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On-Chip Temporal Coherence Synthesis for Classical and Quantum Waveform Processing

We use a low-loss, user-friendly on-chip interferometer cascade to exploit the concept of temporal coherence synthesis for the shaping of optical pulses and, first-time, of the joint spectral intensity of broadband correlated photon pairs.

Introduction

Optical wave shapers are currently emerging as a key tool for programmable smart photonics with a multitude of applications in laser engineering, quantum photonics, and telecommunications. Fiber-connectorized solutions based on free-space spatial light modulation of spatial or spectral optical modes are commercially available. Yet, the ongoing urge to full-system on-chip integration poses high demands on new wave shaping approaches in order to advance system compactness, robustness, and speed for applications in mass-producible photonic integrated circuits (PICs). This demand is increasingly more severe for field transformations that require bandwidths beyond the capabilities of electro-optics, i.e., for device response times of 100 ps and beyond.

Recent approaches address those demands using Fourier or Taylor synthesis, which re-compose an optical field by weighting its spectral components or field derivates, respectively [1,2]. The bandwidth of such implementations inherently depends on the number of optical components brought on the chip in a non-trivial multi-path layout, incl. narrowband modulators and microring resonators as spectral filters or optical integrators. The interconnection of those components, and hence the overall operational fidelity for the full device, strongly relies on time-consuming a priori waveguide designs, fabrication accuracies, as well as sophisticated device optimization schemes.

In our work [3], we demonstrate the versatility of temporal coherence synthesis (TCS) empowered by a straightforward on-chip design of an unbalanced Mach-Zehnder interferometer cascade (UMIC). Through numerical and experimental data, we verify that TCS allows for record-broadband, scalable, reconfigurable shaping of both picosecond pulses (i.e., ~1-100 ps) as well as continuous-wave inputs at only few system controls and low insertion losses. Remarkably, the low-loss of our on-chip implementation allows us to apply TCS for shaping the joint spectral intensity of a broadband photon-pair source and hence offers a solution for the low-footprint, reconfigurable spectral tailoring of frequency-entangled photon sources.

Results and Discussion

Temporal coherence synthesis describes a straight-forward technique for optical wave processing directly in the time domain, solely involving simple components such as beam splitters and phase shifters [4]. In principle, an input field is split to a given fraction at a beam splitter, slightly delayed (i.e., by sub-ps to tens of ps) and phase shifted in a separate optical path, and finally coherently re-combined with its non-delayed counterpart at an output beam splitter (see Fig. 1a). Repeating this process with increasing delays and full control over all splitting and phase factors allows for the formation of arbitrary output fields. This cost-effective and effort-less technique has originally been demonstrated in free-space involving only three delay stages while further scaling required the involvement of more optical components at the expense of system simplicity and stability [4].

In our work, we have utilized an on-chip cascade of interferometers with bit-wise increasing delays from 1 ps up to 255 ps. The PIC is wire-bonded and electronically interfaced. It features extraordinarily high phase stability, a small system footprint, and comparably few system controls relative to other on-chip approaches (i.e., only 8 optical delays interconnected by 9 active electro-thermal switches). The circuit is implemented in silicon-oxy-nitride (i.e., Hydex) which offers ultra-low linear and nonlinear losses, and exceptionally large coupling efficiencies to standard singlemode fibers (~1.4 dB loss per facet), making the system particularly attractive for direct integration into telecom-grade devices and systems, and even for quantum optical applications.

We demonstrate the practical advantages of our system, both for classical pulse shaping, as well as for shaping photon wave functions. For the realization of picosecond pulse shaping, we implemented an autonomous framework for which we implemented an all-optical sampling scheme for unambiguous pulse shape retrieval with cost-effective MHz-bandwidth electronics. The retrieved pulse shape was then fed back to a smart evolutionary algorithm (i.e., particle swarm optimization), which numerically compared the cosine similarity of the measured system output with a user-defined waveform (i.e. the target) in order to find the optimal splitting ratios of the UMIC to match the target in an unsupervised way. Fig. 1c,d shows two output examples of the optimization process, i.e. a positive and negative sawtooth pulse, synthesized from a narrowband (i.e., 22 ps) Gaussian input. Despite minor modulations of the pulse envelope, the agreement between outputs and target waveforms is considerable, especially considering that the PIC was not designed for this particular purpose. Simulations, based on a transfer matrix model, further reveal that adding active phase control on each delay would allow to dramatically increase the waveform quality.

In our quantum experiments, we exchanged the input to a source of correlated photon pairs generated via spontaneous parametric down-conversion (i.e., a second-order nonlinear crystal pumped with a continuous-wave laser, see Fig. 1h). The signal-idler pairs were sent to the UMIC to undergo optical TCS followed by programmable spectral filtering (Finisar WaveShaper 4000A) and single-photon detection (~80% efficiency). The two-photon coincidence spectrum at the system output for various UMIC settings reveals that the integrated TCS approach indeed allows to also shape and achieve a desired joint spectral intensity of the photon pair. As depicted in Fig. 1i,j, we found an increase in the spectral mode fidelities by involving delay multiples, as well as an inverse relation between the observed free spectral range and the involved delay times, both well-consistent with Fourier principles.

Conclusion

In conclusion, we have scaled-up and demonstrated the versatile concept of temporal coherence synthesis empowered by a low-loss, user-friendly, on-chip interferometer cascade for two highly prolific application fields, i.e., autonomous, reconfigurable, and scalable picosecond pulse shaping, as well as dynamic joint spectral intensity shaping of broadband photon pair sources. Experimental and e-g) numerical results for pulse shaping: different pulse shapes (here positive and negative sawtooth with ~50 ps width) can be synthesized from a 22 ps Gaussian input pulse depending on the chosen splitting ratios of the interferometer cascade. h) Setup of the low-loss on-chip synthesizer applied to correlated photons. PPLN, periodically-poled LiNbO3 crystal. i-j) Measured coincidence between two 25 GHz filter windows (i.e., signal and idler window) both placed symmetrically around the pump frequency for increasing frequency distance (i.e., the diagonal of the joint spectral intensity at ωs = ωi). The results are shown for two PIC settings.
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 1 Fig.1: a) Concept of temporal coherence synthesis using an on-chip unbalanced Mach-Zehnder interferometer cascade with bit-wise increasing delays. For each interferometer in the cascade, the initial picosecond pulse is split with a tunable splitting ratio, partially delayed, and interfered with the non-delayed part, synthesizing a new waveform at the output. b-d) Experimental and e-g) numerical results for pulse shaping: different pulse shapes (here positive and negative sawtooth with ~50 ps width) can be synthesized from a 22 ps Gaussian input pulse depending on the chosen splitting ratios of the interferometer cascade. h) Setup of the low-loss on-chip synthesizer applied to correlated photons. PPLN, periodically-poled LiNbO3 crystal. i-j) Measured coincidence between two 25 GHz filter windows (i.e., signal and idler window) both placed symmetrically around the pump frequency for increasing frequency distance (i.e., the diagonal of the joint spectral intensity at ωs = ωi). The results are shown for two PIC settings.