
Quantum Optics with Propagating Microwaves 
in Superconducting Circuits II 

2015 AMO Summer School 

   
Io-Chun, Hoi



Quantum applications

•  The single-photon router

•  The cross-Kerr phase shift

•  The photon-number filter

•  The quantum spectrum analyzer

•  Photon mediated interactions

Quantum network

 

Outline

Io-Chun Hoi 



Resonant scattering in 1D waveguide
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Fully coherent: no transmission, perfect reflection.
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Relaxation dominated by transmission line.
O. Astafiev, et al. 327, 840 Science (2010) 
IoChun, Hoi et al. PRL 107, 073601 (2011) 

λ >> d
 λ ∼ cm
 d ∼ μm Size of “atom”

Wavelength of EM field

Point like atom/dipole!

Al

Al

2nm

Fig. from 
E. Olsson & S. M. Nik

JJ

 
D.E. Chang et al. Nature Physics 3, 807(2007) 
 

Resonant scattering in 1D waveguide



Saturation of transmission

Nonlinear nature of the atom!  
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A. A. Abdumalikov, Jr et al. PRL 104, 193601 (2010) 
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I.-C. Hoi et al. PRL 107, 073601 (2011) 
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By turning on or off the control tone, we can 
decide which port the input photons go to.
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N. Matsuda, et al. (
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V. Venkataraman, et al. (
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What is the photon statistics of the scattered field?
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Intensity-Intensity Correlation

Single photon source Beam splitter 

Source

Second-order 

correlation function

HBT measurement

Hanbury Brown-Twiss
Nature 177, 27 (1956)

Source



Coherent 

state

ESONN 2010 lecture

Photon statistics from second order correlation function
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Photon number filter

Poisson probability distibution 
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Photon number filter

Antibunching!
Bunching!

Poisson probability distibution 



Noise temperature of detection chain is about 7K

Noise of two amplifier is uncorrelated. 

Covariance
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Hanbury Brown-Twiss measurement of output state
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I.-C. Hoi et al. 
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Single ion: 
J. Eschner Nature, 413, 495 (2001) 

Mirror shapes the modes of the 
vacuum that couple to atom. 
 

Reflection coefficient: 

p 

50mK 
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Changing the spontaneous emission rate

Experimental data Weak drive: 
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Atom decoupled from vacuum fluctuations at node. 
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Atom decoupled from vacuum fluctuations at node. 
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: relaxation rate of bare atom 
 
: phase difference between 
scattered field from the same atom 

Spontaneous emission rate as a function of normalized distance
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Probing quantum vacuum fluctuations from 
spontaneous emission rate 

k: coupling constant 
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Fully coherent: no transmission, perfect reflection.
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Double-peak split by 15MHz exchange interaction J,  
mediated by virtual photons. 



The photon-number filter  ( )

The cross-Kerr phase shift ( )

The single-photon router  ( )

The quantum spectrum analyzer (Probing fluctuation)

Summary I
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R.W. Andrews, et al. Nature Physics 10, 321 (2014) 
Y. Kubo et al. PRL 105, 140502 (2010) 
 



Conclusion
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