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destroy/create excitations ki



(akuk + akuk )(ak uk + ak uk )kk∑ =
Σk (akakukuk + akakukuk + akakukuk + akak ukuk ) =
Σk akakukuk = Σk (akak + ) ukuk
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What is Quantum Optics?

What is Light?
– Electromagnetic waves?

– Photons (particles)?

– Something both different and more than classical optics

– The science of non-classical light 

– Any science that combines light and quantum mechanics

Let’s take a quick poll…



Not so fast!



With all due respect to Prof. Lamb… 

What is light?

– a wave?
– a stream of particles (photons)?

Take the question seriously

– test each hypothesis through experimentation! 



Key signature of wave behavior? – Interference!

Double-slit experiment

Double-slit diffraction

Single-slit diffraction



Key signature of particle behavior?
Einstein: Photo-Electric Effect
Electrons are released only for light
with a frequency wsuch that is
greater than the work function of the
metal in question

The quantum theory of electron
excitation can explain this based on
classical electromagnetic fields, so the
photo-electric effect only confirms
that charge is quantized.

hνν



Key signature of particle behavior?
Transition Edge Sensors

Superconducting calorimeter

TES Output

Attenuated laser pulses



Key signature of particle behavior?
Einstein: Photo-Electric Effect

Indivisibility!
A particle incident on a barrier is either
transmitted or reflected.

or

BS
single
photon
input

single
photon
input

Electrons are released only for light
with a frequency wsuch that is
greater than the work function of the
metal in question

The quantum theory of electron
excitation can explain this based on
classical electromagnetic fields, so the
photo-electric effect only confirms
that charge is quantized.
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– Evidently a single photon can behave like a wave or a particle, 
depending on the experiment we do.  This is what we know as
wave-particle duality.

– Does the photon “know” when it hits the first BS if we are doing 
a wave or particle experiment and then behaves accordingly?

– Wheeler’s thought experiment:  Delayed Choice!

Decide at random whether to put in the second BS only after the
photon has passed the first BS
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Wheeler’s experiment was done in 2008

Delayed-Choice Test of Quantum Complementarity with Interfering Single Photons
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Alain Aspect,3 and Jean-François Roch1,*
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We report an experimental test of quantum complementarity with single-photon pulses sent into a

Mach-Zehnder interferometer with an output beam splitter of adjustable reflection coefficient R. In

addition, the experiment is realized in Wheeler’s delayed-choice regime. Each randomly set value of R
allows us to observe interference with visibility V and to obtain incomplete which-path information

characterized by the distinguishability parameter D. Measured values of V and D are found to fulfill the

complementarity relation V2 �D2 � 1.

PRL 100, 220402 (2008)
P H Y S I C A L R E V I E W L E T T E R S week ending
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Wheeler’s experiment was done in 2008

FIG. 1 (color online). Delayed-choice complementarity-test

experiment. A single-photon pulse is sent into a Mach-

Zehnder interferometer, composed of a 50=50 input beam split-

ter (BS) and a variable output beam splitter (VBS). The reflec-

tion coefficient is randomly set either to the null value or to an

adjustable value R, after the photon has entered the interferome-

ter. The single-photon photodetectors P1 and P2 allow to record

both the interference and the WPI.
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FIG. 2 (color online). Variable output beam splitter (VBS)

implementation. The optical axis of the polarization beam split-

ter (PBS) and the polarization eigenstates of the Wollaston prism

(WP) are aligned, and make an angle � with the optical axis of

the EOM. The voltage VEOM applied to the EOM is randomly

chosen accordingly to the output of a Quantum Random Number

Generator (QRNG), located at the output of the interferometer

and synchronized on the 4.2-MHz clock that triggers the single-

photon emission.



Wheeler’s experiment was done in 2008
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(a) R=0.43

(b) R=0.05

(c) R=0

FIG. 3 (color online). Interference visibility V measured in the

delayed-choice regime for different values of VEOM. (a)–

(c) correspond to VEOM � 150 V (R � 0:43 and V �
93� 2%), VEOM � 40 V (R � 0:05 and V � 42� 2%), and

VEOM � 0 (R � 0 and V � 0). Each point is recorded with

1.9 s acquisition time. Detectors dark counts, corresponding to

a rate of 60 s�1 for each, have been substracted to the data.

Light is both a particle and a
wave at the same time.

What property we see depends
on the property we measure.

This is totally in line with our
general quantum theory.



Not so fast!



Both behave the same way with
– a laser pulse (coherent state)
– a pulse of classical light…

A single photon input is
essential…. 
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Making Single Photons 

Detector “clicks” if 
photon is present

“Heralded” photon 

pump 
pulse

nonlinear 
crystal

ω
ω 1

ω 2

k

k 1 k 2

Energy conservation:
Momentum conservation:

ω = ω 1+ ω 2

k = k 1+ k 2

Spontaneous Parametric Down Conversion




