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Quantum Entanglement with Photonic Orbital Angular Momentum
Based on Spontaneous Parametric Down-Conversion
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Abstract As an important degree of freedom, orbital angular momentum (OAM) plays a key role in the research of
photonic quantum information. Combined OAM with other degrees of freedom of photons such as polarization,
multi-degree-of-freedom photonic quantum information processing is possible. In addition, due to the property of
natural discrete high dimensions, OAM is one of the optimal degrees of freedom for the research of high dimensional
quantum information processing. Based on the spontaneous parametric down-conversion nonlinear optical process,
the entangled source with OAM can be easily obtained. In recent years, quantum entanglement based on OAM of
photons has attracted wide attention and many significant progresses have been made in many directions, such as
multiple degrees of freedom, high dimension and multiple photons. However, there are still many key scientific
issues that need to be further studied in this realm, including how to achieve efficient and high-quality OAM sorter,
how to achieve higher-dimensional frequency conversion, how to improve the quality of multi-degree-of-freedom

entangled sorter, how to obtain high-dimensional entangled states with more dimensions and more photons, and
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how to construct feasible high-dimensional quantum gates. Starting from the most basic two-dimensional

manipulation of OAM of photons, the quantum state regulation of single photon with OAM and the entanglement
manipulation of two photons and multiple photons with OAM are reviewed. Based on the characteristics of multiple
degrees of freedom, large angular momentum and high dimension, quantum entanglement of OAM of photons is

discussed systematically from the perspectives of generation, regulation, measurement and application. Meanwhile,

the possible methods to overcome the challenges in this realm are explored.

Key words

quantum optics; quantum information; photonic orbital angular momentum; spontaneous parametric

down-conversion; quantum entanglement; multi-degree-of-freedom entanglement; high-dimensional quantum

entanglement
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Fig. 1 Optical vortices and its three common generating elements. (a) Phase and wavefront distributions for optical vortices

with topological charges from —3 to +3; (b) schematic diagram of optical vortex generated by SPP; (c¢) schematic

diagram of optical vortex generated by projecting diffraction fork grating on SLM; (d) schematic diagram of

optical vortex with topological charges of +1 generated by Q-plate with g=1/2
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Fig. 2 OAM manipulation by Dove prism. (a) Angle between bottom surface of Dove prism and horizontal plane is 0°;

(b) angle between bottom surface of Dove prism and horizontal plane is «
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Fig. 3 Schematic diagram of realization of single-photon OAM qubit encoding with SPP""** |

(a) Inserting SPP in Sagnac

interference loop to produce various polarization-OAM composite states; (b) inserting two SPPs in two spatial

modes of single photon to expand encoding in three degrees of freedom of polarization, path and OAM
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Fig. 4 Discrete-time quantum random walk experiments based on OAM. (a) Realization of quantum random walk based on

OAM by several groups of Q-plate™ ; (b) realization of periodic lattice quantum random walk with two degrees of

freedom by combining OAM with path mode™"
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Fig. 5 Preparation of hyper-entangled sources. (a)(b) Two different methods for preparation of polarization and path
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hyper-entangled sources ; (¢) polarization and OAM hyper-entangled sources
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