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Day 1:  Quantum optomechanics – quantum limits to continuous 
displacement detection

Day 2:  Quantum transduction – conversion from microwave 
(superconducting qubits) to optical photons (transmission domain)

Day 3:  Ultracold atoms from a qubit perspective – interfering and 
entangling bosonic atoms

Machinery is that of weak nonlineary / gaussian states
Useful to understanding from perspective of quantum metrology, transducers

Single atom ‘sources’
Overview of field of control of individual neutral atoms
Some examples of how to make a Bell State
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Rev. Mod. Phys. 86, 1391 (2014)
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C. M. Caves, Quantum Limits on Noise in Linear Amplifiers, Phys. Rev. D 26, 1817 (1982)

N. S. Kampel, R. W. Peterson, R. Fischer, P.-L. Yu, K. Cicak, R. W. Simmonds, K. W. Lehnert, and 
C. A. Regal, Improving Broadband Displacement Detection with Quantum Correlations
Phys. Rev. X 7, 021008 (2017)



Review of parameters

Radiation pressure



Review of parameters



More about enabling mechanical motion



Transducer goal

Experimental system we are working on with Konrad Lehnert

Experimental hardware – cryogenic optical system

Input-output theory

Experimental measurements of efficiency and added noise

Another way to remove noise:  Measurement and feedfoward

Quantum optomechanical transducer outline



Microwaves:
• Arbitrary quantum states
• Require ultralow temperatures

Optics: 
• Communication
• Memory (maybe)

Hofheinz…Martinis, Cleland, Nature (2009)

Microwave-optical quantum interface



Microwave-optical quantum interface
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microwaves light

7 GHz

electrical optical

280 THz

Bochmann et al, Nature Physics (2013)

Andrews et al, Nature Physics (2014)

Bagci et al, Nature (2013)

Our proposed electro-optic coupling

Requirements:



Electro-optic devices

Electro-optic modulator with nonlinear crystal:
• Very common
• Also could achieve these metrics…but also trying to achieve efficiency

electrical 
port

optical 
port

microwaves light

Why micromechanical motion?
• Engineering nonlinear materials
• Certain amount of flexibility in 

e.g. materials, geometry



An array of platforms for quantum electro-optics



100 mK cryogenic measurements
Base = 40 mK
Mechanics thermalizes 
to 80 mK with light on



Device hardware:  Metallized mechanics

Mechanical Mode 1.47 MHz
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Mechanics:  SiN membrane

drum with GPa stress

Nb thin film

J. D. Thompson…J. E. Harris, Nature (2007)
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Assembled chips



Device hardware:  Optical integration

Cavity mirrors

Optical port
Electrical port Epoxy
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Three linearly coupled resonators



Equations of motion and input-output theory

References:  Gardiner and Collett, PRA (1984)



Equations of motion and input-output theory

References:  Walls and Milburn Quantum Optics, Clerk, Lehnert Les Houches Lectures

Linearize in spirit of yesterday, solve system of equations



Three oscillators

mg ,intok,intek



electromechanical 
photon-phonon
exchange rate

optomechanical
photon-phonon
exchange rate

κe,ext κo,ext

Operation of converter



κe,ext κo,ext

Operation of converter

A. Safavi-Naeini…O. Painter, N J Phys (2011)



100 mK cryogenic measurements
Base = 40 mK
Mechanics thermalizes 
to 80 mK with light on



R. W. Andrews et al, Nature Physics (2014)

Calibrating efficiencies

Microwave Port
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Scattering parameters for converter box

! = 0.43 here

! = 0.48 reached
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Current added noise

Thermal motion of membrane

LC circuit noise

Heating of superconductor by optical pump

A. P. Higginbotham, et al. arxiv (2017)

For bandwidth of near 1 kHz

Nadd Total of           photons≈ 10



heating

amplifier chain

10 µW optical power (input) (1 kHz damping) adds 1.5 quanta of noise

Effect on microwave linewidth

Adds 30 kHz 
of loss

Quick look at laser effect on superconductor



Look closer at the noise
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In thermally-dominated 
noise regime
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Cross-correlation:
Both ports contain 
redundant record of 
thermal noise



Feedforward to remove correlated noise
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Feedforward to remove correlated noise
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Feedback in optomechanics: M. Rossi…D. Vitali, PRL (2017)  



Neutral atoms: Preview

87Rb

Greiner group, Harvard



Neutral atoms: Preview



The team

Boulder electro-optics:
Konrad Lehnert
Cindy Regal
Graeme Smith
Andrew Higginbotham
Pete Burns
Ben Brubaker
Max Urmey
Reed Andrews
Tom Purdy
Tim Menke
Ray Simmonds
Kat Cicak


