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(4) Statement of the problem studied 
Quantum entanglement, which refers to the nonclassical dependency of physically separated quantum 
systems, is an essential ingredient that must be freely available for implementing many of the novel 
functions in quantum information processing, such as database searching, clock synchronization, 
teleportation, computing, and cryptography. Therefore, the efficient generation, transmission, and storage of 
quantum entanglement are of prime importance. 
 
As part of this MURI Fellow project, we undertook major experimental and theoretical studies to 
demonstrate the efficient generation and transmission of polarization-entangled photon pairs. The 
experiments, which were conducted at Northwestern University, rely on sources of polarization-entangled 
photon pairs that utilize the χ(3) parametric processes in optical fibers. One such source utilizes 
nondegenerate four-wave mixing in fibers [standard dispersion-shifted fiber as well as novel microstructure 
(holey) fibers were used].  A key objective is to develop capabilities to distribute shared entanglement over 
long distances (~100km) and this fiber-based source integrates nicely with the propagation medium, which 
is standard optical fiber used in its 1.5-µm low-loss transmission window. 

 
(5) Summary of the most important results 
In our efforts to develop fiber-optic sources of polarization-entangled photon pairs, we worked on two 
different fronts. The first was geared towards obtaining entangled photon pairs in the 1.5-µm low-loss 
transmission window of standard fiber, and the second used microstructure fibers (MFs) for obtaining the 
photon pairs in the 800nm region in order for them to be compatible with rubidium-based quantum memory. 
Both experiments utilize nondegenerate four-photon scattering (two pump photons interacting through the 
Kerr nonlinearity to create a signal photon and an idler photon) near the zero-dispersion wavelength of the 
fiber, where the cross-section for such interaction is enhanced owing to phase matching of the photon wave 
functions.  
 
Entanglement in the 1.5-µm wavelength low-loss fiber transmission window: 

• We assembled and characterized a nondegenerate four-wave mixing apparatus using standard 
dispersion-shifted fiber. Using this apparatus we observed twin-photon beams with external injection 
of signal photons to stimulate the four-photon scattering process. The resulting amplified signal 
photons and the generated idler photons showed sub-shot-noise quantum correlations in direct 
differenced detection.  

• We built and characterized photon-counting modules based on commercial InGaAs avalanche 
photodiodes operating in the gated Geiger mode. Use of these counters allowed us to verify the 



simultaneous production of the signal and idler photon pairs. We reported demonstrations of the 
quantum nature of the four-photon scattering process at the "single" photon level (that is, two pump 
photons scattering through the Kerr nonlinearity to create simultaneous signal and idler photons).  

• We were successful in measuring high-visibility quantum interference and violations of Bell’s 
inequalities with each of the four Bell states.  This success depended heavily on a series of 
experimental enhancements: implementation of a time/polarization multiplexing scheme to generate 
polarization entanglement, assembly of a double-grating detection filter, and implementation of a 
phase control process.  

• We successfully measured high-visibility quantum interference for the “up/up + down/down” Bell 
state after the pairs had propagated through 50km of fiber.  

• We performed theoretical and experimental characterizations of spontaneous Raman scattering, which 
represents a fundamental limitation to the quality of the entanglement generated in this system. 

 
Entanglement generated using microstructure fibers (MFs): 

• The early work was focused on understanding the classical nonlinear optics in MFs. We reported a 
detailed study of our observation of four-wave mixing with >13dB gain in the 750nm-wavelength 
region using the MF obtained from OFS, Inc.  We also reported experiments where we used the cross-
phase modulation effect in MFs to demonstrate all-optical switching. This work is relevant for 
advancing the state-of-the-art in classical all-optical communications and for implementing advanced 
fiber-optic communication networks.  

• We proceeded to implement procedures needed to quantify the fiber birefringence and group-velocity 
dispersion coefficients, and armed with this new knowledge, we demonstrated a four-wave-mixing 
oscillator, with an eye towards compatibility with the rubidium-based quantum memory.  

• We have also demonstrated quantum correlations between the signal and idler photons wherein we 
used MF for photon-pair production, a double-grating configuration for filtering the pump, signal, and 
idler photons, and commercially available single photon counting modules for detection.  
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