

e↵ects of both gas collisions and blackbody radiation. Solid curves refer (from top to bottom) to an absorbed

power of 10�10, 10�14, 10�18, 10�22W. Blackbody radiation is always negligible except for the flattening of

the 10�10W curve at low pressure. The other parameters are the same as in panel (a). As a reference we

also plot the estimated contribution from the Paul trap bias noise (dashed horizontal line), and the CSL

force noise for rC = 10�7m, �CSL = 10�10 Hz (dotted horizontal line) and GRW values rC = 10�7m,

�GRW = 2.2⇥ 10�17 Hz (dot-dashed horizontal line).

By setting Q̇
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+W
abs

= 0, one can estimate the equilibrium internal temperature T of

the particle as a function of the environmental conditions and the input power. Fig. 1 (a) and (b)

illustrate the dependence of the equilibrium temperature of the nanosphere on the gas pressure

and input power for some typical sets of parameters.

2. Thermal force noise

To estimate the thermal force noise due to the gas in a hot-particle scenario we follow the

model of Ref. [3], i.e. we separately consider the contributions due to the impinging and emerging

gas particles. The model assumes two di↵erent baths at temperature T
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for the impinging
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) for the emerging molecules, where a 2 [0, 1] is another phe-

nomenological accommodation factor. The underlying idea is that the scattering of a gas molecule

o↵ the nanoparticle is not elastic. Instead the particle is assumed to partially thermalize with the

nanoparticle before being reemitted. This model of scattering is well supported by experimental
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value. Then, for a trapped charge of q = 30 e, and an
e↵ective electrode distance of 500 µm, one estimates a
force noise Sf ' Svq/d = 9.6⇥ 10�23 N/

p
Hz.

As shown in Fig. 3, this noise would be comparable
with the e↵ect predicted by the CSL model for the stan-
dard length parameter rC = 10�7 m and the collapse
rate � = 10�10 Hz. Therefore, a heavy suppression of
electronic noise would be needed in order to probe CSL
collapse rate much lower than the latter value. In addi-
tion, we note that this noise contribution would increase
for larger charge.

D. Environment

The environment of the particle leads to noise and de-
coherence through many di↵erent channels. A minimal
list of sources includes scattering with gas particles and
scattering/absorption/emission of blackbody radiation.
In addition, any trapping mechanism typically involves
some kind of decoherence. For a Paul trap, besides volt-
age and amplitude noise in the driving electrodes, there
will be interaction with the electrode surface, as well as
electrical losses if an electrical detection circuit is coupled
to the trap. Finally, ambient vibrational noise (seismic
or acoustic noise) has to be eventually considered.

Collision with gas particles and emission of blackbody
radiation are also the main mechanisms for the thermal-
ization of the particle. So the residual gas pressure Pg

and temperature Tg, together with the steady state power
Wabs absorbed by the particle will determine its equilib-
rium bulk temperature T .

1. Thermal equilibrium

The heat flow from a hot nanoparticle to a cold sur-
rounding gas in the molecular regime can be calculated
using the formula [6]:

Q̇gas = �↵⇡R2Pgvt
2Tg

� + 1

� � 1
(T � Tg) (2)

where ↵ is a thermal accomodation factor, vt =
p

8kBTg/ (⇡m) is the gas thermal velocity, withmmolec-
ular mass, and � is the specific heat ratio. Here all pa-
rameters can be easily determined, except of the accomo-
dation factor 0 < ↵ < 1. Typical values of order 0.4 are
reported in literature for specific experimental situations
[6].

The heat flow by blackbody radiation is described by
the expression [7]:

Q̇bb = �72�(5)

⇡2

V k5B
c3~4 Im

✏bb � 1

✏bb + 2

�

T 5 � T 5
g

�

(3)

The dependence on T 5 is typical of a subwavelength
nanoparticle. Here, the flow is controlled by the absorp-
tion coe�cient ✏abs = Im [(✏bb � 1) / (✏bb + 2)]. For typ-

ical situations, as for instance silica at 100 K, this term
can be taken of the order of 0.1.
By setting Q̇bb + Q̇gas + Wabs = 0 one can estimate

the equilibrium internal temperature T of the particle
as function of the environment conditions and the input
power. Fig. 1 and Fig. 2 illustrate the dependence of
the equilibrium temperature of the nanosphere on the gas
pressure and input power for some representative sets of
parameters.

FIG. 1: Internal temperature of the nanosphere as a func-
tion of the gas pressure. Curves refer from top to bottom to
an absorbed power of 10�22,10�20,10�18,10�16,10�14 W. The
particle is a silica nanosphere with R = 200 nm, the residual
gas is helium at Tg = 0.3 mK, the thermal accomodation fac-
tor has been set to � = 0.4 and the blackbody emissivity to
�abs = 0.1.

FIG. 2: Internal temperature of the nanosphere as a function
of the steady-state absorbed power. Curves refer from right
to left to a gas pressure of 10�6,10�8,10�10,10�12 mbar. The
other parameters are the same as in Fig. 1.

2. Thermal force noise

To estimate the thermal force noise due to the gas in
a hot-particle scenario we follow the model of ref. [8],
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value. Then, for a trapped charge of q = 30 e, and an
e↵ective electrode distance of 500 µm, one estimates a
force noise Sf ' Svq/d = 9.6⇥ 10�23 N/

p
Hz.

As shown in Fig. 3, this noise would be comparable
with the e↵ect predicted by the CSL model for the stan-
dard length parameter rC = 10�7 m and the collapse
rate � = 10�10 Hz. Therefore, a heavy suppression of
electronic noise would be needed in order to probe CSL
collapse rate much lower than the latter value. In addi-
tion, we note that this noise contribution would increase
for larger charge.

D. Environment

The environment of the particle leads to noise and de-
coherence through many di↵erent channels. A minimal
list of sources includes scattering with gas particles and
scattering/absorption/emission of blackbody radiation.
In addition, any trapping mechanism typically involves
some kind of decoherence. For a Paul trap, besides volt-
age and amplitude noise in the driving electrodes, there
will be interaction with the electrode surface, as well as
electrical losses if an electrical detection circuit is coupled
to the trap. Finally, ambient vibrational noise (seismic
or acoustic noise) has to be eventually considered.

Collision with gas particles and emission of blackbody
radiation are also the main mechanisms for the thermal-
ization of the particle. So the residual gas pressure Pg

and temperature Tg, together with the steady state power
Wabs absorbed by the particle will determine its equilib-
rium bulk temperature T .

1. Thermal equilibrium

The heat flow from a hot nanoparticle to a cold sur-
rounding gas in the molecular regime can be calculated
using the formula [6]:

Q̇gas = �↵⇡R2Pgvt
2Tg

� + 1

� � 1
(T � Tg) (2)

where ↵ is a thermal accomodation factor, vt =
p

8kBTg/ (⇡m) is the gas thermal velocity, withmmolec-
ular mass, and � is the specific heat ratio. Here all pa-
rameters can be easily determined, except of the accomo-
dation factor 0 < ↵ < 1. Typical values of order 0.4 are
reported in literature for specific experimental situations
[6].

The heat flow by blackbody radiation is described by
the expression [7]:

Q̇bb = �72�(5)
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V k5B
c3~4 Im

✏bb � 1

✏bb + 2
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The dependence on T 5 is typical of a subwavelength
nanoparticle. Here, the flow is controlled by the absorp-
tion coe�cient ✏abs = Im [(✏bb � 1) / (✏bb + 2)]. For typ-

ical situations, as for instance silica at 100 K, this term
can be taken of the order of 0.1.
By setting Q̇bb + Q̇gas + Wabs = 0 one can estimate

the equilibrium internal temperature T of the particle
as function of the environment conditions and the input
power. Fig. 1 and Fig. 2 illustrate the dependence of
the equilibrium temperature of the nanosphere on the gas
pressure and input power for some representative sets of
parameters.

FIG. 1: Internal temperature of the nanosphere as a func-
tion of the gas pressure. Curves refer from top to bottom to
an absorbed power of 10�22,10�20,10�18,10�16,10�14 W. The
particle is a silica nanosphere with R = 200 nm, the residual
gas is helium at Tg = 0.3 mK, the thermal accomodation fac-
tor has been set to � = 0.4 and the blackbody emissivity to
�abs = 0.1.

FIG. 2: Internal temperature of the nanosphere as a function
of the steady-state absorbed power. Curves refer from right
to left to a gas pressure of 10�6,10�8,10�10,10�12 mbar. The
other parameters are the same as in Fig. 1.

2. Thermal force noise

To estimate the thermal force noise due to the gas in
a hot-particle scenario we follow the model of ref. [8],
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i.e. we separately consider the contributions due to the
impinging and emerging gas particles. The model as-
sumes two di↵erent baths with temperature Ti = Tg for
the impinging molecules and Te = Ti+ a (T � Ti) for the
emerging molecules where a is another phenomenological
accomodation factor 0 < a < 1. The underlying idea is
that the scattering of a gas molecule o↵ the nanoparticle
is not elastic. Instead the particle is assumed to partially
thermalize with the nanoparticle before being reemitted.
This model of scattering is abundantly supported by ex-
perimental literature.

The two baths lead to di↵erent mechanical damping
rates:

�i =
4⇡
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mR2vtPg

kBTiM
(4)

�e =
⇡

8
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Te

Ti
�i (5)

The force noise can then be calculated as

Sff,g = 4kBM (�iTi + �eTe) . (6)

There will also be, even in absence of detection, a force
noise due to recoil from emission of blackbody radiation.
Following calculations similar to the one leading to Eq.
(2), one arrives at the formula:

Sff,bb =
160

⇡

R3k6B
c5~4 Im

✏bb � 1

✏bb + 2
T 6. (7)

It is easy to check that this contribution is exceedingly
small compared to the one of the gas for any realistic set
of parameters, except under the condition of extremely
low pressure below 10�15 mbar and relatively high power.
The reason is that photons can remove e�ciently energy
but at the same they carry very little momentum. A
even smaller contribution arises from the scattering and
absorption of blackbody radiation coming from the cold
environment at temperature Tg.

Fig. 3 shows the thermal force noise as a function of
gas pressure for di↵erent values of the absorbed power.
Clearly, going to su�ciently low pressure will eventually
suppress thermal noise below any detectable level. For
instance, for the the lower value of the pressure reported
in literature 10�17 mbar [9] and absorbed power 10�18

W, the thermal noise would compare to the extremely
tiny e↵ect predicted by the CSL force noise according
to the initial Ghirardi-Rimini-Weber proposal. Unfortu-
nately, other e↵ects become dominant in this regime, in
particular electrical noise in the Paul trap and backaction
noise from the detection.

III. DETECTION SCHEMES

Here we come to the key issue we wish to study in
this paper, namely how to choose and to optimize the
detection of the particle. We will consider three detection

FIG. 3: Thermal force noise as a function of the residual
gas pressure. It includes the e�ects of both gas collisions and
blackbody radiation. Solid curves refer from top to bottom to
an absorbed power of 10�10,10�14,10�18,10�22 W. Blackbody
radiation is always negligible except for the flattening of the
10�10 W curve at low pressure. The other parameters are the
same as in Fig. 1. As a reference we also plot the estimated
contribution from the Paul trap bias noise (dashed horizontal
line), see text for details, and the CSL force noise for rc =
10�7 m, � = 10�10 Hz (dotted horizontal line) and GRW
values rc = 10�7 m, � = 2.2�10�17 Hz (dot-dashed horizontal
line).

options. Optical cavity, optical tweezer and electrical
with SQUID readout. In addition, we will consider two
di↵erent measurement strategies, a stationary continuous
one and a stroboscopic reheating.

A. Continuous and stroboscopic measurement

In this section we will try to compare continuous and
stroboscopic measurements. Some relevant considera-
tions can be done regardless of the specific detection tech-
nique.
In a continuous steady-state measurement the posi-

tion of the trapped mechanical harmonic oscillator is
continuously measured. The acquired signal is Fourier-
transformed and periodograms are averaged to provide
an estimation of the power spectral density (PSD). An
example of application of this method in the context of
testing collapse models is given by recent cantilever ex-
periments [10].
In general, there will be two contributions to the PSD,

a wideband position measurement noise Sxx and the true
oscillator noise with PSD given by |� (!) |2Sff where:

� (!) =
1

m [(�!2 + w2
0)� i!�]

(8)

is the Lorentzian mechanical susceptibility. For high-Q
systems, and provided Sxx is low enough, the oscillator
noise will be dominant around the resonant frequency !0,
over a given bandwidth �! which depends on the actual
values of Sxx and Sff .

FIG. 1. (a) Internal temperature of the nanosphere as a function of the gas pressure. From top to bottom,

each curve refers to an absorbed power of 10�22, 10�20, 10�18, 10�16, 10�14W. We have considered a silica

particle with R = 200nm, the surrounding gas is supposed to be helium at Tg = 0.3mK, the thermal

accommodation factor has been set to ↵ = 0.4 and the blackbody emissivity to ✏abs = 0.1. (b) Internal

temperature of the nanosphere against the absorbed power at the steady state. From leftmost to rightmost,

the curves refer to the case of a gas pressure of 10�6, 10�8, 10�10, 10�12mbar. The other parameters are the

same as in panel (a). (c) Thermal force noise as a function of the residual gas pressure. We include the

e↵ects of both gas collisions and blackbody radiation. Solid curves refer (from top to bottom) to an absorbed

power of 10�10, 10�14, 10�18, 10�22W. Blackbody radiation is always negligible except for the flattening of

the 10�10W curve at low pressure. The other parameters are the same as in panel (a). As a reference we

also plot the estimated contribution from the Paul trap bias noise (dashed horizontal line), and the CSL

force noise for rC = 10�7m, �CSL = 10�10 Hz (dotted horizontal line) and GRW values rC = 10�7m,

�GRW = 2.2⇥ 10�17 Hz (dot-dashed horizontal line).

By setting Q̇
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= 0, one can estimate the equilibrium internal temperature T of

the particle as a function of the environmental conditions and the input power. Fig. 1 (a) and (b)

illustrate the dependence of the equilibrium temperature of the nanosphere on the gas pressure

and input power for some typical sets of parameters.

2. Thermal force noise

To estimate the thermal force noise due to the gas in a hot-particle scenario we follow the

model of Ref. [3], i.e. we separately consider the contributions due to the impinging and emerging

gas particles. The model assumes two di↵erent baths at temperature T
i

= T
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for the impinging

molecules, and T
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+ a(T � T
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) for the emerging molecules, where a 2 [0, 1] is another phe-

nomenological accommodation factor. The underlying idea is that the scattering of a gas molecule

o↵ the nanoparticle is not elastic. Instead the particle is assumed to partially thermalize with the

nanoparticle before being reemitted. This model of scattering is well supported by experimental
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Let us consider the case in which R ⌧ �. In this case we should be able to recover from the

general theory the results of Rayleigh scattering [6] and largely used in the literature. In Ref. [5]

the Rayleigh scattering appears naturally from considering the first-order Born approximation of

the scattering amplitude. Indeed, in this case the operators a, a† of the external modes are not

coupled by the interaction and we go back to the standard case. Note however that taking the first

Born approximation is necessary but not su�cient. Indeed, also the additional assumption that

R ⌧ � has to be used in order to reduce the integrals on the volume of the object.

When R � � the interaction between bath operators, induced by the coupling with the finite

size object, ought to be considered since they scale as (R/�)n so that considering just the first

Born approximation is not justified in general.

B. Coherent terms

For the coherent terms we have to look into H
S

. The interaction term in H
S

is given by

� ✏
c

✏0
2

Z

V (r̂)
dx (E

S

(x) + E
S

(x))2 , (B-4)

where we have divided the electric field in a classical component and a quantum perturbation

(taking a ! ↵+ �a). Thus we can focus on the dominant term and obtain � ✏c✏0
2 V |E

S

(r̂)|2. In the

case of Ref. [6] the interaction Hamiltonian is given by

� Re(�)|E(r̂)|2/4, (B-5)

where the real part of the complex polarizability � is given–for a point-like particle–by [6] � ⇡
4⇡✏0R3 ✏r�1

✏r+2 = ✏0✏cV , where we have used that ✏
c

= 3(✏
r

� 1)/(✏
r

+ 2). Thus apart the expression

used in this report is in agreement with the approaches reported in literature.

C. Incoherent terms

Let us work out the incoherent term describing photon scattering into free modes and responsible

for decoherence. In the Born approximation the term O(|↵|2) is

L[⇢
S

] = |↵|2
Z

dk�(!
k

� !0)
�

2V
kc

(r̂)⇢
S

V⇤
ck

(r̂)� �|V
kc

(r̂)|2, ⇢
S

 �

. (B-6)

Here we used T
k,c

⇡ V
k,c

, which is the first order Born approximation for the scattering amplitude.

In order to proceed we use the following expression for the scattering amplitude [5]

V
k,c

(r̂) =

Z

dk0hk|V |k0ihk0|ci =
s

✏2
c

!
k

!0

4V0

Z

V (r̂)
dxf(x)eik·x, (B-7)

For Rayleigh theory (first-order Born approximation of the scattering amplitude)
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where f(x) is the mode function of the wave pulse and we have used V
k,k

0 = ✏c
2

R

V (r̂) dx
p
!
k

!
k

0ei(k�k

0)·x.

Replacing these expressions in L[⇢
S

], we get

L[⇢
S

] = |↵|2 ✏
2
c

k40
2V0

V 2
Z

d⌦

✓

f(r̂)eik0n·r̂⇢
S

f⇤(r̂)e�ik0n·̂r � 1

2

�|f(r̂)|2, ⇢
S

 

◆

, (B-8)

where we have approximated any integral over the volume of the object as the value of the integrand

at the position of the center-of-mass times the volume, that is
R

V (r̂) dx g(x) ⇡ V g(r̂). This is

justified by the assumption k0R ⌧ 1. We can thus extract the scattering rate

�
sca

= |↵|2 ✏ck
4
0

2V0
V 2, (B-9)

which is the main result of this part of this Deliverable report.

I. ANALYSIS OF MIE SCATTERING

Mie scattering becomes relevant for particles of radius R � �. Scope of this part of the report is

the analysis of such case. As done previously, we separate the analysis of coherent and incoherent

contributions, starting from the former.

A. Coherent Terms

Following Sec. B in Part B of this report, we need to evaluate the term

�✏
c

✏0
2

Z

V (r̂)
dx|E

s

(x)|2 = �✏
c

✏0
2

Z

V (r̂)
dx|E0|2f2(x, y) cos2(kz) (B-10)

where f(x, y) is the Gaussian shape of the field in the z = 0 plane. Assuming sphericcal shape

of the particle (again with radius R), and moving to polar coordinates with radial variable ⇢ =
p

(x� x̂)2 + (y � ŷ)2 we get the integral

Z 2⇡

0
d✓

Z

R

0
⇢d⇢f2(⇢ cos(✓)� x̂, ⇢ sin(✓)� ŷ)

Z
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2+ẑ
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Z

R

0
⇢d⇢f2(⇢ cos(✓) + x̂, ⇢ sin(✓) + ŷ)

✓

p

R2 � ⇢2 +
1

2k
sin(2k

p

R2 � ⇢2) cos(2kẑ)

◆

.

(B-11)

The first term on the second line is the component of the potential responsible for o↵-axis transverse

forces F
x,y

. The second term is the component of the potential responsible to the axial force F
z

.

Assuming F
x,y

negligible (as it should be the case for a large-waist beam compared to the particle

radius) we can approximate the equation as
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PART B: THEORETICAL CALIBRATION OF DECOHERENCE BY SCATTERING

Note: Equations in PART B of this report will be labelled as (B-j)

We study the e↵ects of finite size of a nanoparticle on the coherent phase modulation and

scattering of photons of a field coupled to its motion. The analysis is motivated by the necessity

to gauge whether scattering would be relevant in an experiment where the size of the particle is

supposed to be large to investigate macroscopic quantum e↵ects.

In order to approach this problem we use the results of Ref. [5] where a full quantum treatment

of scattering o↵ a finite size object is developed. In particular, a connection with scattering theory

is drawn in such a way that formulas from Mie scattering theory can be used.

A. Master Equation

We assume a process that scatters light from the field interacting with the nanoparticle to a

plane wave. The light field interacting with the particle is assumed in a standing wave as determined

by the cavity field. The corresponding master equation for the mechanical mode and the light scan

be written as
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Here T
kc

is a general scattering amplitudes S stands for the system and the electromagnetic envi-

ronment is assumed to be in the vacuum state. We will focus on the terms that are relevant for

the incoherent e↵ect of scattering. Modification of absorption should also be considered since it

also a↵ects the grating transformation. Scattering is described by the Lindblad operator

L[⇢
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where we have considered only terms of orderO(|↵|2) which should be the dominant ones. Following

Ref. [6] we can integrate the evolution due to this term in position representation and consider for

simplicity the z direction only, i.e. the direction along the cavity. The idea is that, while we can

take into account the Gaussian profile in x and y for the wave mode, we will consider only the

position along z as a quantum operator. In position representation we obtain

hz|eLt⇢|z0i = exp

⇢

�
Z

dt|↵|2
Z

dk�(!
k

� !0)
⇥�2T

kc

(z)T ⇤
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(z0) + |T
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(z)|2 + |T
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hz|⇢|z0i.

(B-3)
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Note: Equations in PART B of this report will be labelled as (B-j)

We study the e↵ects of finite size of a nanoparticle on the coherent phase modulation and

scattering of photons of a field coupled to its motion. The analysis is motivated by the necessity

to gauge whether scattering would be relevant in an experiment where the size of the particle is

supposed to be large to investigate macroscopic quantum e↵ects.

In order to approach this problem we use the results of Ref. [5] where a full quantum treatment

of scattering o↵ a finite size object is developed. In particular, a connection with scattering theory

is drawn in such a way that formulas from Mie scattering theory can be used.
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where we have considered only terms of orderO(|↵|2) which should be the dominant ones. Following

Ref. [6] we can integrate the evolution due to this term in position representation and consider for

simplicity the z direction only, i.e. the direction along the cavity. The idea is that, while we can

take into account the Gaussian profile in x and y for the wave mode, we will consider only the

position along z as a quantum operator. In position representation we obtain
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where f(x) is the mode function of the wave pulse and we have used V
k,k

0 = ✏c
2

R

V (r̂) dx
p
!
k

!
k

0ei(k�k

0)·x.

Replacing these expressions in L[⇢
S

], we get

L[⇢
S

] = |↵|2 ✏
2
c

k40
2V0

V 2
Z

d⌦
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where we have approximated any integral over the volume of the object as the value of the integrand

at the position of the center-of-mass times the volume, that is
R

V (r̂) dx g(x) ⇡ V g(r̂). This is

justified by the assumption k0R ⌧ 1. We can thus extract the scattering rate

�
sca

= |↵|2 ✏ck
4
0

2V0
V 2, (B-9)

which is the main result of this part of this Deliverable report.

I. ANALYSIS OF MIE SCATTERING

Mie scattering becomes relevant for particles of radius R � �. Scope of this part of the report is

the analysis of such case. As done previously, we separate the analysis of coherent and incoherent

contributions, starting from the former.

A. Coherent Terms

Following Sec. B in Part B of this report, we need to evaluate the term

�✏
c

✏0
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✏0
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V (r̂)
dx|E0|2f2(x, y) cos2(kz) (B-10)

where f(x, y) is the Gaussian shape of the field in the z = 0 plane. Assuming sphericcal shape

of the particle (again with radius R), and moving to polar coordinates with radial variable ⇢ =
p

(x� x̂)2 + (y � ŷ)2 we get the integral
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.
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The first term on the second line is the component of the potential responsible for o↵-axis transverse

forces F
x,y

. The second term is the component of the potential responsible to the axial force F
z

.

Assuming F
x,y

negligible (as it should be the case for a large-waist beam compared to the particle

radius) we can approximate the equation as

V (r̂) = �✏
c

✏0|E0|2
4k

Z 2⇡

0
d✓

Z

R

0
d⇢⇢f2(⇢ cos ✓ + x̂, ⇢ sin ✓ + ŷ) sin(2k

p

R2 � ⇢2) cos(2kẑ). (B-12)
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B. Incoherent Term

In order to evaluate the incoherent contributions, we need to consider Eq. (B-2). Let us analyze

the transition matrix

T
k,c

(r̂) =

Z

dk0hc|k0iT ⇤
k

0
,k

(r̂) (B-13)

where, in the case of standing wave induced bby the cavity, we have

hk|ci =
Z

1p
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dxe�ik·xf(x, y) cos(k0z) =
1p
V0

f̃(k
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, k
y

)!0�(k
2
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� !2
0) '
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V0

!0�(kx)�(ky)�(k
2
z

� !2
0).

(B-14)

The approximation used here is justified under the assumption of a field with a very wide spot

area a
g

, i.e. a
g

� k20. Note that this approximation must be fulfilled in order for Eq. (B-2) to be

valid. Eq. (B-13) can be then rewritten as

T
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2
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Exploiting now the following relation T ⇤
k,k

0(r̂) = e�i(k�k

0)·r̂ ic

2

2⇡!k
f⇤(k,k0) where f(k,k0) are the Mie

scattering amplitudes, we obtain
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Using the above equation in Eq. (B-2), rewriting the
R

dk integral in polar coordinates, using

symmetry arguments, and integrating over the radial component, after a tedious but otherwise

straightforward calculation, we get
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However, assuming that the scattering amplitude also satisfies the symmetry relation f(�k0, k0n) =

f(k0, k0n), as it is the case for Rayleigh scattering, we arrive to
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This allows to rewrite the above equation as follows
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however if one can prove that the scattering amplitude also satisfies the following symmetry

(as probably is the case of Rayleigh scattering):

f(�k0, k0n) = f(k0, k0n) (D.28)

then eq. (D.25) can be rewritten as (the factor in front should be the correct one now, but

better check):
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(D.29)

Let us see what happen when we replace the scattering amplitude with the Rayleight one,

which is given by Eq.(F.12), in the above expression. Note that the symmetry (D.26) is

valid in the limit that we are interested here so that we can use the above expression. Using

(F.13) in the above expression we get

L[⇢
S

] =
|↵|2cV 2✏2

c

k4

12⇡3V0

Z

d⌦
3

8⇡
sin2 ✓

h

cos(k0 · r̂)eik0n·r̂⇢Se�ik

0

n·r̂ cos(k0 · r̂)�
1

2

�

cos2(k0 · r̂), ⇢S
 

i

.

(D.30)

This has to be confronted with the expression (2.24) of [2] which reads
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(D.31)

As it can be seen the two expression di↵er just in the sign in the exponentials and by a

numerical factor 2⇡2

– 23 –
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PART B: THEORETICAL CALIBRATION OF DECOHERENCE BY SCATTERING

Note: Equations in PART B of this report will be labelled as (B-j)

We study the e↵ects of finite size of a nanoparticle on the coherent phase modulation and

scattering of photons of a field coupled to its motion. The analysis is motivated by the necessity

to gauge whether scattering would be relevant in an experiment where the size of the particle is

supposed to be large to investigate macroscopic quantum e↵ects.

In order to approach this problem we use the results of Ref. [5] where a full quantum treatment

of scattering o↵ a finite size object is developed. In particular, a connection with scattering theory

is drawn in such a way that formulas from Mie scattering theory can be used.

A. Master Equation

We assume a process that scatters light from the field interacting with the nanoparticle to a

plane wave. The light field interacting with the particle is assumed in a standing wave as determined

by the cavity field. The corresponding master equation for the mechanical mode and the light scan

be written as
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Here T
kc

is a general scattering amplitudes S stands for the system and the electromagnetic envi-

ronment is assumed to be in the vacuum state. We will focus on the terms that are relevant for

the incoherent e↵ect of scattering. Modification of absorption should also be considered since it

also a↵ects the grating transformation. Scattering is described by the Lindblad operator
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where we have considered only terms of orderO(|↵|2) which should be the dominant ones. Following

Ref. [6] we can integrate the evolution due to this term in position representation and consider for

simplicity the z direction only, i.e. the direction along the cavity. The idea is that, while we can

take into account the Gaussian profile in x and y for the wave mode, we will consider only the

position along z as a quantum operator. In position representation we obtain
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(B-3)
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Evolution of the cavity field

E Evolution of the laser field

Let us study the evolution of the laser field in Heisenberg picture. The dynamical equation

can be written as follows:
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recalling
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and exploiting the commutation relation [â, â†] = 1 one obtains
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dx(f(x)⇤)2â†0(t) (E.3)

with
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assuming M ! 1, i.e. r̂
t

! r̂ we can solve the equation exploiting Laplace transform and

get
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F Numerical coe�cients

Let’s consider the forward scattering amplitude as expressed in [1] in eq.(3.9), i.e.,

f(k, k) =

p
2⇡

k

X

(2n+ 1)(a
n

+ b
n

). (F.1)

Recall now that in [4], in the forward direction we have

S1 = S2 = S =
1

2

X

n

(2n+ 1)(a
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+ b
n

), (F.2)
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in eq.(4.76). Thus we see that, at least in the Rayleight limit,

f(k, k0) =
2
p
2⇡

k
S,

where S = �i(kR)3 ✏c3 sin�. Using finally the expression eq.(3.8) in [1] we find

V
k,k

0 =
ic2

2⇡!
f(k, k0) =

1

(2⇡)3/2
sin�✏

c

!
k

V. (F.3)

Note that this di↵er from eq.(2.20) of [1] (in the appropriate limit) by a numerical factor.

By the way in eq.(2.20) I am positive that there is a 1/(2⇡)3 missing.

From the previous expression we can try to find V
k,c

that we would need to go back to

the Rayleigh limit for the decoherence due to scattering. We have
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where we used that V
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(2⇡)3�(x). Note that this result di↵er from (2.26) in [1] by a numerical factor.

What is puzzling is that, inserting this expression in the master equation gives

�
sca

= 2
✏2
c

k40c

V0
V 2, (F.9)

which di↵ers from eq.(2.24) in [2] (once the numerical factor in R(n) is considered) by a

numerical factor given by 1/32⇡2.

F.1 Some additional observation

F.1.1 The “right” definition for the scattering amplitude

As far as I have seen in the literature, what is called “scattering amplitude” is related to

the di↵erential scattering cross section by the relation

d�
sca

d⌦
= |f(k, k0)|2, (F.10)

and

�
sca

=

Z

d⌦|f(k, k0)|2. (F.11)
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FIG. 2: Graphical representation of the 2N
lay

+ 1 layered
cuboid. The two materials A and B are represented with two
di↵erent colours, respectively cyan and orange.

outlined, we end up with:

S
th

= 2M�
m

k
B

T,

S
CSL

=
~2�r3

C

⇡3/2m2
0

Z
dk

X

↵,�

�
µ̃↵(k)µ̃

⇤
�(k)

�
e�k2r2

Ck2z ,
(11)

where we focused once again on the motion along the
z-direction, which is assumed to be the direction of mea-
surement. If N = 1, these relations correspond to those
entering Eq. (6).

We note that S
th

is proportional to the mass M . In-
deed, the main contribution to the thermal noise comes
from the coupling to the cantilever spring, thus depend-
ing only on the total mass M and �

m

[14, 15]. Conse-
quently, the thermal noise does not change if the system
is composed by one or many layers for a fixed value of the
mass. On the other hand, the CSL force acts directly on
the mass layers and S

CSL

is a sum of N2 contributions:
N contributions are due to the self-correlation of a single
mass; N(N � 1) are due to the cross-correlation terms.
While the former are positive by definition, the latter do
not have a definite sign, and depend on the distance d↵,�
between the ↵-th and �-th mass. Indeed, by consider-
ing only two masses, if r

C

⌧ d↵,� , the forces acting on
the two masses are uncorrelated, hence the correspond-
ing cross-correlation term vanishes. If r

C

& d↵,� , the two
forces contribute coherently to the center of mass di↵u-
sion: this is the situation that maximizes the CSL e↵ect.
If r

C

� d↵,� , the main contribution to the integral in
Eq. (11) comes from |k| < 1/d↵,� ; the rest is suppressed
due to the Gaussian weight and consequently the global
CSL e↵ect does not benefit from it. This analysis is sum-
marized in Fig. 1 for two masses.

A first example of this analysis is reported in Fig. S5 of
[14], where the mixed term diminishes the self-correlated
contributions to S

CSL

for r
C

. 10�6 m, a value for which
both the noise acting on the cantilever and that acting
on the sphere coherently contribute to the CSL di↵usion
of the center of mass of the system. For r

C

& 10�6 m
the mixed contribution to S

CSL

is positive and for r
C

�
10�6 m it goes to zero. We will now discuss a concrete
application of the model discussed in the previous sec-

tion. Let us consider a test mass consisting of a cuboid
of base L ⇥ L and height H made of (2N

lay

+ 1) layers,
which are parallel to the base and orthogonal to the z-
axes. These layers are made of two di↵erent materials,
respectively N

lay

+ 1 of material A (density µ
A

) of thick-
ness a and N

lay

of material B (density µ
B

) of thickness b,
alternatively disposed one on top of the other. In order
to maximize the contribution to ⌘, we choose the layers
labeled by A, whose number exceed the B layers by one,
to be the heavier ones [cf. Fig. 2].

Thus, by carefully tuning the dimension L of the single
mass and the distance d between the masses, one can
explore di↵erent CSL parameter regions even though the
value of S

CSL

does not change.

III. MULTILAYER APPROACH

The test mass is supposed to be attached to a can-
tilever. Specifically, we take as a reference the exper-
iment described in Ref. [15]. Here, the resonant fre-
quency is !0/2⇡ = 8174 Hz, the spring constant k = 0.40
N/m and the test mass is a NdFeB sphere with den-
sity µs = 7430 kg/m3 and radius R = 15.5µm. Under
these conditions the measured residual force noise acting
on the cantilever after subtracting the thermal noise is
SF = 2.0 aN2/Hz. This value corresponds to an excess
noise of unknown origin, compatible with CSL. Here, we
want to probe the values of � and r

C

that correspond to
such a value.

While keeping all other experimental parameters fixed,
we replace now the NdFeB sphere with a layered cuboid
with the same mass, and variable geometry (L, a, b and
N

lay

). By taking the same mass we keep also the same
resonant frequency, so to guarantee a fair comparison
with the experiment in Ref. [15]. We choose the densi-
ties of the two materials equal to µ

A

= 16.0⇥ 103 kg/m3

and µ
B

= 2.2⇥103 kg/m3, which correspond respectively
to CoPt, a heavy ferromagnetic material required for the
SQUID detection, and SiO2. SiO2 is one of the most
common materials, it is easy to fabricate and compara-
tively light. CoPt is one of the heaviest ferromagnetic
materials, and is chosen here to enable SQUID detection
in absence of a magnetic sphere as in Ref. [15]. If the lat-
ter condition is not required, better choices for the heavy
material are for instance Au and W, whose densities are
almost the same µ

A

= 19.41⇥103 kg/m3. Given the mea-
sured value of the residual force noise, we compute the
upper bounds on the CSL parameters for di↵erent val-
ues of the cuboid parameters. The Fourier transform of
cuboidal mass density is given by

µ̃(k) =
4

kxky
sin(kx

L
2 ) sin(ky

L
2 )µ̃z(kz), (12)

Intuition: Thermal forces act on 
mass as a bulk. CSL force acts on 
mass “layers”. 

Two “types” of contributions two 
CSL force: intra-layer and layer-to-
layer.

positive by definition

positive, null, or negative

3

rC<<a,b,H H/3a/3 b a+b rC>>a,b,H

10-11

10-10

rC (m)

λ
(s
-1

)

FIG. 1: Hypothetical bounds on the CSL parameters obtained by monitoring the center of mass motion of an harmonically
trapped system of mass M . Two configuration are considered: a cuboid of side H (red) and two cuboids of side a = H/2
separated by a distance b which is supposed to be constant (green dashed). The base area is the same for both configurations.
The circles represent Gaussians of variance r2

C

inside which the CSL noise acts coherently. Due to the two di↵erent geometrical
configurations (see Appendix B) of the mass, the bounds become stronger or weaker depending on the value of r

C

. In particular,
for relatively small values of r

C

a non-uniform mass density makes the bound stronger (roughly by a factor of 2 for the considered
configurations). This feature of the collapse mechanism is at the heart of the amplification e↵ect of the multilayer structure
which is discussed in the paper.

stochastic forces, whose action leads to thermal and non-
thermal di↵usions, respectively. Going into the details,
the correlations of the CSL forces depend on the distance
between the masses. In the limit of validity of Eq. (3),
the Fourier transform of F↵ becomes [16]

F̃↵ =
i~
p
�r

3/2
C

(4⇡3)3/4m0

Z
dz w̃(z,!)

Z
dk µ̃↵(k)e

�
k2r2

C

2 �ik·z
k,

(8)
where µ̃↵(k) and w̃(z,!) are respectively the Fourier
transform of the mass density µ↵(x) of the ↵-th mass and
of a white noise. For the latter, it holds: hw̃(z,!)i = 0
and hw̃(z,!)w̃(z0,⌦)i = 2⇡�(! + ⌦)�(3)(z � z

0). Conse-
quently, the correlations read:

hF̃↵,i(!)F̃�,j(⌦)i

=
2~2�r3

C

�(! + ⌦)p
⇡m2

0

Z
dk µ̃↵(k)µ̃

⇤
�(k)e

�k2r2
Ckikj , (9)

which reduces to hF̃i(!)F̃j(⌦)i = 2⇡~2�(! + ⌦)⌘ij for
N = 1, with ⌘ij defined in Eq. (4).

We are interested in the motion of the center of mass
of the system, whose dynamical equation can be derived

from Eq. (7):

dq̂
cm

dt
=

p̂

cm

M
,

dp̂
cm

dt
= �M!2

0q̂cm

� �
m

p̂

cm

+ ⇠̂
cm

+ F

cm

,

(10)

where M =
P

↵ m↵, and we set !↵ = !0 and �↵ = �
m

.
This is the case when the masses are clamped together
and attached to a cantilever, thus they move together
at the frequency !0 =

p
k/M where k is the cantilever

sti↵ness, while the damping �
m

will be typically deter-
mined by cantilever bending losses. We also defined
F

cm

=
P

↵ F↵ and ⇠̂
cm

=
P

↵ ⇠̂↵. The correlations of Fcm

can be derived from Eq. (9). The environmental noise
is preponderately due to the dissipation of the cantilever
spring and its correlations read 1

2 h{⇠̂cm,i(t), ⇠̂cm,j(s)}i =
2M�k

B

T �i,j�(t�s) (with i, j = x, y, z), which depend on
the total mass of the system and the damping of the can-
tilever only [14, 15]. From the form of these correlations,
one can derive the thermal and non-thermal (CSL) con-
tributions, whose form is SA =

R
d⌦ h{Ã(!), Ã(⌦)}i/4⇡,

to the DNS, which was introduced in Eq. (6). By ap-
plying the correlation rules for ⇠̂

cm

and F↵ previously

arranging geometry suitably, can be made to  
contribute coherently to CSL-due diffusion

M. Carlesso, A. Vinante, and A. Bassi, Phys. Rev. A 98, 022122 (2018) 
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where we introduced b̂(t) = d
dt B̂t

, whose only non-zero
correlation reads

E[b̂(t)b̂†(s)] = ⌘ �(t� s). (23)

The corresponding Langevin equations for Ô = x̂, p̂ are

dx̂

dt
=

i

~

h

Ĥ, x̂
i

� {~ ŵ
x

(t),

dp̂

dt
=

i

~

h

Ĥ, p̂
i

� �CSLp̂� ~ŵ
p

(t),
(24)

where we introduced ŵ
x

(t) = b̂†(t) + b̂(t) and ŵ
p

(t) =

i(b̂†(t)� b̂(t)), whose correlations follow from Eq. (23)

E[ŵ
x

(t)ŵ
x

(t0)] = E[ŵ
p

(t)ŵ
p

(t0)] = ⌘�(t� t0),

E[ŵ
x

(t)ŵ
p

(t0)] = �E[ŵ
p

(t)ŵ
x

(t0)] = i⌘�(t� t0).
(25)

Compared to the classical Langevin equation, an extra
noise appears in the equation for the position operator.
This is in agreement with the results in Ref. [25], where
it is also discussed how the presence of this noise, which
in this context appears naturally, is required for having
a well defined momentum operator.

IV. APPLICATION TO OPTOMECHANICS

Let us consider a one-dimensional mechanical res-
onator of mass m in an externally driven cavity. Assum-
ing the relevant coordinate to be along the x direction,
the resonator and cavity field are coupled according to
the radiation pressure Hamiltonian Ĥrp = ~gâ†âx̂ with
â and â† the annihilation and creation operators of the
cavity field, x̂ that should now be interpreted as the po-
sition operator for the centre of mass of the resonator,
and g the optomechanical coupling rate. The radiation
pressure term enters the total Hamiltonian of the sys-
tem, which comprises the free dynamics of the field and
resonator characterized by the frequency !C and !0, re-
spectively. The motion of the system is thus described
by the Langevin equations [28]

dx̂

dt
= p̂/m, (26a)

dp̂

dt
= �m!2

0 x̂+ ~gâ†â� �
m

p̂+ ⇠̂, (26b)

dâ

dt
= �i�0â+ igâx̂� â+

p
2âin. (26c)

The terms ��
m

p̂ and ⇠̂ in Eq. (26b) describe the dissipa-
tive (at rate �

m

) and stochastic action of the phononic
environment (at temperature T ) a↵ecting the mechani-
cal resonator [29–34]. Here, ⇠̂ is an environment noise
operator having zero mean and correlation function

E[⇠̂
t

⇠̂
s

] = ~m�
m

Z

d!

2⇡
e�i!(t�s)!

h

1 + coth
⇣

~!
2kBT

⌘i

,

(27)

with kB the Boltzmann constant. In Eq. (26c), �0 =
!C �!L is the detuning between the cavity frequency !C

and the frequency of the external driving field !L. More-
over,  is the cavity dissipation rate and âin = ↵in + �âin

describes the driving field, characterized by the steady
average amplitude ↵in =

p

Pin/(~!C), where Pin is the
input power, and a fluctuating part that is quantum me-
chanically accounted for by the fluctuation operator �âin

such that h�âin(t)i = 0 and h�âin(t)�â
†
in(s)i = �(t� s).

The steady-state density noise spectrum of the me-
chanical motion provides an informative inference tool
for the long-time properties of the resonator [35, 36]. It
is defined as

S(!) = 1

2

Z +1

�1
d⌧ e�i!⌧E[h{�x̂(t), �x̂(t+ ⌧)}i],

=
1

4⇡

Z +1

�1
d!0 E[h{�x̃(!), �x̃(!0)}i],

(28)

where �x̂(t) = x̂(t) � x̂st is the fluctuation around the
steady-state position x̂st = lim

t!1 x̂(t), and �x̃(!) de-
notes the Fourier transform of �x̂(t).
Our goal now is to explicitly compute S(!) in Eq. (28),

under the assumption of the dCSL dynamics for the me-
chanical resonator. To this end, we modify the set of
optomechanical Langevin equations according to the pre-
scriptions in Eq. (24). We thus get

dx̂

dt
=

p̂

m
� {~ ŵ

x

(t), (29a)

dp̂

dt
= �m!2

0 x̂+ ~gâ†â� �p̂+ ⇠̂ � ~ŵ
p

(t), (29b)

dâ

dt
= �i�0â+ igâx̂� â+

p
2âin, (29c)

where � = �
m

+ �CSL is the total damping rate.
We move to the frequency domain, where the equations

above become algebraic, and find

�x̃(!) =
⇠̃(!) + ÑC(!) + ÑCSL(!)

d(!)
, (30)

where d(!) = m[(!2
eff(!) � !2) � i�eff(!)!] depends on

the e↵ective resonance frequency !eff(!) and damping
�eff(!), whose full expressions are given in Appendix B.
Three independent sources of noise contribute to �x̃(!):
⇠̃(!), which is the Fourier transform of ⇠̂, accounts for
the phononic noise inducing Brownian motion of the me-
chanical system; ÑC(!) is the source of noise due to the
open nature of the cavity and induced by the driving
field, and its explicit expression is given in Appendix B;
finally, ÑCSL(!) refers to the dCSL contribution to the
noise, and is the key of our analysis. It reads

ÑCSL(!) = {~m(i! � �)w̃
x

(!)� ~w̃
p

(!), (31)

where w̃
x

(!) and w̃
p

(!) are, respectively, the Fourier
transform of ŵ

x

(t) and ŵ
p

(t). It is worth remarking that
the dCSL noise enters S(!) not only through ÑCSL(!),
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but also in light of the presence of �CSL in d(!). The
density noise spectrum of the mechanical system then

reads

S(!) = 1

|d(!)|2



~�
m

m! coth
⇣

~!
2kBT

⌘

+
2~2g22|↵|2(�2 + 2 + !2)

[2 + (�� !)2] [2 + (�+ !)2]
+ ~2⌘

�

1 + {2m2(�2 + !2)
�

�

, (32)

where ↵ = hâi =
p
2↵in/( � i�) and � = �0 �

g hx̂i. Eq. (32) can be used to test the dCSL model
in optomechanical experiments, to compare the corre-
sponding predictions with those computed for the CSL
model [12, 13, 19, 24, 27, 37].

V. CHARACTERIZATION OF THE dCSL
MODEL: COMPARISON WITH EXPERIMENTAL

DATA

We can now apply the theoretical framework derived in
the previous Sections to set experimental upper bounds
on the dCSL parameters. We focus on nanomechan-
ical cantilevers [13, 14] and gravitational wave detec-
tors [19, 20]. These are the optomechanical experiments
whose data set the strongest bounds on � and rC for the
standard CSL model. We first perform the theoretical
analysis of the setups and then we make a comparison
with the experimental data.

A. Nanomechanical cantilever

In [13, 14, 38] the position variance of a cantilever,
which is proportional to its temperature, is measured for
di↵erent temperatures of the surrounding environment.
For our analysis, we consider the experiment reported
in [14]. The system consists of a silicon cantilever, of
size 450⇥ 57⇥ 2.5µm, sti↵ness kstiff = (0.40± 0.02)N/m
and density 2330 kg/m3, to which a ferromagnetic micro-
sphere (radius 15.5µm and density 7430 kg/m3) is at-
tached. The latter has two functions: it increases the
e↵ect of the CSL noise on the system (being its density
much bigger than that of silicon) and allows to monitor
the motion with a SQUID in place of a laser, as consid-
ered before [58]. Then, without the laser contribution,
S(!) becomes

S(!) = 1

m2

2m�
m

kBT + ~2⌘
⇥

1 + {2m2
�

�2 + !2
�⇤

(!2
0 � !2)2 + �2!2

,

(33)
where � = �

m

+ �CSL, !0 =
p

kstiff/m and we have con-
sidered the high temperature limit for the environmental
noise. For further details we refer to [14]. By integrat-
ing S(!) around the resonant frequency we obtain the

temperature TS of the system

TS =
m!2

0

kB

Z

d! S(!) = T +�TdCSL, (34)

where T is the environmental temperature and �TdCSL

the dCSL contribution. The expression of the latter is
given by

�TdCSL =
~2⌘

⇥

1 + {2m2
�

�2 + !2
0

�⇤

2kBm�
� �CSL

�
T. (35)

The first term increases the temperature of the system
(similarly to the standard CSL case), while the second
term cools the system and this is a fingerprint of the
dCSL model. To make an explicit example, if one con-
siders an experiment where the environmental tempera-
ture is much higher than TCSL, then the system is cooled
by the dCSL noise, contrary to the CSL case, where the
system can be only warmed up [16].

B. Gravitational wave detectors

Following the analysis performed in [19], we can eas-
ily derive the dCSL experimental bounds from gravita-
tional wave detectors. The three experiments considered
here are AURIGA [41], Advanced LIGO [40] and LISA
Pathfinder [39].
AURIGA consists in an aluminium cylinder of radius

0.3m, length 3m and mass 2300 kg cooled at 4.2K, whose
resonant deformation at frequency !0/2⇡ ⇠ 900Hz is
monitored by a SQUID-based readout [43]. We model
the system with two cylinders of half length, oscillating
in counterphase, as done in [19]. The minimum value for
the force noise, which could be attributed to dCSL [19],
is SF = 12pN/Hz1/2.
LIGO is a Michelson interferometer, whose two arms

are configured as a Fabry-Perot cavity, with two cylindri-
cal silica mirrors (density 2200 kg/m3, radius 17 cm and
length 20 cm) separated by a distance of 4 km. We esti-
mate that the minimum e↵ective noise SF = 95 fN/Hz1/2

is reached at !/2⇡ = 30� 35Hz [40, 44].
LISA Pathfinder consists in a pair of cubical masses

(mass 1.928 kg and side length 4.6 cm) which are 37.6 cm
away from each other. The two masses are in free fall,
surrounded by a space satellite following them, and or-
biting around the first Lagrangian point of the Sun-Earth
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FIG. 1: (Color online) Experimental bounds on the dCSL parameters � and rC for two values of TCSL. Left panel TCSL = 1K,
and Right panel TCSL = 10�7 K. Purple (top-center) line and shadowed area: upper bound from the cantilever experiment [14].
Green, blue and red (top-right, from left to right) lines and corresponding shadowed areas: upper bounds from gravitational
wave detectors, respectively LISA Pathfinder [39], LIGO [40] and AURIGA [41]. Orange (top-left) and grey (bottom) regions:
upper bound from cold atom experiment [16, 42] and lower bound from theoretical arguments [10]. The GRW [1] and the Adler
[6, 7] values are reported in black.

system. The minimum force noise is SF = 1.77 fN/Hz1/2

just above mHz regime [39].
Di↵erently from the cantilever, where one measures the

center-of-mass motion, here the relevant quantity is the
relative distance R12 between the two masses (in the
case of AURIGA this corresponds to the elongation of
the single mass). Then, the equations of motion must be
changed accordingly. We explicitly derive them in Ap-
pendix C and we obtain for the corresponding S(!)

S(!) = ~2(⌘ � �)

m2

1 +m2{2(�2 + !2)

(!̃2
0 � !2)2 + �̃2!2

, (36)

where !̃2
0 = !2

0 � 2�{�~, �̃ = � � 2{�~ and the explicit
form of � is given in Eq. (C10). Since we are primarily
interested in estimating the e↵ect of the dCSL noise, we
neglect all other noise sources, paying the price of setting
more conservative bounds.

C. Bounds on dCSL parameters

In Fig. 1 we report the bounds on the parameters �CSL

and rC by choosing two di↵erent values of TCSL. The
value of TCSL = 1K is a natural choice if one assumes
that the CSL noise has a cosmological origin. Compared
to the results presented in [14, 16, 19, 37], which refer to
the CSL model (TCSL = +1), the first panel shows no
appreciable di↵erence. Hence, for any TCSL > 1K bounds

on the dCSL model are practically equivalent to those on
the standard CSL model.

Things start changing if we take di↵erent values for
the noise temperature. Specifically, we consider as an
example the value of TCSL = 10�7 K. As Fig. 1 shows,
the bounds from gravitational wave detectors are stable,
still coinciding with those obtained in [19, 20, 37] with
the reference to CSL model. The reason is that the dif-
fusion constant ⌘ defined in Eq. (16) is the only relevant
quantity here, and it changes with respect to the CSL
model only if 1 + � cannot be approximated to unity.
This takes place for ranges of the noise temperature such
that [cf. Eq. (4)]

TCSLr
2
C ⌧ ~2

8m0kB

⇠ 10�18 m2K. (37)

Thus, changes are expected for TCSL  108 K when rC ⌧
10�13 m and for TCSL  10�7 K when rC ⌧ 10�5 m. This
can be seen in the bound coming from LISA Pathfinder,
which becomes slightly weaker for rC < 10�6 m at TCSL =
10�7 K as shown in the right panel of Fig. 1.

A strong e↵ect of the dissipative extension of the model
is shown in the bounds from the nanomechanical can-
tilever for TCSL = 10�7 K. Such a change is driven not
only by changes in ⌘ as discussed before, but also by
the change of the dissipation rate � = �

m

+ �CSL, with
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Unconditional preparation of nonclassical states via linear-and-quadratic optomechanics
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4Department of Optics, Palacký University, 17. listopadu 1192/12, 771 46 Olomouc, Czech Republic

Reservoir engineering enables the robust and unconditional preparation of pure quantum states in noisy envi-
ronments. We show how a new family of quantum states of a mechanical oscillator can be stabilized in a cavity
that is parametrically coupled to both the mechanical displacement and the displacement squared. The cavity is
driven with three tones, on the red sideband, on the cavity resonance and on the second blue sideband. The states
so stabilized are (squeezed and displaced) superpositions of a finite number of phonons. They show the unique
feature of encompassing two prototypes of nonclassicality for bosonic systems: by adjusting the strength of the
drives, one can in fact move from a single-phonon- to a Schrödinger-cat-like state. The scheme is deterministic,
supersedes the need for measurement-and-feedback loops and does not require initialization of the oscillator to
the ground state.

I. INTRODUCTION

The preparation and manipulation of pure quantum states
usually requires isolation of the system from the surrounding
environment and control of the Hamiltonian. Pursuing a rad-
ically different approach, reservoir engineering aims instead
to stabilize genuine quantum features of a system by tailor-
ing the properties of the environment [1]. Such a technique
has proven particularly successful in cavity systems, where a
damped cavity mode naturally provides a highly tunable reser-
voir. Reservoir engineering has been successfully applied to
trapped atoms [2] and ions [3–5], circuit quantum electro-
dynamics [6, 7] and opto/electro-mechanics [8–12]. Focus-
ing on cavity optomechanics, the stabilization of mechani-
cal single- and two-mode squeezed states has been recently
achieved [13–16]. However, despite this success, the dissipa-
tive preparation of mechanical pure states is currently limited
by the linear character of the evolution, which restricts the set
of target states to Gaussian ones [17, 18].

In order to prepare non-Gaussian—and especially
nonclassical—states of motion, some source of nonlinearity
is needed [19]. Early proposals for generating mechanical
nonclassical states in optomechanical systems exploited the
regime of single-photon strong coupling [20, 21], which
however is extremely weak in current experimental platforms.
Conditional strategies have also been developed, e.g. based
on photon-subtraction or pulsed interactions, which however
suffer from being probabilistic and/or having a low efficiency
[22–27]. In contrast, reservoir engineering guarantees the
stable and unconditional preparation of the desired state.

In this Letter we propose a dissipative scheme that exploits
both the linear and the nonlinear (quadratic) optomechanical
coupling between one cavity mode and one mechanical res-
onator to generate highly nonclassical states of motion of the
mechanical element. In our scheme, the cavity provides a
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FIG. 1. (a) A cavity mode (â) and a mechanical oscillator (b̂) are
coupled via a linear-and-quadratic optomechanical interaction with
strength g

(1,2)
0 [Eq. (1)]. The cavity is driven with three lasers as

shown on the left side. (b) The cavity fluctuation d̂ is coupled via a
beam-splitter interaction (with strength G1) to the operator f̂ , which
is a nonlinear function of b̂ [Eqs. (2) and (3)] and whose form is deter-
mined by the relative strengths and phases among the drives (sym-
bolized by the circles). The prevailing cavity losses, which couple
the system at a rate  to an environment with zero thermal occu-
pation, drive the oscillator toward the desired state [Eqs. (7) or (8)]
while mechanical damping at a rate � introduces imperfections [see
Fig. 3].

tunable reservoir whose properties are controlled by apply-
ing three coherent drives. A specific choice of their relative
strengths and phases yields a novel class of bosonic steady
states that admits a simple analytical expression. These states
are (squeezed and displaced) finite superpositions of phonon
number states with fixed parity and are parametrized by a non-
negative integer n, which determines how many number states
are superimposed. By selecting n = 1 we can stabilize a
(squeezed displaced) single-phonon state, while for increas-
ing n the state becomes a macroscopic quantum superposi-
tion similar to a Schrödinger cat state. Our scheme thus in-
terpolates between the two prototypes of nonclassicality for
bosonic systems: from single-excitation nonclassicality, re-
vealed in the phase space by a single pronounced negativity
of the Wigner function, to “interference fringes” typical of
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macroscopic superposition states. These features are shown
to be robust against the effect of mechanical dissipation.

Contrary to existing proposals for the dissipative prepara-
tion of Schrödinger cats that rely on a purely quadratic op-
tomechanical coupling [28, 29], our scheme does not require
initialization to the ground state, given that the target state
corresponds to a unique steady state. Our proposal also dif-
fers from that of Refs. [30, 31] inasmuch as it does not re-
quire any anharmonicity of the potential. Finally, our proto-
col does not rely on the prohibitive single-photon strong cou-
pling, which has been exploited to stabilize mechanical single
phonon states [32] and certain sub-Poissonian states [33].

II. MODEL

We consider a cavity mode whose frequency is paramet-
rically coupled to the displacement and the displacement
squared of a mechanical resonator. The Hamiltonian is given
by (we set ~ = 1 throughout)

Ĥ = !
c

â†â+!
m

b̂†b̂�g
(1)

0

â†â(b̂+b̂†)�g
(2)

0

â†â(b̂+b̂†)2, (1)

where â (b̂) describes the cavity (mechanical) mode with fre-
quency !

c

(!
m

) and g
(1,2)

0

quantifies the single-photon cou-
pling strengths [34]. We will refer to the term in Eq. (1) pro-
portional to the mechanical position (position squared) as the
linear (quadratic) term; as sketched in Fig. 1 (a), its action
consists in the displacement (squeezing) of the mechanical
mode conditioned on the number of cavity photons.

The cavity is driven with three lasers, one red-detuned by
one mechanical frequency, one blue-detuned by twice the me-
chanical frequency and one resonant, as schematically shown
in Fig. 1 (a). The effect of the drives is taken into account
by the displacement transformation â =

P

k

↵
k

e�i!

k

t + d̂,
where ↵

k

is the intra-cavity amplitude at each driving fre-
quency !

k

and d̂ is a quantum fluctuation. Moving to a frame
rotating with the cavity and mechanical frequencies, we can
write the displaced Hamiltonian as Ĥ = Ĥ

RWA

+Ĥ
CR

, where
Ĥ

RWA

contains the transitions resonantly enhanced by the
drives while Ĥ

CR

collects the off-resonant terms. If we re-
strict ourselves to the limit |G
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, |RG
1

| ⌧ !
m

and
|R�1G

2,3

| ⌧ !
m

, where R = g
(2)

0

/g
(1)

0

, G
1

= ↵
1

g
(1)

0

and
G
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2(3)
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(2)

0

, we can neglect the counter-rotating terms
and consider only the resonant contributions (cf. Appendix A)

Ĥ
RWA

= G
1

(d̂†f̂ + d̂ f̂†) , (2)

where we have introduced the operator

f̂ = b̂+
G

2

G
1

b̂† 2 +
G

3

G
1

�

b̂b̂† + b̂†b̂
�

. (3)

In the following we will take the coefficients G
1,2,3

to to be
real without loss of generality. Eq. (2) describes a beam-
splitter interaction between the cavity fluctuation and a non-
linear combination of the mechanical creation and annihila-
tion operators, as shown in Fig. 1 (b). The form of Eq. (3)

stems from the joint presence of the linear and the quadratic
coupling between one cavity mode and one mechanical os-
cillator; coupling to different cavity modes have been re-
cently considered to obtain a tunable optomechanical nonlin-
earity [35].

We also need to take into account the effect of dissipation.
We start by including the dominant cavity losses, in which
case the evolution of the joint density matrix %̂ reads

˙̂% = �i[Ĥ
RWA

, %̂] + D
d

[%̂] , (4)

where D
o

[%̂] = ô%̂ô† � 1

2

�

ô†ô%̂ + %̂ô†ô
�

is the standard dis-
sipator. Provided that a stationary state exists, this is given
by %̂

ss

= | 
ss

ih 
ss

|, with | 
ss

i = |0i ⌦ |'i and where the
mechanical state obeys the dark state condition [36]

f̂ |'i = 0 . (5)

By varying the number, strength and frequency of the drives,
reservoir engineering with linear-and-quadratic coupling al-
lows to stabilize a plethora of nonclassical states and mani-
folds thereof [37]. In the following we focus on a particularly
relevant instance.

Novel family of steady states.—We now introduce and char-
acterize a new family of states that are generated within the
scheme presented above. If we assume

G
3

= �G
2

=
G

1

2
p
2n+ 1

, (6)

where n 2 N
0

is a non-negative integer, the mechanical steady
state |'i ⌘ |'

n

i is described by the surprisingly simple wave
function

'
n

(x) / e�
X

2
n

4 H
n

(X
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) . (7)

In the equation above, '
n

(x) = hx|'
n

i and H
n

(X
n

) is the

Hermite polynomial of argument X
n

=
q

2

3

�

x+
p
4n+ 2

�

.
This expression has been obtained by solving the differential
equation associated Eq. (5) (cf. Appendix D). The choice of
the coupling strengths as in Eq. (6), and in particular the in-
troduction of an integer parameter, are crucial to obtain such a
simple expression. Nevertheless, we verified numerically that
for small deviations from these values, the steady state (now
no longer pure) has near-unit fidelity with the target state de-
scribed by Eq. (7), so that no fine-tuning issue arises.

The stationary wave function '
n

(x) resembles that of a
simple harmonic oscillator, however with two crucial differ-
ences: (i) the integer n appears both in the order and in the
argument of the Hermite polynomial and (ii) the presence of
a factor 4 in the exponential. The latter, albeit seemingly in-
nocuous, prevents '

n

(x) from being recast into the standard
harmonic oscillator form and, in fact, entails a superposition
of harmonic oscillator wave functions. The corresponding
state is indeed a squeezed and displaced superposition of a
finite number of Fock states (cf. Appendix D)
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FIG. 2. Wigner function W (x, p) of the state |'ni [Eq. (8)] for n = 1 (a), n = 3 (b) and n = 6 (c). The marginals of W (x, p), which provide
the position and momentum probability distribution, are also shown.

where Ŝ(r) and D̂(⇣
n

) are the squeezing and displacement
operator of argument r = ln

p
3 and ⇣

n

= �
p
2n+ 1, re-

spectively, and byc yields the greatest integer smaller or equal
than y. Eq. (8) provides the exact expression of a new instance
of a bosonic state and represents one of the main results of
this work. Unlike coherent or squeezed states, for which the
coefficients are found by writing the definition [analogue of
Eq. (5)] in the Fock basis and solving a recurrence relation,
such an attempt here would fail. Instead, our approach of first
obtaining the wave function by projecting the dark state con-
dition onto the position eigenstates and from that deriving a
closed expression for the coefficients proves successful.

The state |'
n

i consists of two Gaussian unitary operations
acting on a finite superposition of Fock states, which is respon-
sible for its nonclassical nature. This finite seed contains at
most n excitations, has a definite number parity and can be in
principle isolated by deterministically counter-squeezing and
displacing the state. Theoretical proposals to achieve prob-
abilistically the truncation of photon number superpositions
have been put forward for linear optical devices [38, 39]. In
contrast, here a finite superposition can be obtained uncondi-
tionally, without exploiting entanglement and for a massive
system. These states may thus be useful for quantum infor-
mation processing as a robust choice for qubit encoding [40],
similarly to what has already been proposed for Schrödinger
cat states [41, 42].

In Fig. 2 we show the Wigner function
W (x, p) = 1

⇡

R

dy e�2ipy'
n

(x+ y)'⇤
n

(x� y) of |'
n

i
for different values of n. The transition from a single
pronounced negativity (a) to phase-space “ripples” (b)-(c) is
apparent. It is useful to compare our solution to the family of
Schrödinger cat states |C±

↵

i / |↵i ± | � ↵i [43], for which
optomechanical realizations exploiting reservoir engineering
have been proposed [28, 29, 31]. Contrary to the case of
an odd cat state |C�

↵

i, which in the limit of small amplitude
approximates a single-phonon state—the so-called “kitten”
state [44]—the state |'

1

i = D̂(⇣
1

)Ŝ(r)|1i is exactly a
(squeezed and displaced) single-phonon state. On the other
hand, for large n the state |'

n

i approaches a Schrödinger
cat, yet the two never fully overlap (even asymptotically unit

fidelity is not attained), so that Eq. (8) embodies a similar but
distinct instance of a macroscopic quantum superposition (cf.
Appendix E).

III. RATE OF APPROACHING THE STEADY STATE AND
EFFECTS OF MECHANICAL DISSIPATION

We now address how the unavoidable presence of mechani-
cal damping affects the properties of the target state. For sim-
plicity, we focus on the fast cavity limit  � G

k

, where adia-
batic elimination of the cavity field leads to an effective mas-
ter equation for the reduced mechanical density matrix (see
Refs. [45, 46] or cf. Appendix B for explicit derivation)
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,
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where C = 4G2

1

/(�) defines the optomechanical cooperativ-
ity. The first term on the right-hand side describes dissipation
induced by the modified jump operator

f̂ = b̂� 1
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b̂† 2 �
�

b̂b̂† + b̂†b̂
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, (10)

which makes manifest the role played by the cavity in provid-
ing an engineered environment for the mechanical degree of
freedom. In Eq. (9) we also added thermal decoherence to a
mechanical bath at a rate � and with n̄ thermal occupancy.

Let us first consider the limit of no mechanical damping.
In this case Eq. (9) describes a purely dissipative dynamics,
however relative to a jump operator that is neither linear nor
bosonic; complete information about the dynamics can be un-
covered by studying the spectrum of D

f

. In the infinite-time
limit the state %̂

(m)
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= lim
t!1 %̂(m) satisfies D

f
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(m)
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⇤

= 0
and is non-degenerate. We can conclude that our protocol is
both deterministic and independent of the choice of the initial
state, allowing in principle to start from any given state, e.g. a
thermal one. This must be contrasted with dissipative prepa-
ration of mechanical cat states [28, 29], for which the steady
state has a double degeneracy and consequently initialization
to a state of definite parity—typically the ground state—is
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relevant instance.

Novel family of steady states.—We now introduce and char-
acterize a new family of states that are generated within the
scheme presented above. If we assume
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This expression has been obtained by solving the differential
equation associated Eq. (5) (cf. Appendix D). The choice of
the coupling strengths as in Eq. (6), and in particular the in-
troduction of an integer parameter, are crucial to obtain such a
simple expression. Nevertheless, we verified numerically that
for small deviations from these values, the steady state (now
no longer pure) has near-unit fidelity with the target state de-
scribed by Eq. (7), so that no fine-tuning issue arises.

The stationary wave function '
n

(x) resembles that of a
simple harmonic oscillator, however with two crucial differ-
ences: (i) the integer n appears both in the order and in the
argument of the Hermite polynomial and (ii) the presence of
a factor 4 in the exponential. The latter, albeit seemingly in-
nocuous, prevents '

n

(x) from being recast into the standard
harmonic oscillator form and, in fact, entails a superposition
of harmonic oscillator wave functions. The corresponding
state is indeed a squeezed and displaced superposition of a
finite number of Fock states (cf. Appendix D)
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sition measurements obtained through adiabatic elimination
of a cavity mode continuously monitored through homodyne
detection, and discuss the related feedback strategies aimed
cooling the motion of the oscillator. The possibility to observe
mechanical squeezing via a continuous back-action evasion

measurement was firstly proposed in [2] and then invesitgated
experimentally in [6, 17]. In [53], the unravelling correspond-
ing to direct position measurements of an oscillator interact-
ing with a non-zero temperature thermal bath is considered;
more specifically, the results obtainable in different regimes,
corresponding to different measurement resolutions, are dis-
cussed in great detail, and the ensuing stochastic master equa-
tion has been seminal in the design of protocols to engineer
thermo-mechanical squeezing [16, 54]. Also, the usefulness
of discrete and repeated measurements on a coupled qubit in
a hybrid setup has been investigated in [55], where an effec-
tive dynamics able to prepare a squeezed steady-state has been
identified. Very recently, Hofer and Hammerer [56] have stud-
ied the effect of continuous homodyne detection on the cavity
output combined with sideband cooling in a standard opto-
mechanical setup, where the mechanical oscillator interacts
with a non-zero temperature thermal bath. First, they consider
a single oscillator and discuss the corresponding steady-state
average number of phonons; then, they present more complex
and sophisticated protocols able, for example, to create entan-
glement between two distant oscillators.

As already stated above, in this manuscript we focus on the
case of a levitating dielectric nanosphere in an optical cav-
ity, described by the master equation derived in [25]. No-
tice that our treatment is distinct from the existing literature in
that the master equation of the levitating nanosphere includes
a photon scattering term, and the measurements of both cav-
ity output, via homodyne detection, and oscillator position,
through the light scattered by the nanosphere itself, are con-
sidered simultaneously. By combining these measurements
with sideband cooling and Markovian feedback, we address
the possibility of both cooling the oscillator towards its ground
state and of generating quantum mechanical squeezing, that is
sub-vacuum fluctuations, which is a paradigmatic signature
of non-classicality useful for quantum metrology and preci-
sion sensing [57]. Finally, we also address in more detail the
experimental setup described in [22], where the nanosphere is
trapped in a high finesse optical cavity: by considering state-
of-the-art values for the experimental parameters and for the
measurement efficiencies, we show the possibility to vastly
improve the performances of sideband cooling both in terms
of steady-state average number of phonons and in terms of
generation of squeezed quantum states.

The manuscript is organised as follows: in Sec. II we dis-
cuss the master equation of a levitating nanosphere, and intro-
duce the notation and figures of merit that will be discussed
in the remainder of the article. In Sec. III we introduce
the stochastic master equation describing the time-continuous
measurements and then present the results obtainable for dif-
ferent values of their measurement efficiencies. In Sec. IV we
discuss the performances of these protocols for a specific ex-
perimental setup, while Sec. V concludes the paper with some
final remarks.

II. LEVITATING DIELECTRIC NANOSPHERE MASTER
EQUATION

We will consider two quantum degrees of freedom; the
cavity electromagnetic mode and the mechanical motion of
a trapped nanosphere, described respectively by bosonic op-
erators a and b satisfying the commutation relations [a, a†] =
[b, b†] = 1. We can then define the corresponding position and
momentum quadrature operators as xc = (a+ a†)/

p
2, pc =

�i(a�a†)/
p
2, xm = (b+b†)/

p
2 and pm = �i(b�b†)/

p
2,

which can be grouped in a single vector

r = (xc, pc, xm, pm)

T. (1)

By considering the cavity driven by a laser at frequency !L,
the Hamiltonian describing the interaction between the two
modes reads

H = !mb†b��a†a+ g(a+ a†)(b+ b†), (2)

where g is the effective coupling constant, !m is the mechan-
ical frequency and we have already transformed the Hamilto-
nian to a frame rotating at the driving laser frequency !L, such
that � = !L � !c denotes the detuning from the cavity res-
onance !c (note that we set ~ = 1). By considering the open
dynamics resulting from the interaction with the environment
(i.e. the free electromagnetic modes), one obtains the master
equation [25],

d%

dt
= L%
= �i[H, %] + D[a]%+ �D[b+ b†]% , (3)

where D[O]% = O%O† � (O†O% + %O†O)/2. The first
term is responsible for the unitary dynamics, the second
one describes the usual cavity loss (with total loss rate ),
while the third one corresponds to the recoil heating due
to photon scattering from the oscillating nanosphere (with
decoherence rate �). The dependence and formulas for all
the parameters entering in Eqs. (2) and (3) can be found in
[25]. Specifically we want to point out that the cavity loss
parameter  = 0 + d is the sum of the intrinsic loss rate 0

due to the imperfections in the cavity mirrors, plus the extra
contribution d due to the presence of the dielectric inside the
cavity. We also remark that we only address the control along
one spatial direction (dictated by the harmonic trap generated
by the optical tweezers) along the optical cavity axis and
we will not deal with the potential technicalities involved in
cooling the motion along the other two decoupled directions.

By assuming that the system is prepared in a Gaussian state
(e.g. in a thermal state) at time t = 0, at every time the dy-
namics keeps the state Gaussian (see [58] for different reviews
on Gaussian states). As a consequence, the whole dynamics
can be fully described by means of the first moment vector R
and the covariance matrix �, whose elements are defined as

Rj = Tr[%rj ]
�jk = Tr[%(rjrk + rkrj)]� 2RjRk. (4)
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FIG. 2. Steady-state values for average number of phonons (left)
and for the oscillator purity (right), as a function of the detuning
� (g = !m,  = 2!m and � = !m/10). Notice that we plot
only values of detuning corresponding to the stable region and that
minimum of phonon number and maximum of purity do not exactly
correspond (this is due to the fact that the steady-state corresponds to
a squeezed thermal state).

III. TIME-CONTINUOUS HOMODYNE MEASUREMENT
OF CAVITY MODE AND OSCILLATOR POSITION

We now consider the conditional evolution due to general-
dyne time-continuous measurement on both the cavity mode
and the oscillator. The corresponding stochastic master equa-
tion reads

d% = L% dt+p
⌘1H[aei�]% dw1 +

p
⌘2�H[b+ b†]% dw2

(11)

where H[O]% = O% + %O† � Tr[(O + O†
)%]% and dwj are

uncorrelated Wiener increments, such that dwjdwk = dt �jk.
The term p

⌘1H[aei�] describes the effect of continuous ho-
modyne on the output cavity mode with efficiency ⌘1, where
the phase � can be adjusted by choosing the optical phase of
the monitored quadrature operator (e.g. � = 0 and � = ⇡/2
correspond respectively to homodyning quadratures xc and
pc) [27, 43]. Analogously, the term

p
⌘2�H[b+ b†] describes

the effect of continuous monitoring of the oscillator position,
with efficiency ⌘2 [52, 53].

As for the unconditional master equation (3), the dynamics
induced by the continuous measurement here considered does
not change the Gaussian character of the quantum state; as a
consequence we can translate Eq. (11) into equations for the
first moment vector and covariance matrix:

dR = AR dt+ (N � �BT
) dw , (12)

d�

dt
=

eA� + � eAT � �BTB� +

eD , (13)

where dw = (dw1, dw2)
T and the matrices N,B, eA and eD

can be evaluated starting from the parameters entering the
stochastic master equation (11) [43] and are reported in the
Appendix A. It is important to observe that the Riccati equa-
tion for the covariance matrix is completely deterministic, and
yields a steady-state that can be efficiently evaluated numer-
ically. On the other hand, the first moments’ evolution is
stochastic, i.e. it depends on the outcomes of the continuous
measurements. As a consequence, at each time the conditional

state is a Gaussian state whose covariances and correlations
evolve deterministically according to the dissipative dynamics
and the kind of measurement performed, while its first mo-
ments evolves randomly in the phase-space, depending on the
values of the photocurrents. In the following we will focus on
these conditional steady-states only.

Although it is possible to achieve these conditional covari-
ance matrices by pure filtering, i.e. recording the measurement
outcomes (photocurrents), in order to remain in the harmonic
trap regime, where our treatment applies, it is useful to sup-
press the drift of the first moments, due to the stochastic evolu-
tion, by an active feedback operation. The role of feedback is
indeed to use the information contained in the measurement
outcomes in order to remove the contribution given by the
last term in Eq. (12), which is proportional to the Wiener
increment dw. This can always be done by adding a linear
feedback term in the Hamiltonian (3) with coupling constants
proportional to the photocurrents, i.e.

H 0
= H + r

T
f(t) , (14)

where r is the vector of quadrature operators introduced in Eq.
(1) and f(t) is an optimized vector of time-dependent coupling
constants whose values depends linearly on the continuous-
measurement outcomes [43]. In practice, while for the cavity
field this corresponds simply to a linear driving, in the case
of a mechanical oscillator it can be obtained by means of a
combination of impulses and shifts of the trapping potential
(for a more detailed discussion of this issue see [52]).

The first important consequence of Eqs. (11) and (13) re-
gards the stability of the opto-mechanical system. The exis-
tence of a steady-state for a continuously monitored quantum
systems has been discussed in [43]. More specifically, it is
proven that Eq. (13) has a stabilizing solution if and only if
the pair of matrices (B, eA) is detectable, namely

Bx� 6= 0 8 x� :

eAx� = �x� with Re[�] � 0 , (15)

that is whenever the degrees of freedom that are not strictly
stable under the drift matrix eA contribute to the measurement
output Br. We find that, for all the choices of parameters
we have considered in our numerical simulation, whenever
the interaction between the two bosonic modes is on (i.e. for
g > 0), if a continuous measurement is performed, i.e. if
⌘1 > 0 or ⌘2 > 0, the stochastic master equation satisfies
the stability conditions. We should remark that this stability
condition regards the covariance matrix steady-state, while in
principle the first moments could not go to a steady-state value
(e.g. to zero). However, as we have just stated above and dis-
cussed for example in [52], the information obtained from the
measurement can be used to obtain a proper steady-state for
the quantum system with zero first moments, as the stochastic
drift on the latter may always be canceled by Markovian linear
feedback.

In the following, we will concentrate on the the steady-
state properties of the harmonic oscilaltor. As anticipated in
the previous section, we will analyse the number of phonons,
the purity of the state, and at the achievable quantum squeez-
ing, quantified by the minimum eigenvalue of the steady-state

dQ = Tr[dϱH]
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which results in a broadening of the Lorentzian function, as shown in the figure

The broadening is due to the fact that the Collapse mechanism adds an extra Lorentzian term to the
DNS function, but we can include this e↵ect if we think the expression of the DNS as a sigle Lorentzian
with a di↵erent width factor �0. In order to to this we make use of the Fourier transform, as we know
that the real part reads as cos(x0t)e

��t. The following plots show the DNS with and without CSL in
function of time, from which respectively we extrapolated the values of �0 = 33.9516 and � = 31.8573
and the di↵erence between the two functions
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As it is already known a drawback of this model is that it does not preserve the energy and for this
reason we are going to introduce the dissipative extension.

Optomechanical cavity with dissipative CSL

The dissipative model [?] introduces a third fundamental parameter which is related to the finite tem-
perature T
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of the CSL. The solution to the energy divergence problem is achieved if one considers the
e↵ect of the CLS as the action of an noise field with finite temperature, while in the previous case it is
was implicitly assumed infinite. The choice of the value for this temperature is still under discussion, but
it has been shown that for T
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> 1K the dissipative e↵ects are negligible and we recover basically the
standard CSL results, while for T
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= 107K there is a modification of the mirror dynamics. The DNS
also in this case is made of three parts, but the third term is now modified because of the dissipation
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As it is already known a drawback of this model is that it does not preserve the energy and for this
reason we are going to introduce the dissipative extension.

Optomechanical cavity with dissipative CSL

The dissipative model [?] introduces a third fundamental parameter which is related to the finite tem-
perature T

CSL

of the CSL. The solution to the energy divergence problem is achieved if one considers the
e↵ect of the CLS as the action of an noise field with finite temperature, while in the previous case it is
was implicitly assumed infinite. The choice of the value for this temperature is still under discussion, but
it has been shown that for T

CSL

> 1K the dissipative e↵ects are negligible and we recover basically the
standard CSL results, while for T

CSL

= 107K there is a modification of the mirror dynamics. The DNS
also in this case is made of three parts, but the third term is now modified because of the dissipation
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Testing the large-scale
limit of

quantum mechanics

Being ahead of the game
Person-Months
UniTS AU INFN OEAW QUB TUD UCL Soton M2

30 2 4 33 27.2 3 2 2 0

Objectives
O4.1 To set up a theoretical framework for the test  
of quantum  mechanics at the mesoscopic level. 
O4.2 To design experimental tests able to refine  
the framework of collapse models. 
O4.3 To investigate macro-realism at the mesoscopic  
level through the experiments at the core of TEQ.

Tasks
T4.1 To assess decoherence on the experimental set 
up at the core of WP3. 
T4.2 To determine experiment-specific bounds to CSL 
and SN mechanisms. 
T4.3 To develop schemes to quantify the macroscopicity 
of quantum superposition states. 
T4.4 To design settings for the test of energy-
conserving CSL and SN model. 
T4.5 To compare time-dilation decoherence and 
gravity-induced collapse.

Deliverables
D4.1 Calibration of decoherence [M12] 
D4.2 Bounds to CSL & SN models [M18] 
D4.3 Size of the superposition [M24] 
D4.4 Bounds to the ecCSL model [M36] 
D4.5 Time-dilation/gravity collapse [M44]



WP5: Management
A. Bassi - UniTS

Testing the large-scale
limit of

quantum mechanics



Objectives

O5.1 Coordination of the project for the achievement of the 
objectives.

Tasks

T5.1 Organization of the project meetings. Management of unforeseen 
events.
T5.2 Setting up and maintenance of the website.
T5.3 Monitoring of Work Plan. Preparation of financial & scientific reports.
T5.4 Preparation, implementation and update of the Data Management 
Plan.

Deliverables

D5.1 Website [M 2].
D5.2 Data Management Plan [M 6].
D5.3 Project Review Meeting documents M12 [M 14].
D5.4 Project Review Meeting documents M30 [M 32].
D5.5 Project Review Meeting documents M48 [M 48].

Summary of WP5

Persons-Months

UniTS AU INFN OEAW QUB TUD UCL Soton M2

40 2 4 2 2 2 2 2 2



Project Officer
Grant Agreement

Stakeholders
QT Community
Wider Community
General public
Industry
Press
Policy makers

Steering
Committee

A Steering Committee (SC), 
chaired by the coordinator 
(Bassi), will be established as 
the governance entity for the 
project. The SC will be 
formed by [the local PIs]. It
will be supported by the 
Administrative Officer 
appointed to assist with the 
management of the project 
and complemented by the 
Consortium Press Officer
(CPO), chosen among the 
members of the Consortium, 
who will be in charge of the 
dissemination plan.
(from the GA – Annex I)

Organization



INTERNAL MANAGEMENT

SCIENCE
PI

Local PI

Local PI

Local PI

Scientific
team

Scientific
team

Scientific
team

PI + 
Press 
OfficerPI + 

Admin
Officer

Local PI 
+ Admin

Local PI 
+ Admin

Local PI 
+ Admin

Admin Officer
(Irene)

Website 
Manager
(Matteo)

Publ & Diss
Manager

(Marta)

Social Media 
Manager
(Caitlin)

ADMINISTRATION
DISSEMINATION

DEP, DMP
CA
Rec. Plan



The Network



Early Career Researchers

Participating Paid by TEQ

Postdoc PhD Student Postdoc PhD Student

15 14 1 10 7 1

ECRs & 
Gender 
dimension



EXTERNAL MANAGEMENT

V0.5 

    7 

an explicitly interdisciplinary collaboration such as the one upon which TEQ is constructed.  
The Consortium will implement a substantial plan for interactions. As demonstrated in Table 3.1a, the Work Plan of 
TEQ is collaborative in nature and will be developed by putting together the complementary expertise of the partners. 
The early-stage researchers that will be appointed at UniTs and OEAW (who are among the leaders in the assessment 
of gravity-induced decoherence) will visit QUB (which offers considerable expertise in the theoretical assessment of 
light-driven mechanical motion and the study of the resulting quantum manifestations) for one month each. In turn, 
members of the QUB node will have frequent visits to UCL and UoS to inform their experiment along the lines of the 
proposed Work Plan. The proximity between UCL and UoS will enable a constant flow of information between the 
two nodes. All theoretical and experimental partners will work closely to realise and analyse/interpret the ultimate 
experiment at UoS. Overall, PhD students and postdocs at a given node will spend up to 3 month/year across the 
lifetime of TEQ visiting relevant partners, thus implementing a factual programme of knowledge-transfer and cross-
fertilisation. The annual Consortium meetings and the workshop to be organised at month 24 of TEQ’s lifetime (cf. 
Sec. 2.3a) will embody opportunities for interactions and planning of collaborative work. Moreover, many of the 
academic partners of TEQ are part of the recently approved COST Action CA15220 (chaired by Prof. Bassi, UniTs), 
whose Short Term Scientific Missions programme will offer additional leverage for interactions and collaborations. 

Section 2: Impact  
2.1 Impact on technology and/or society 
TEQ holds the promises for realising substantial impact at both the scientific and societal level. Fig. 4 illustrates the 
ecosystem of innovation and impact that will be triggered by the realisation of TEQ, which extends all the way to 
comprise industrial developments, Research & Innovation, and society. The progress that the Consortium will achieve 
in the quantum-limited manipulation and control of levitated massive NCs will embody the building block for the 
design of sensors for frequency and displacements operating in genuinely ultra-low noise environments. This will be 
possible only through the technological contribution arising from both the academic and industrial partners in TEQ. 
Such synergy of complementary expertise will spur progress of industrial nature, which represents a long-term legacy 
that TEQ will leave. The project aims at exploring and understanding the pillars of quantum mechanics. The knowledge 
that it will generate will raise the interest of the general public and impact on the perception that society has of nature. 
Together with the substantial impact that will be achieved by the construction of quantum-limited sensing devices, 
which are core targets of enormous relevance in quantum technologies, this will embody the core transformational 
impact of our Work Plan.  
2.2 Impact on future leadership 
TEQ contributes significantly to the establishment of a new generation of potential leaders, in both science and 
industry, in a manifold manner. First, it empowers new actors in research: most of the PIs are mid-career researchers 
with excellent reputations in their respective areas and proven track records of leaderships. Second, it empowers female 
researchers by attributing leading roles to Dr. Curceanu, who will act as Consortium Deputy Coordinator and Co-
Leader of three of the work packages (WPs) of the project. The Consortium will strive at enhancing the balance 
between genders as a priority of his management strategy by welcoming applications to PhD and postdoctoral positions 
from female researchers. Finally, the Consortium includes a high-tech SME (MSL) with an excellent reputation and an 
already strong involvement in major quantum technology initiatives (such as the Birmingham-led Quantum Hub 
funded by the UK National Quantum Technology Programme).  
2.3 Measures for achieving impact  
a) Dissemination and exploitation of results  
Plan for  the  d i s s eminat ion and explo i ta t ion  o f  the  pro j e c t ' s  r e su l t s .  TEQ is built on the synergy between 
theoretically engrossing questions and the development of exciting experimental platforms. Our plan for the 
maximization of the project’s impact comprises the following steps [cf. Fig. 5]. 

• Step1: Impact on the scientific community of specialists in 
quantum technologies. The goals of Step 1 will be achieved by 
developing the work programme of TEQ, pursuing new collaborations 
(outside the proposed Consortium), identifying new funding 
opportunities, and through core dissemination events. This approach will 
be complemented by the organization of a workshop on the topic of 
“Redefining the foundations of physics in the quantum technology era”, which will 
be held in Trieste in the second year of TEQ’s lifetime. We will invite 20 
leading figures in the communities relevant to TEQ to contribute to a 4-
day workshop open to participants outside the Consortium and will have 
two objectives: fostering new collaborations among the participants 
(mixing experimental and theoretical efforts), leading to new proposals 
for funding, increasing the visibility of the area at the core of TEQ, and 
identifying new directions and problems to tackle. Ideally, this will 
become the 1st of a series of workshops on the themes addressed by our 

Fig. 5: Plan for the maximization of the 
project impact. The steps that we will 
implement will address increasing 
audiences, up to the general public and 
other stakeholders (policymakers, 
national/international funding bodies). 

Workshop !
organisation

New research!
proposals STEP 1

Talks &!
Seminars

Review!
Articles

Research!
papers
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Engagement !
with media

New & social!
media

Public quantum !
talks

STEP 3

Scientific!
collaborations

Industrial!
       partners 

Engagement with !
stakeholders

New!
Collaborations

Training  

Stakeholders
1. QT Community, 
2. Wider Community,
3. General public, Industry,

Press, Policy makers



• The QT Flagship (EU)
• 2 COST Actions: CA15220 QTSpace + CA17113 on Trapped Ions  (EU)
• MAQRO Project è ESA 
• 1 Project funded by Centro Fermi (IT)
• 1 Project funded by The John Templeton Foundation (USA)
• 2 Grants from FQXi (USA)
• 2 MarieCurie Fellowship (EU)
• 1 Fellowship from The Leverhulme Trust (UK)
• 1 Project funded by The Royal Society (UK)
• 1 Newton International Fellowship (UK)

Interaction with other EU/(inter-
)national projects



Task 5.1 
Organization of the project meetings. Management of unforeseen events

• 02.02.2018 (Trieste): Kick off meeting
• 28.03.2018 (London): Scientific meeting
• 22.06.2018 (Southampton): Scientific + SC Meeting
• 8-9.11.2018 (Delft): Scientific + SC Meeting



Task 5.2 
Setting up and maintenance of the website

http://tequantum.eu/
hosted at the servers of INFN in Padriciano (Trieste, ITALY)

Public area

Private area

The logo represents a superposition, model as a red 
and a blue
sphere, which is measured by a magnifying glass. 
Above, project’s acronym.

Based on the same colour palette, fonts and logo, a set of 
templates have been designed by the TEQ WP6 Leader 
(UNITS):
• The TEQ letterhead;
• A template for project Deliverables; 
• A template for project PowerPoint presentations; 
• A template for project Press Releases.

http://tequantum.eu/


New administrative 
roles:
- Proposed  on March 2, 
2018
- Approved 
unanimously in e-Vote 
by the SC on March 11, 
2018 

Administrative Officer 

• Assists the Chair in managing TEQ
• Updates the public sections of the website
• Uploads the documents in the private area
• Prepares the internal periodic newsletters
• Acts as secretary for the planned workshop

Publications & 
Dissemination

Manager

Website 
Manager

Social Media 
Manager

• Collects list of TEQ 
related publications & 
checks the 
acknowledgements

• Collects dissemination 
outputs

• Controls the proper 
functioning of the 
website

• Makes changes to the 
structure of the 
website when needed

• Updates the TEQ 
Facebook account

• Updates the TEQ Twitter
account  

• Responds to questions 
and moderate comments 

As per GA 



Task 5.3 
Monitoring of Work Plan. Preparation of financial & scientific reports.

• Organize scientific and SC meetings

• Ensure respect of deadlines

• Monitor of recruitment plan

• Collecting deliverables and submitting them

• Collecting data, assembling and submitting financial & scientific reports



Task 5.4 
Preparation, implementation and update of the Data Management Plan

Further
amended



WP6: DISSEMINATION 

C. Curceanu - INFN 

Testing the large-scale 
limit of 

quantum mechanics 
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Objectives 
 

O6.1 Implementation of targeted 

dissemination and communication 

activities. 

Tasks 
 

T6.1 Coordinate and promote dissemination of 

TEQ and its findings. 

T6.2 Manage internal communication. 

T6.3 Coordinate and promote external 

communication to targeted audiences. 

Deliverables 
 

D6.1 Press releases [M 3]. 

D6.2 Popular press articles [M 12]. 

D6.3 Videos [M 20]. 

D6.4 Workshop [M 24]. 

D6.5 Dissemination and 

exploitation Plan [M 12]. 

Summary of WP6 

Persons-Months 

UniTS AU 

 

INFN OEAW QUB TUD UCL Soton M2 

18 

 

2 4 2 2 2 2 2 2 



DISSEMINATION     towards: 

INTERNAL 

TEQ community 

EXTERNAL 

Quantum community 

Broader scientific community 

Industry 

Schools, general public... 
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DISSEMINATION     Overview 

INTERNAL 

 Consortium meeting and SC meetings.  

 TEQ Website . 

 TEQ Newsletters (4/year).  
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 Consortium meeting and SC meetings 

 1 Kick-off 

 3 Scientific meetings + smaller groups meetings 

 3 Steering Committee Meetings 

INTERNAL DISSEMINATION 
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STEERING COMMITTEE MEETINGS 

Trieste, 2nd February 2018 – Kick off meeting 

Southampton, 22nd February 2018 

Delft, 9th November 2018 



INTERNAL DISSEMINATION 

 TEQ Website: tequantum.eu about 900 visits/week (3000 total views)   
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 TEQ Newsletters 

June 2018 

September 2018 

December 2018 

INTERNAL DISSEMINATION 
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EXTERNAL 

DISSEMINATION     Overview 

• Publications on specialized journals. 
• Participation in quantum-related meetings and conferences   
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• Publications in broad-readership journals  
• Participation in broader scientific meetings and conferences 

SC
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M
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• Technical reports about TEQ and its findings.  
• Invitations to visit project groups and labs, and to group 

meetings.  
• Presentations and talks to R&D departments in industries.  

IN
D

U
STR

Y
 

• Publication of popular science articles.  
• Participation to the yearly Science Café in Trieste, Italy. 
• Popular-science dissemination colloquia in museums and 

schools. 
• Publication on New Scientist and Journals with a similar 

audience. 
• Articles and interviews in Newspaper. 
• Participation to Science-dedicated TV and Radio programs.  
• Facebook, Twitter and Youtube accounts. 

G
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A
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EXTERNAL DISSEMINATION 

• (Scientific) Publications: 21, representing  2.63 papers/partner 
 

• Preprints: 30, representing  3 preprints/partner 
 

• Talks: 83, representing 10.3 talks/partner 
 

• Press releases: 3  
 

• Articles in general press: 13  
 

• Facebook and Twitter TEQ accounts  
 

• Radio and TV events 
 

• Event: 1 Quantum Café 400 partecipanti 
 

• Papers in 2019: 3; preprints in 2019: 3 



21 Scientific Articles - highlights:  
- Physical Review Letters (3) 
- Physical Review A (12), 
- New Journal of Physics (2) 
- The European Journal of Physics D (1) 
- npj Quantum Information (1) 
- Physical Review B (1) 
- Nuclear Physics News (1) 
 

• About 100 citations 
 

• More than 120 Tweeters 
 

• 1 Article in Top 5% (Brunelli, M., et al. "Experimental Determination of Irreversible Entropy Production in 

out-of-Equilibrium Mesoscopic Quantum Systems." Physical Review Letters. 121.16 (2018))) of al research 
outputs scored by altmetric and other 4 articles in Top 25% 

 

• More than 1000 downloads 
 



83 talks >5000 people 

  45 cities  

20 countries  
(8 in EU) 

13 lectures to 
students 

61 talks to 
academics 

9 presentations 
to general public 

EXTERNAL DISSEMINATION 



C. Curceanu at St . Mary College in Hobart 
(Tasmania, Australia) 



Press Articles   

2018 Belfastlive (UK) 
University of Southampton (UK) 

Before it’s news (UK) 
UCL (UK) 

Newswise (UK) 
Accentmontreal (CA) 

New Scientist(UK) 
ANSA (IT) 

Il Piccolo di Trieste (IT) 
Il Piccolo di Trieste (IT) 
Il Piccolo di Trieste (IT) 

Scientific American(USA) 
Le Scienze (IT) 



9.5 million print and tablet readers worldwide, 10+ 
million global online unique visitors monthly 

100.000 Paper copies 

1 million worldwide readers every week 



Facebook and Tweeter 



Multimedia 





FINANCIAL DATA
I. Spagnul - UniTS

Testing the large-scale

limit of

quantum mechanics



Estimated budget for the action
Partner A.Direct

personnel

costs

D.Other direct

costs

E.Indirect

costs

Total costs Reimboursement

rate

Requested

EU 

contribution

UniTs 417 008,00 80 000,00 124 252,00 621 260,00 100% 621 260,00

AU 275 000,00 137 500,00 103 125,00 515 625,00 100% 515 625,00

INFN 200 000,00 107 500,00 76 875,00 384 375,00 100% 384 375,00

OEAW 265 000,00 32 900,00 74 745,00 372 375,00 100% 372 375,00

QUB 309 259,00 44 500,00 88 439,75 442 198,75 100% 442 198,75

TUDelft 251 572,00 63 500,00 78 768,00 393 840,00 100% 393 840,00

UCL 222 703,00 192 494,00 103 799,25 518 996,25 100% 518 996,25

Southampton 239 997,00 342 396,00 145 598,25 727 991,25 100% 727 991,25

M2 175 000,00 140 850,00 78 962,50 394 812,50 100% 394 812,50

Total 2 355 539,00 1 141 640 874 294,75 4 371 473,75 4 371 473,75



Summary of estimated project effort in Person-Months



Summary of financial situation 
Partner A.Direct

personnel

costs

ESTIMATED

(48 M)

A.Direct

personnel

costs

REPORTED

(12 M)

D.Other direct

costs

ESTIMATED

(48 M)

D.Other direct

costs

REPORTED

(12 M)

Total costs

ESTIMATED

(48 M)

Total costs

REPORTED

(12 M)

% Total costs

reported

UniTs 417 008,00 74 016,83 80 000,00 6 941,18 621 260,00 100 072,51 16,10%

AU 275 000,00 0,00 137 500,00 15 213,68 515 625,00 19 017,10 3,68%

INFN 200 000,00 33 969,69 107 500,00 3 960,08 384 375,00 47 412,21 12,33%

OEAW 265 000,00 64 553,46 32 900,00 0,00 372 375,00 80 691,83 21,66%

QUB 309 259,00 50 229,24 44 500,00 7 158,14 442 198,75 71 734,23 16,22%

TUDelft 251 572,00 38 521,50 63 500,00 7 943,43 393 840,00 58 081,16 14,74%

UCL 222 703,00 44 109,68 192 494,00 117 272,30 518 996,25 201 727,50 38,86%

Southampton 239 997,00 56 028,96 342 396,00 63 019,27 727 991,25 148 810,30 20,44%

M2 175 000,00 186 461,12 140 850,00 115 700,77 394 812,50 377 702,40 95,66%

Total 2 355 539,00 547 890,48 1 141 640 337 208,85 4 371 473,75 1 105 249,00 25,28%



Summary of project effort in Person-Months

Partner PMs estimated (48 M) PMs reported (12 M) % PMs on total

UniTs 115 29.80 25,91 %

AU 57 11.53 20,22 %

INFN 61 4.89 8,01 %

OEAW 73 17.84 24,43 %

QUB 79.20 16.80 21,21 %

TUDelft 57 7.86 13,78 %

UCL 56.60 8.87 15,67 %

Southampton 57 14 24,56 %

M2 48 34.39 71,64 %

Total 603.80 156.54 25,92 %



Thank you!



Innovation	
Title	of	innovation		
		
		
		
		
		

Application/
stakeholders	
Description	of	
innovation.	What	is	
the	potential	
application?		
		
		
		
Who	is	driving	this	
in	the	consortium	
(name	specific	
beneficiary)?	
		
		
		
		
		
		
		

Current	status	
Describe	the	current	
status	of	the	
innovation	(TRL	
could	be	used)	
		
		

Level	of	Innovation	
A:	Minor,	
improvements	over	
existing	products;	
B:	Innovative	but	
difficult	to	convert	
customers;	
C:	Obviously	
innovative	and	
easily	appreciated	
advantages	to	
customers;	
D:	Very	innovative	
		
		

How	will	the	
innovation	be	
exploited?	
A:	Introduced	as	
new	to	the	market	
B:	Only	deployed	as	
new	to	the	
organization/
company	
C:	No	exploitation	
planned	
		
		

Market	maturity	
A:	The	market	is	not	
yet	existing	and	it’s	
not	clear	that	the	
innovation	has	
potential	to	create	a	
new	market	
B:	Market-creating:	
the	market	is	not	
yet	existing	but	the	
innovation	has	clear	
potential	to	create	a	
new	market	
C:	Emerging:	There	
is	a	growing	
demand	and	few	
offerings	are	
available	
D:	Mature	

Market	competition	
A:	Patchy,	no	major	
players	
B:	Established	
competition	but	
none	with	a	
proposition	like	the	
one	under	
investigation	
C:	Several	major	
players	with	strong	
competencies,	
infrastructure	and	
offerings	
		
		

Commercialization	
horizon	
A:	1-3	years	
B:	3-5	years	
C:	5-10	years	
		
		

Prospects	of	
realization	by	end	
of	project	
What	are	the	
expected	results	by	
the	end	of	the	
project?	
Is	spin-off	company	
planned	to	be	
established?	
		
		

Assessment of innovation 



Innovation	
		
		
	

Application/
stakeholders	
		
	

Current	status	
		
		

Level	of	Innovation	
		
		

How	will	the	
innovation	be	
exploited?	

Market	maturity	 Market	competition	
		
		

Commercialization	
horizon	

Prospects	of	
realization	by	end	
of	project		
		

Low-noise	
digitally	controlled	
DC-voltage	source	
		
		
		
		
		
		

The	digitally	
controlled	voltage	
supply	developed	
within	the	TEQ	
consortium	should	
find	usage	in	a	large	
range	applications	
where	extremely	
precise	and	tunable	
DC-voltages	are	
required,	for	
example	ion	trap	
based	quantum	
technology,	charged	
particle	optics	and,	
more	generally,	the	
emergent	market	of	
(quantum)	
technologies	where	
high-precision	is	the	
standard.	
		
Driven	by	INFN	and	
AU	.	

TRL	3-4	 C:	A	final	
commercial	product	
should	potentially	
have	more	than	a	
factor	of	10	lower	
noise	power	spectral	
density	in	a	broad	
band	range	from	~1	
KHz	to	~1	MHz	as	
compared	to	current	
commercial	DC-
supplies	
		

A:	The	innovation	is	
expected	to	be	
introduced	at	the	
open	market	as	a	
much	improved	
product.		
		

C:	The	innovation	
could	immediately		
be	introduced	to	the	
emergent	market	of	
quantum	
technologies	
		

B:	There	will	be	
competition	by	
developments	in	
research	
laboratories	
focusing	on	
quantum	
technologies	
		

B:	~3	years	around	
the	end	of	the	TEQ	
project	
		

A	product	that	can	
be	commercialized	
is	the	expected	
result	at	the	end	of	
the	project.	
No	spin-off	
company	planned	to	
be	established,	but	
we	consider	
applying	for	funds	
under	the	FET	
Innovation	
Launchpad	this	
year.	

Innovation 1 



Low-noise DC voltage supplies

DAC



DAC10x amplifier
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Intrinsic amplifier
noise

Low-noise DC voltage supplies



Innovation	
		
		
	

Application/
stakeholders	
		
	

Current	status	
		
		

Level	of	Innovation	
		
		

How	will	the	
innovation	be	
exploited?	

Market	maturity	 Market	competition	
		
		

Commercialization	
horizon	

Prospects	of	
realization	by	end	
of	project		
		

Single	Nanocrystal	
characterisation	
		
		

Measuring	
properties	including	
the	absorption	
spectrum	of	a	single	
isolated	particle	
held	in	vacuum.	

TRL1	 B:	Innovative	but	
difficult	to	convert	
customers	

A:	Introduced	as	
new	to	the	market	
		

A:	The	market	is	not	
yet	existing	and	it’s	
not	clear	that	the	
innovation	has	
potential	to	create	a	
new	market	
		

B:	Established	
competition	but	
none	with	a	
proposition	like	the	
one	under	
investigation	

C:	5-10	years	
		

The	expected	result	
is	the	full	evaluation	
of	concept	to	
evaluate	utility.	

Innovation 2 



Regular	absorption	spectroscopy	is	very	difficult	for	a	single	crystal	and	is	usually	done	on	a	
sample	containing	a	large	number	of	crystals.	In	addition,	it	must	be	either	on	a	surface	or	
liquid.	As	part	of	TEQ	we	have	developed	a	type	of	spectroscopy	where	the	change	in	
absorption	from	a	levitated	single	crystal	can	be	observed	as	a	change	in	trap	frequency.	This	is	
a	new	method	for	characterising	the	absorption	properties	of	isolated	single	crystals	and	could	
be	developed	into	a	new	type	of	spectroscopic	microscope	or	as	an	add-on	to	existing	
microscopes.	

Commercial	Raman	
microscope	from	Thermofisher	

Trap	frequency	of	single	trapped	
crystal	with	wavelength	

Instrument	for	single	crystal	spectroscopy	and	characterisation	



Innovation	
		
		
	

Application/
stakeholders	
		
	

Current	status	
		
		

Level	of	Innovation	
		
		

How	will	the	
innovation	be	
exploited?	

Market	maturity	 Market	competition	
		
		

Commercialization	
horizon	

Prospects	of	
realization	by	end	
of	project		
		

Nanoparticles	
emitting	in	the	near	
infrared	with	high	
quantum	yield			
		

Besides	the	
applications	
targeted	by	TEQ,	
these	nanoparticles	
could	find	
application	in	
luminescent	solar	
concentrators	(TU	
Delft)		

At	the	moment,	this	
is	only	a	proposed	
idea.	The	particles	
need	to	have	
absorption	in	the	
visible	range	and	
Stokes	shifted	
emission	in	the	NIR		

B.	These	particles	
need	to	be	stable	in	
polymer	matrixes	
and	also	be	non-
toxic.	At	the	
moment	we	cannot	
claim	any	of	these	
two	points.	

B.	We	are	in	stage	
of	developing	this	
technology.	If	
positive	evaluation	
will	be	given	the	
Tech	transfer	office,	
a	patent	application	
will	be	filed.			

C.	There	are	only	a	
few	startup	
companies	
developing	
luminescent	solar	
concentrators	and	
looking	for	these	
kind	of	emitters.		

A:	Patchy,	no	major	
players	

B:	3-5	years	 The	most	likely	
scenario	is	that,	if	
this	technology	is	
developed,	it	will	be	
licensed	to	an	
existing	company.		

Innovation 3 



Near-infrared	nanoparticle-based	
emitters	for	luminescent	solar	
concentrators		

Idea:	to	have	Yb	doped	nanoparticles	absorbing		the	solar	
light	and	emitting	it	with	QY	close	to	100%	in	the	NIR	

Meinardi	et	al.	ACS	Energy	Lett.,	2017,	2	(10),	2368–2377	
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