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Quantum Imaging
• Goal of quantum imaging is to produce “better” images
using quantum methods
- image with a smaller number of photons
- achieve better spatial resolution
- achieve better signal-to-noise ratio
• Alternatively, quantum imaging exploits the quantum
properties of the transverse structure of light fields
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How much information can be carried by a single photon?
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We discriminate among four orthogonal
images using single-photon interrogation
in a coincidence imaging configuration.
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Malik, Shin, O’Sullivan. Zerom, and Boyd, Phys. Rev. Lett. 104, 163602 (2010).
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Ghost (Coincidence) Imaging
"bucket" detector

object to be imaged

PDC

entangled photon pair
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photodetector array
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Obvious applicability to remote sensing!
(imaging under adverse situations, bio, two-color, etc.)
Is this a purely quantum mechanical process? (No)
Can Brown-Twiss intensity correlations lead to
ghost imaging? (Yes)
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We formulate a theory for entangled imaging, which
ich includes also the case of a large number of
photons in the two entangled beams. We show that the results for imaging and for the wave-particle
duality features, which have been demonstrated in the microscopic case, persist in the macroscopic
domain.. We show that the quantum character of the imaging phenomena is guaranteed by the
simultaneous spatial entanglement in the near and in the far eld.

Experimental verification by Bennink, Bentley, Boyd, and Howell,
Phys. Rev. Lett., 92, 033601, 2004.

Thermal Ghost Imaging
Instead of using entangled photons, one can perform ghost imaging using
the (HBT) correlations of thermal (or quasithermal) light.
(Gatti et al., Phys. Rev. Lett. 93, 093602, 2004).

• Typical laboratory setup

identical speckle
patterns in each arm

laser

• How does this work? (Consider the image of a slit.)

Example ghost image

Object arm, bucket detector

Reference arm, CCD

Calculate (total transmitted power) x (intensity at each pixel)
and average over many speckle patterns.

Zerom et al., A 86, 063817 (2012)

Two-Color Ghost Imaging
New possibilities afforded by using different colors in object and reference arms
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Spatial resolution depends on wavelength used to illuminate object.
Two-Color Ghost Imaging, K.W.C. Chan, M.N. O’Sullivan, and R.W. Boyd, Phys. Rev. A 79, 033808 (2009).

Wavelength-Shifted (Two-Color) Ghost Microscopy
•
•
•
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Setup

Typical images

Photon-sparse microscopy: visible light imaging using infrared illumination, R.S. Aspden, N. R. Gemmell, P.A. Morris, D.S. Tasca, L. Mertens,
M.G. Tanner, R. A. Kirkwood, A. Ruggeri, A. Tosi, R. W. Boyd, G.S. Buller, R.H. Hadfield, and M.J. Padgett, Optica 2, 1049 (2015).
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Quantum Imaging by Interaction-Free Measurement
imaging setup

single
photon

results

single
photon
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Interaction-Free Measurements and Entangled Photons
D2
small opaque object

.

D1

two
spatially
entangled
photons

photodetector array

If detector D2 clicks, will the spot size
on the detector array measured in
coincidence become smaller?

s $oes an interaction-free measurement constitute a “real” measurement?
s $oes it lead to the collapse of the wavefunction of its entangled partner?
s -ORE PRECISELY DOES THE ENTIRE TWO PHOTON WAVEFUNCTION COLLAPSE

Experimental Results
Interaction-free ghost image of a straight wire
coincidence counts

singles counts

• Note that the interaction-free ghost image is about five times
narrower than full spot size on the ICCD camera
• This result shows that interaction-free measurements
lead to wavefunction collapse, just like standard measurements.
With Frédéric Bouchard, Harjaspreet Mand, and Ebrahim Karimi,

Is interaction-free imaging useful?
Interaction-free imaging allows us to see what something
looks like in the dark!
Could be extremely useful for biophysics. What does the
retina look like when light does not hit it?
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standard expectation value:
weak value:
Why are weak values important?
can lead to amplification of small signals
can lead to direct measurement of the quantum wavefunction

linear polarizer:
strong measurement
(of polarization)
quartz (birefringent) plate:
weak measurement
(of beam position)

no
birefringence

weak birefringence
linear polarizer

Birefringence separates polarized beams
by 0.64 μm, but gaussian in (b) is displaced
by 12 μm.
PRL 1991

weak-value
limit

strong birefringence

Direct Measurement of the Photon “Wavefunction”
Measurement setup

Typical results
phase
Im

Re
intensity

J. Lundeen et al., Nature 474, 188 (2011)

Laboratory setup

Laboratory results for OAM beams
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Photon-Added and Photon-Subtracted States
n = 0.57
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V. Parigi, A. Zavatta, M. Kim, M. Bellini, Science 317,1890 (2007).
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Enhanced Interferometry with Photon-Subtracted Thermal Light
Can we measure the phase φ more accurately
by using photon-subtracted states?

t3FTVMUT
without photon subtraction

with one-photon subtraction

with two-photon subtraction
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t)PXFWFS JOUIFQSFTFOUTFUVQ QIPUPOTVCUSBDUJPOPDDVSTQSPCBCJTUJDBMMZBOEPOMZBTNBMM
GSBDUJPOPGUIFUJNF
t*TUIFSFBNFBOTUPPCUBJOQIPUPOBEEJUJPOBOEQIPUPOTVCUSBDUJPOEFUFSNJOJTUJDBMMZ
t$BOXFVTFUIJTNFUIPEUPQFSGPSNRVBOUVNJNBHJOHXJUIJNQSPWFE4/3
Rochester, Boeing, LSU, Lehman collaboration
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