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A Correlated Imaging (aka Ghost Imaging)

First application oéntangled photonn imaging
Pittman et al., PRB2, 329 (1995)
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A Characteristics:
1. Object is detected by a bucket (single pixel) detector;
2. Spatial information resides in the reference arm;
3. Image of the object reconstructed by correlation
measurement.




Correlated Imaging / Ghosnhaging Correlated Imaging

Introduction of Gl
Motivations
Applications of Gl
Entangled Photons
Quantum/Classical
Practical Issues
RecentHighlights
Conclusion

A Correlated Imaging (aka Ghost Imaging)

First application oéntangled photonn imaging
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A Motivations
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A Applications of Ghost Imaging,

A Entangled Photons

A Quantum vs. Classical Correlations
A Practical IssuesImage Quality

A Highlight of Recent ResearBlirections
(Computational / Compressive / Ndayleigh / Pseudmverse)

A Conclusion
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A Entangled photons are very peculiar resources that posses Practical Issues

very interesting properties. RecentHighlights
Conclusion

A First imaging application @hntangled photons

(i.e., EPR paradox, nonlocality, Heisenberg uncertainty, etc.)

A Problems:
1. How to exploit entanglement in optical imaging?
2. Is entanglement necessary?




Applications of Ghodmaging Correlated Imaging

Introduction of Gl
A Features of ghost imaging Motivations

1. Object is detected by a bucket (single pixel) detector; Applications of Gl
2. Spatial information resides in the reference arm; Entangled Photons

i ; Quantum/Classical
3. Image of the object reconstructed by correlation Practical ISsues

measurement. RecentHighlights
Conclusion

A Lowphoton imagingi(e., single photoh
a) Ghost imaging (Gl) is a distributed imaging scheme
b Remotesensing

b) The object signal (bucket detector) contains
no spatial information about the object

b Secure dat@ollection
c) Quantum Gl (single photon)
[h Stealth sensing / imaging
b Secure image identification Malik et al., PRL 104, 163602 (2010)

d) Classical Gl (low photon flux)
[H Specklalluminated microscopykhlaghiBouzaret al., CLEO 2015, STuZ




Applications of Ghodmaging

a) Securamageidentification (singlgphoton matched filter)
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Why Entangled Photons Are Useful?

A Positionx and propagation
direction g of two beams are T —
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A For imaging and sensing:
Resolution, SNR improvement,
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Correlated Imaging / Ghost ImagiqQd heory Correlated Imaging
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A Ghost Imaging Motivations
Applications of Gl
Bucket detector Entangled Photons
(nonresolving detector) Quantum/Classical

G collects all photons Practical Issues

RecentHighlights
Conclusion

Signal processing
(coincidence

measurement)

Focal plane array
(high resolution detector)

) = Ivac) + f dxy dxy C(xg, x2) g )slxg); + -+

A Coincidence measurement:
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Quantum Ghost ImagingExperiment Correlated Imaging
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Classical Gho#tnaging

A Ghost imaging relies on the spatial correlations of photons.

A Instead of quantum correlation, can we use classical correlation
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Classical Ghomaglng Correlated Imaging
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A Instead of quantum correlation, can we use classical correlation =y
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Practical Issues

A Ghost imaging relies on the spatial correlations of photons.

A Two-photonimaging withclassically angleorrelated light
Benninket al., PRB9, 113601 (200 PRL92, 033601 (2004
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Conclusion
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Pseudethermal Ghostmaging

A Ghost imaging relies on the spatial correlations of photons.

A Instead of quantum correlation, can we use classical correlation

A Two-photonimaging with thermal light | |
(pseudethermal GI) Intensity correlation
G(x3) = (IgIz(x2))

Valencia et al., PRI4, 063601 (2006
WMJ&WWMMW 2
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Quantum Ghost Imaging ThermalGhost Imaging
¢ spatial entanglement abiphoton pairs ¢ spatialcorrelation in
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Ghostimagingg Comparison
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Quantum Gl
Strekalowet al., PR[Z4, 3600 (1995).
Pittman et al., PRB2, R3429 (1996
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Classical Gl
Benninket al., PRB9, 113601 (2002);
PRL92, 033601 (200%

Pseudethermal Gl
Gattiet al, PRAO, 013802 (2004);
Valencia et al, PRI4, 063601 (200p




Ghostimagingg Comparison Correlated Imaging
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A Ghost imaging relies on the spatial correlations of photons.

A Two-photon imaging with classically anglerrelated light
Benninket al., PRBY, 113601 (2002); PR, 033601 (2004).
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Conclusion

A Two-photon imaging with thermal light

(pseudothermal Gl)
Valencia et al., PRI, 063601 (2005)

A Ghostimaging with general classical and quantum correlations
KWGC Opt. Lett.37, 2739 (2012)




Ghostimagingg Comparison

A Ghost imaging relies on the spatial correlations of photons.
A Instead of quantum correlation, can we use classical correlation

A Two-photon imaging with classically anglerrelated light
Benninket al., PRBY, 113601 (2002); PR, 033601 (2004).

A Two-photon imaging with thermal light

(pseudothermal Gl)
Valencia et al., PRI, 063601 (2005)

A Ghostimaging with general classical and quantum correlations
KWGC Opt. Lett.37, 2739 (2012)
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Comments on pseudthermal Gl

A Pseudethermal light can be generated very easily.
(vs. entangled photons, photemumber correlated lightetc)

A The whole object is flooded with light.
(vs. classically angtmrrelated light)

A The object can be illuminated by pseutt®rmal light with low
average photon number per spatial point, while the light
collected up by the bucket detector can be much higher

(low photon microscopy & defeat technical noise in detector)
AkhlaghiBouzaret al., CLEO 2015, STu2K.1
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A Spatial resolution determined by speckle size of light source.
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Ghostimagingg Practical Issues

1. Visibility 2. Signaito-Noise Ratio (SNR) 3. Slow detector

4. Longdistance (atm. turbulence)

5. Degenerate [two-color) Gl
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Ghost Imaging Practical Issues Correlated Imaging
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1. Visibility 2. Signaito-Noise Ratio (SNR) 3. Slow detector Motivations

4.1 ongdistance (atm. turbulence) 5. Degenerate [two-color) Gl Applications of Gl
Entangled Photons

Quantum/Classical
Practical Issues

Quantum: visibility = 1 Thermal: visibility << 1
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