


NONLINEAR AND ENTANGLED-PHOTON IMAGING 

  Optical Imaging = Extracting the spatial distribution of a remote 
object (static or dynamic, 2D or 3D, scalar or vector, B/W or color).

         
     



EXAMPLES 



Multiphoton Excitation 
vs 

Entangled-Photon 
Excitation 

  For classical light, probability of 
simultaneous absorption of 

  n photons  ∝ I n 
  Multiphoton absorption more likely in 
regions of high light intensity 
  Ultrafast light pulses have high peak 
intensities, allowing multiphoton 
excitation at low average power 
  Excitation (photoemission, fluorescence, 
lithography, photochemistry), can be 
localized for n photons 
  For entangled-n-photon light, probability 
of simultaneous absorption of                 
n photons ∝ I  

Optics & Photonics News 11, 40 (2000) 



PULSED 
LASER 

FLUORESCENCE 
SIGNAL 

LENS 

ADVANTANGES: Longer wavelength source penetrates 
more deeply into tissue. Excitation only occurs only at focal 
region – eliminates pinhole detectors, increases SNR, and 
provides optical sectioning capabilities. 

DISADVANTAGES: Large photon flux is required. 
Samples must have broad upper-energy levels. Expensive 
titanium:sapphire laser system.  Sample photodamage. 

ADVANTANGES: Guaranteed photon pairs create 
comparable depth penetration but at substantially reduced 
light levels. Samples do not require broad upper-energy 
levels. Pump laser can be continuous-wave or pulsed. 

DISADVANTAGES: Overall photon flux is low. 
Entangled-photon absorption cross-section and 
entanglement area are not well established. 

Multiphoton Microscopy 
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Entangled-Photon Microscopy 

After Teich and Saleh, "Mikroskopie s kvantově provázanými fotony (Entangled-Photon Microscopy)," 
Československý časopis pro fyziku 47, 3 (1997) 
U.S. Patent 5,796,477 (issued 18 August 1998) 





EXAMPLES 



Entangled-Photon Lithography (Theory) 

After Boto, Kok, Abrams, Braunstein, Williams, and Dowling, “Quantum Interferometric Optical 
Lithography: Exploiting Entanglement to Beat the Diffraction Limit,” Phys. Rev. Lett. 85, 2733 (2000) 

Origin of factor of 2 resolution enhancement and validity for arbitrary masks: 



EXAMPLES 



Classical Optical Coherence Tomography (OCT) 
OCT = Interferometric reflectometry using a broadband  
            source of light (short coherence length) 
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Axial resolution is often of the order of a few µ m 
Submicron resolution is possible with fs lasers and supercontinuum light 
In a dispersive medium, the resolution deteriorates to tens of µ m 

See Youngquist, Carr, and Davies, “Optical coherence-domain reflectometry:  
A new optical evaluation technique,” Opt. Lett. 12, 158–160 (1987). 



Laser  
Pump 

Quantum Optical Coherence Tomography (QOCT)  

Advantages of QOCT: 
  Factor of 2 improvement in axial resolution for same spectral width  
  Insensitivity to group-velocity dispersion w. concomitant improvement in axial resolution 
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Laser Photon 
Coincidence 

= OCT based on quantum interferometry of spectrally-entangled photons  
   generated by downconverted light from a nonlinear crystal 

After Abouraddy, Nasr, Saleh, Sergienko, and Teich, “Quantum-Optical Coherence Tomography 
with Dispersion Cancellation,” Phys. Rev. A 65, 053817 (2002)  



After Nasr, Saleh, Sergienko, and Teich, “Dispersion-Cancelled and Dispersion-Sensitive 
Quantum Optical Coherence Tomography,” Opt. Express 12, 1353 (2004) 

Dispersion-Free QOCT (Experiment) 



   QOCT offers improved axial resolution in comparison with 
conventional  OCT for sources of same spectral bandwidth 

   Source bandwidth for QOCT governed by process of 
entangled-photon generation (e.g., crystal width); can be tuned 

   Self-interference at each boundary immune to even-order 
group-velocity dispersion introduced by layers above 

   Inter-boundary interference sensitive to dispersion of inter-
boundary layers; dispersion parameters can thus be estimated  

OCT vs. QOCT 



After Nasr, Goode, Nguyen, Rong, Yang, Reinhard, Saleh, and Teich, “Quantum Optical 
Coherence Tomography of a Biological Sample,” Opt. Commun. 282, 1154 (2009).  
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QOCT of Onion-Skin Cells in 3D (Experiment) 



3D Contours of Constant Coincidence Rate !
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After Nasr, Goode, Nguyen, Rong, Yang, Reinhard, Saleh, and Teich, “Quantum Optical 
Coherence Tomography of a Biological Sample,” Opt. Commun. 282, 1154 (2009).  
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After Nasr, Goode, Nguyen, Rong, Yang, Reinhard, Saleh, and Teich, “Quantum Optical 
Coherence Tomography of a Biological Sample,” Opt. Commun. 282, 1154 (2009).  
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After Nasr, Goode, Nguyen, Rong, Yang, Reinhard, Saleh, and Teich, “Quantum Optical 
Coherence Tomography of a Biological Sample,” Opt. Commun. 282, 1154 (2009).  





  First demonstration of the interaction of a quantum-entangled entity and a 
biological system (nonplanar, scattering, diffusive medium) — entanglement 
survived the interaction to create an image 

  Demonstration of the viability of quantum 3D imaging of a biological sample  
  Gold nanoparticles were used to enhance the sample reflectance — a new 

paradigm for quantum imaging 
  Axial resolution (7.5 µm) can be improved to 1µm.  Transverse resolution (12 

µm) can be improved 
  Scan time remains too long (but pump power was only 2 mW, corresponding 

to 0.5 pW of downconverted photons or 106 photon pairs/sec) 



Quasi-Phase-Matched  
(QPM) Downconversion 

Signal 
ωs = ωp /2 + Ω  

y 

Pump  
  ωp 

Idler  
ωi = ωp /2 _ Ω 

Periodically-Poled 
Nonlinear Crystal 

Increased Photon Flux Increased Spectral Bandwidth 

After Carrasco, Torres, Torner, Sergienko, Saleh, and Teich, “Enhancing the Axial Resolution of 
Quantum Optical Coherence Tomography by Chirped Quasi-Phase-Matching,”  

Opt. Lett. 29, 2429 (2004) 



Chirp parameter 

1 µ m 

After Nasr, Carrasco, Saleh, Sergienko, Teich, Torres, Torner, Hum, and Fejer, “Ultrabroadband 
Biphotons Generated via Chirped Quasi-Phase-Matched Optical Parametric Down-Conversion,” 

Phys. Rev. Lett. 100, 183601 (2008) 



After Nasr, Minaeva, Goltsman, Sergienko, Saleh, and Teich, “Submicron Axial Resolution in an 
Ultrabroadband Two-Photon Interferometer Using Superconducting Single-Photon Detectors,”   

Opt. Express 16, 15104 (2008) 



After Mohan, Minaeva, Goltsman, M. Saleh, Nasr, Sergienko, B. Saleh, and Teich “Ultrabroadband 
Coherence-Domain Imaging Using Parametric Downconversion and Superconducting  

Single-Photon Detectors at 1064 nm,” Applied Optics 48, 4009-4017 (2009) 



After Mohan, Minaeva, Goltsman, M. Saleh, Nasr, Sergienko, B. Saleh, and Teich “Ultrabroadband 
Coherence-Domain Imaging Using Parametric Downconversion and Superconducting  

Single-Photon Detectors at 1064 nm,” Applied Optics 48, 4009-4017 (2009) 



R. Kaltenbaek, J. Lavoie, D. N. Biggerstaff, and K. J. Resch, “Quantum-Inspired 
Interferometry with Chirped Laser Pulses,” Nature Physics 4, 864-868 (2008). 

Quantum-Mimetics 

Chirped-Pulse Interferometry Using SFG (Time-Reversed HOM) 

B. I. Erkmen and J. H. Shapiro, “Phase-Conjugate Optical Coherence 
Tomography,” Phys. Rev. A 74, 041601 (2006). 
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After Saleh, Saleh, and Teich, “Modal, Spectral, and Polarization Entanglement in  
Guided-Wave Parametric Down-Conversion,” Phys. Rev. A 79, 053842 (2009) 
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Biphoton Compression Might Make  
Entangled-Photon Photoemission, Microscopy, 

and Lithography Work 

After Nasr, Carrasco, Saleh, Sergienko, Teich, Torres, Torner, Hum, and Fejer, “Ultrabroadband 
Biphotons Generated via Chirped Quasi-Phase-Matched Optical Parametric Down-Conversion,” 

Phys. Rev. Lett. 100, 183601 (2008) 
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