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            Abstract
Optical quantum states based on entangled photons are essential for solving questions in fundamental physics and are at the heart of quantum information science1. Specifically, the realization of high-dimensional states (D-level quantum systems, that is, qudits, with D > 2) and their control are necessary for fundamental investigations of quantum mechanics2, for increasing the sensitivity of quantum imaging schemes3, for improving the robustness and key rate of quantum communication protocols4, for enabling a richer variety of quantum simulations5, and for achieving more efficient and error-tolerant quantum computation6. Integrated photonics has recently become a leading platform for the compact, cost-efficient, and stable generation and processing of non-classical optical states7. However, so far, integrated entangled quantum sources have been limited to qubits (D = 2)8,9,10,11. Here we demonstrate on-chip generation of entangled qudit states, where the photons are created in a coherent superposition of multiple high-purity frequency modes. In particular, we confirm the realization of a quantum system with at least one hundred dimensions, formed by two entangled qudits with D = 10. Furthermore, using state-of-the-art, yet off-the-shelf telecommunications components, we introduce a coherent manipulation platform with which to control frequency-entangled states, capable of performing deterministic high-dimensional gate operations. We validate this platform by measuring Bell inequality violations and performing quantum state tomography. Our work enables the generation and processing of high-dimensional quantum states in a single spatial mode.
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                    Figure 1: Experimental setup for high-dimensional quantum state generation and control.


Figure 2: Characterization of the quantum state dimensionality.


Figure 3: Experimental implementation of the coherent control of frequency-entangled high-dimensional quantum states.


Figure 4: Bell inequality violation and quantum state tomography of frequency-entangled states.
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Extended data figures and tables

Extended Data Figure 1 Bell inequality violation for frequency-entangled states after propagation through a 24.2-km fibre system.
To show that frequency-entangled states can be used towards quantum communication schemes, we sent the signal and idler photon each through 20 km of standard telecommunications fibre followed by a 4.2-km-long dispersion-compensating fibre. For D = 2, we measured (by tuning the relative phase θ between each frequency bin of the signal and idler photon) a variation in coincidence counts (red crosses) with a quantum interference visibility V2 of 79.8% (violating a Bell inequality for D = 2), thus demonstrating that entanglement was maintained over this distance (the black curve being the recorded background). Source Data for this figure is available online.

                          Source data
                        


Extended Data Figure 2 Coherent mixing of multiple frequency modes.
D modes (here, D = 2, 3 or 4) are spectrally selected (solid black line) (any mode ) and mixed (red arrows) by means of an electro-optic phase modulator. The frequency mode where all components overlap (red dashed line) is then selected via a narrow spectral filter (blue dashed window). For D = 2 and 3, a frequency shift of 200 GHz (equal to the FSR) is implemented, whereas for D = 4 two different frequency shifts of 100 GHz (equal to 1/2 FSR) and 300 GHz (equal to 3/2 FSR) are enforced. In all cases, this is achieved through sideband generation. Note that for D = 4, and in contrast to D = 2 and 3, the final frequency mode does not overlap with any microcavity resonance.
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Entangled qudits for quick communications
Qubits, the quantum version of bits, are constructed from two-level quantum systems, but in principle a quantum information processor could exploit higher-dimensional quantum systems for operation. These systems with an arbitrary number of levels are often termed qudits and can be generated, for example, from photons. Using qudits instead of qubits can increase sensitivity in quantum imaging and can boost quantum communication schemes. Here, Michael Kues et al. generate two entangled qudits on an integrated photonic chip using a four-wave mixing process. Each qudit encodes a 10-dimensional state, enabling the realization of a quantum system with 100 dimensions. This technique could find application in fibre-based quantum communications.
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